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SUMMARY AND CONCLUSIONS

The purpose of the FILTRA research project has been to study the
possibility of reducing the risk to the environment in the event of very
severe accidents in nuclear power plants. The project can be seen as'
resulting from the recommendations made in the report of the Reactor
Safety Committee entitled "Safe nuclear power?11 (SOU .1976:86). The
Committee pointed out that it must be assumed in the safety work that
serious core accidents involving the release of radioactivity can actually
occur. Reference was made to the accident at Three Mile Island / 4 / and
to safety studies. The Committee therefore proposed that further
"release-mitigating" measures be adopted and singled out as particularly
promising, a technical solution whereby a nuclear power plant" is equipp-
ed with a device for filtered venting. Further studies were considered
necessary in order to assess the value of such a solution, however. The
present final report on the FILTRA project gives an accounjt of the
studies carried out during the period 1980-82 for the purpose of
permitting a better assessment of this proposal.

The aim of filtered venting is to improve the function of the reactor
containment in connection with very severe accidents. The reactor
containment is the building that surrounds the reactor vessel and the
cooling yater systems connected to it. It is built to withstand heavy
stresses in the event of an accident, but in the event of severe accidents
that lead to extensive melting of the fuel, it has been feared that the'
stresses (for example due to pressure build-up) would be so great that
the containment would be damaged and large quantities of radioactivity
would be released: By equipping the containment with a safety valve for
pressure relief and allowing the released gases to pass through an
effective filter, it should be possible to achieve a considerable protec-
tive effect.

The studies conducted wijthin the project have had two main objectives:

o to gain a further understanding of the phenomena and the effects
caused by the molten fuel in severe accidents,

;' a

o to obtain the information required to design a functioning filter plant
and evaluate its effectiveness.



Graval bad filter

Figure 1-1. Photo of a model of the Barseback nuclear power station with a gravel bed filter
located at the left next to one of the reactor buildings.

The work has involved detailed studies of the core meltdown sequence,
how the molten core material runs out of the readtor vessel, what effect
it has on concrete and other structures and how, final cooling of the
molten core material takes place. The purpose of these studies has been
to determine the events that threaten the function of the containment,
such as pressure build-up, hydrogen burning, thermal impact and missile
generation. On the basis of these findings, it will then be possible ftto
select a suitable design and capacity for a device for filtered pressure
relief as well as obtain an idea of the limitations of such a device.

On the basis of previous Swedish studies /6, 7/, the project has chosen to
study a filter coritTept that consists of a gravel bed of large volume. This
filter plant shall not only retain the radioactive particles that escape
from the containment through the vent line, but shall also condense the
accompanying steam1; Extensive experiments both in the- laboratory and
on a large scale have been carried put in order to obtain data for the
design of such a plant and in order to be able to determine its
effectiveness.

The original aim was to make the studies as general as possible so that
the results could be used to assess the value of filtered venting at all
types of nuclear power plants in Sweden. It was found, however, that
conditions vary widely between different power plants. After the govern-
ment decided in 1981 that Barsehack was to be equipped with filtered
venting and issued specifications regarding its performance, the project
aimed at obtaining results that could be used to design and verify a plant
for filtered venting at the Barseback nuclear power station (see figure 1-1).



As far as the other Swedish nuclear power plants at Otkarshamn,
Ringhals and Forsmark are concerned, the results are only applicable to
a limited extent. The nuclear power plants at these sites have other
reactor types and other containment designs than those at BarsebSck.
Additional studies are required for these nuclear power plants before the
value of filtered venting can be assessed.

Based on the results of experiments and analyses, the project has had a
safety analysis done with Barseback as a reference plant in order to
study how the introduction of filtered venting affects the safety level at
a station. The reference "bases which form the basis for the detailed
design of the filter plants were then .defined in the light of the safety
analysis. The reference cases have been chosen among event sequences
which put a high challenge on the filtered venting system and envelop
other accident sequences that contribute substantially to the risk of
containment overpressure failure.

" !
The conclusions of the, research project regarding the possibilities of
achieving a considerable reduction of the risks of radioactive substances
being released to the environment in the event of severe reactor
accidents by the introduction of filtered venting are presented in the
following 10 points. Points 1-5 apply °generally for the types of light
water reactors in use in Sweden, while points 6- Ï0 are specific for
reactors of the Barseback type.

1 A good filtration effect is obtained with a, gravel bed. For the
purposes of the project, a volume of 10 000 m has been chosen jjfor
this bed, intended for0 use at Barseback. On this precise, complete;
condensation of all steam produced within 24 hours of an accident is
obtained. This simplifies verification of the filtration effect of the
gravel bed. In other words, it has been shown that the aforesaid
volume provides, the desired filtration effect. It has* however, not
been determined whether such a large volume is actually required to
obtain the desired filtration effect.

2 The results of completed experiments and analyses show that
aerosol particles and elemental iodine^üs^radioactive substances
that could cause long-lived land contamination, can be removed
efficiently (retention capacity >99.9%) in the above-mentioned
gravel bed. It does therefore not appear to be necessary to augment
the gravel bed with "other retention devices.

3 Experiments conducted at Karlshamn show that the condensation of
steam in a gravel bed takes place without the condensate that? has
formed impeding further condensation by plugging the bed. The
condensation front moves slowly downward in the gravel bed,
providing good conditions for the retention-of aerosols and iodine.
The results of the experiments have also verified the calculation
model used.

4 Many of the phenomena studied are highly plant-specific. I t is
important to make careful and detailed studies of each individual
nuclear power plant before deciding on specific measures.

5 Certain phenomena in the core meltdown sequence are incompletely
understood."Although approximate analyses .that do not yield precise
descriptions are often sufficient, better experimental data would be
desirable for certain phenomena, especially: V o



a) liberation, transport and retention of radioactive substances in
the reactor's primary coolant system and containment,

b) local hydrogen deflagrabibns or detonations in the containment,

c) interaction between molten core and concrete.

Points b) and c) are of litt le importance for reactors of the
Barseback type, but are of importance for other Swedish reactors. It
is generally,believed in regard to point a) that previous risk studies
overestimate the,environmental release of radioactivity* frorrïcore
meltdown accidents.

As regards reactors of the Barseback type, .the following additional
conclusions can be drawn:

6 Filtered venting does not affect other safety functions to any
appreciable, extent. , , ^

7 Venting prevents pressure failure of the reactor containment forVthe
most probable event sequencesc that might lead to overpressure
failure in, the absence _oT venting. These events include transients
and pipe breaks in combination with loss of decay heat removal.

8 Filtered venting reduces the consequences to the surrounding en-
vironment considerably for many severe but improbable accident

.= \ cases which, ip the absence of pressure relief and filtration, could
lead to overpressure failure of the reactor containment followed by
the releaèe of radioactive substances. These events ^include pipe
breaks in the containment in combination with some leakage be-
tween the dry we 11 and the „wetwell and loss of? emergency core
cooling and/or inadequate decay heat removal. ° Jt

9 The installation of this"system for filtered venting does^not mean
that the risks of radioactive releases have been completely elimiT
nated. Certain event sequences with very low probability are not
affected by such ajsystem.

10 Analyses show that very rapid pressure transients caused by ==>

6 steam explosions -
o hydrogen burns" , ,
o rapid steam formation (flashing) . v \>

do not constitute a, threat to the type of containment'studied. Only
sequences that entail a relatively slow pressure build-up can lead to
high pressure in the containment.. This means that a relatively
moderately-sized venting area wil l he sufficient for pressure relief.



In summary, the venting function appears to entail a not insignificant
reduction of risks for boiling water reactors óf the Barseblck type. The
additional risk reduction that is obtained through the advanced filter
function appears to be of relatively less Importance due to, among other
things, the fact that a number of types of severe core» accident
sequences, including core meltdowns, do not appear to lead to very large
releases from a containment of the type studied. Very severe core
accident sequences in combination with overpreasurization of the con-
tainment would therefore appear to have lower probability according to
this study of the BarsebSck reactor than was indicated by e.g. WASH-
1400 for an American boiling water reactor. For a number of types of
such very severe core accident, cases, tine filter design studied ensures a
substantial reduction of the releases. However, it has not been possible
within the scope of this study to carry out a total optimization of the
filter function'With regard to risk reduction. , :

ƒ



u

2 BACKGROUND, ORIGIN AND DEVELOPMENT OF THE
FÏLTRA RESEARCH PÜOIECT

2.1 GENERAL SAFETY ENGINEERING BACKGROUND o f

r

FILTRA (an abbreviation of the Swedish for Filtered Depresstü&zation) is %.
the name of a Swedish research project whose aim has been to study J \ !
ways to reduce the risks to the surroundings in the event of severe y"
accidents in nuclear power plants.,The study hasjfocused on investigating
the possibilities of Improving the protective funBtion of = the reactor

o. containment in connection with very severe types of accidents. / =

/The reactor containment is the tigjit container that surrounds the
reactor vessel and thereby; the fuel core vyith its inventory of radioactive
substances in a nuclear power plant. The purpose of the containment is ,

=.,5 to serve as one of the barriers, against the. dispersion of radioactive
substances to the surroundings 4ft the event of an accident sequence : ƒ

. c °o where such substances are liberated from the fuel. „
" ^ w i"' u° "<o

Containments of largely the.jafnef type are used for light water reactors1

// ° all over the western worlds When the principles for the design of these *
reactor containments/were originally laid down in the United SOtes in'
the 1960s? they were considered to constitute one of the safety systems
that guaranteed the protection of the jurroundings from all types of
"reactor accidents, regardless of .whether other safety systems functioned
or not. r , " )

" As new and ever-larger nuclear reactors were commissioned, however, it
became increasingly apparent that the reactor containment alone was
not sufficient to.^guarantee safety. If an accident led to extreme
overheating or melting of the uranium fuel, the reactor containment
might bewthreatenjed» Some of the phenomena that could result from such
an evenif- tfeam'jexplasions caused by contact between molten core
material and water, production and burning of hydrogen etc. - were,
however, inadequately understood at this time. It was therefore not
possible to define design requirements for; a containment to ensure with =
certainty that a core meltdown could be contained.
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Preventing overheating of the fuel was therefore given top priority, and
reliable function of the emergency core cooling systems became the
focus of safety engineering efforts.

The American reactor safety study known as WASH-1400 or the Ras-
mussen Report was carried out during the period J972-75. This study
brought about significant changes in, among other things, the generally
accepted view of the relative importance of different types of accidents
and therefore also ofj<different safety systems. A number of accident
types that have traditionally been accorded great importance in safety
reviews were shown by the study to be of marginal importance for the
risk to the surroundings. The study also showed that the reactor
containment can have a considerable protective effect even in the event
of accidents that lead to core meltdown - even though such an effect
was not one of the design requirements (see above).

These results in the WASH-1400 report, along with some further
understanding of the phenomena associated with a core meltdown, led to
an interest in exploring the possibility of improving the safety function
of the containment in connection with a core meltdown. Among several
studies with this purpose, one worth special mention is a report from the
Sandia laboratory in the United States /9/ that presents a comparison
between different containment concepts and their protective effects in
connection with severe core accidents. The filtered venting proposal was
judged in the report to have a good protective effect in relation to its
cost. It was considered particularly interesting in that the concept can
be adapted to plants already in operation or under construction. This
report, along with several other American studies /10, 13 /, has stimulat-
ed the Swedish interest in filtered venting.

The accident at the nuclear power plant at Three Mile Island (TMI) in
1979 greatly'influenced activities in the field of reactor safety. The
strong political reaction to this incident - both inside and outside the
USA - can be explained by the fact that the accident led to an
overheated core and to a temporarily potentially dangerous and uncon-
trolled situation. The political reaction led to'a thorough scrutiny of the
technical and administrative bases of safety at the plant.

The current trend within the field of safety wil l prohably lead to greater
consideration ^being given to severe core accidents in the design of the
reactor containment and other consequence-mitigating systems. It is not i
yet possible ,tö predict how this principle will be applied by safety
authorities in different countries. It is possible - but far from certain -
that the result will be relatively similar supplementary directives for
new nuclear facilities. As far as existing plants are concerned, the need
for and formulation of additional safeguards can only be determined
after consideration of each individual case.

It is obvious that there is a need for a better understanding of the
phenomena involved in severe core accidents. Extensive studies of these
phenomena are currently being conducted in a number of countries, and
intimate international cooperation has been established in research.

An important platform for gaining a better understanding of severe core
accidents is the experience gained from the accident at TMI. It was
observed there, for example, that the escape of radioactivity to the
surroundings was insignificant, despite a large leakage from the reactor
to the reactor containment.
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This has given rise to the hypothesis that there are natural removal and
retention processes that l imi t the dispersion of radioactivity from a
damaged plant. This would mean that releases of radioactive substance»
to the environment are less than indicated in the WASH-1400 report for
different types of accidents. This would apply in particular to radio-
iodine. This hypothesis is currently the subject of intensive studies in a
number of countries. Naturally, the results of these studies wil l influence
the assessment of the need for additional safety systems to improve the
integrity of the containment.

Another current trend deserves to be mentioned in this context. In
connection with work on emergency planning, a change has taken place
in the importance-accorded to different radioactivity releases; parti-
cularly in Sweden. The serious consequences of the contamination of land
with long-lived radioactivity have been especially emphasized. This has
given rise to demands on a particularly effective containment of the
radioactive substances responsible for such land contamination.

2.2 FILTRA'S ORIGIN AND DEVELOPMENT

The FILTRA research project has-its origin in recommendations issued by
the Swedish Government Committee on Reactor Safety M/. The commit-
tee was appointed to carry out an assessment of nuclear power safety in
Sweden against the background of the accident at Three Mile Island and
in preparation for the national nuclear referendum in Sweden. The
Committee was also instructed to make proposals on how the future
safety work should be conducted. In this respect, the Committee
recommended that the emphasis in the safety work should continue to be
the prevention of accidents, but that greater attention should also be
paid to release-limiting measures, by which is meant measures to bring
about a more effective containment function in the event of an accident.
The Committee proposed that a decision in principle should be taken to
adopt additional measures of this type and that these measures should be
aimed particularly at reducing the risk of widespread radioactive land
contamination and should focus on reactors situated near large popula-
tion centres.

The technical solution that was deemed to be most promising was that of
equipping existing reactor containments with systems for filtered vent-
ing (= filtered pressure relief, filtered depressurization). Different ver-
sions of such a system had previously been proposed in a number of
Swedish reports, for example those prepared in connection with studies
of the placement of nuclear power plants in rock.

Against the background of the recommendations of the Government
Committee on Reactor Safety, the Swedish Nuclear Power Inspectorate
started the FILTRA research project in February of 1980 in cooperation
with OKG^Sydkraft and the Swedish State Power Board and with ASÉA-
ATOM and Studsvik Energiteknik as coordinators for different parts of
the project.



February Start of research project

Phase 1 General studies

March Progress report

Phase 2 In-depth studies of
important problem areas

Phase 3 Safety assessment

-November Final report

Figure 2-1. Timetable for FILTRA research project.

The project was divided into three phases: (see figure 2-1)

Phase 1 general studies within the problem area.

Phase 2 in-depth studies of important problem areas.

Phase 3 reporting and evaluation of the results.

Phase 1 is reported in a progress report published in March, 19811 / ] 2 / .
The following general guidelines were laid down for the work in this
report:

o Considerable reduction of the risk of releases of radioactive sub-
stances that can result in long-lasting land contamination, assuming
that a severe reactor accident has occurred.

o Minimum effect on existing safety systems and their function in
connection with sequences arising within the framework of currect
design basis accidents.

o Passive system function during the first day/days of an accident
sequence - after which preplanned active measures can be credited
with progressively taking effect.
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o The required removal efficiency should not have to be higher than the
corresponding risk of leakage of radioactive substances in connection
with less severe accident sequences that do not necessarily trigger
venting of the containment.

o Combinations of different types of condenser and filter functions
should be studied so that credit can be given for different removal
processes.

In the case èf boiling water reactors, the analyses that were done showed
that the introduction of filtered venting had very little effect on existing
safety systems and their function for the events that are included in the
safety analysis reports that forms the basis for the operating licences of
present-day reactor facilities. Equivalent studies for pressurized water
reactors indicated more complex relationships and dependencies, per-
mitting no conclusions to be drawn.

The progress report also described a technical concept for filtered
venting for a BWR stf the Barseback type. A gravel condenser with a
volume of 10,000 m' was judged to provide a technically well-balanced
solution.

The following guidelines were laid down for the work in phase 2:

o Efforts should primarily be aimed at describing a technically well-
balanced design for filtered venting of BWR containments of the
Barseback type. Important factors that can influence the design of
similar systems for containments of the Forsmark type and for PWR
reactor containments should be identified and analysed.

o Continued and more in-depth studies of different accident sequences
are of great importance in order to obtain a better understanding of
the factors which should serve as design data for the sizing of filtered
venting systems. These include thermal and flow factors as well as the
quantities of different radioactive substances that can be liberated to
the containment and the filter in the event of severe core accidents.

o More in-depth studies of the removal and retention processes in
different types of filters are of great importance in order to be able to
find technically well-balanced and functionally well-verified filter
designs.

o Intermediate-scale experiments should be carried out in order to
verify certain design solutions, primarily With regard to thermal and
flow aspects.

Phase 2 was commenced in the spring of 1981 and concluded in the
summer of 1.982. Among other things, the following work has been done:

o Analysis of the core meltdown sequence and its effects on the
containment.

o Analysis of removal and retention processes in the containment and
the gravel condenser.

o Development of computer models for calculation of aerosol and iodine
retention.



o Intermediate-scale experiments to determine the thermal and flow
conditions in the gravel condenser and the retention efficiency of the
gravel bed.

o Experiments with hydrogen burning in gravel beds.

Phase 3 has, in part, run parallel with phase 2. The accident sequences
tFiat can lead to severe core damages or overpressurization of the
containment have been studied in a safety assessment. Barseback has
been selected as the reference plant for this assessment.

The direction and scope^of the research project during phases 2 and 3
were influenced by the fact that the government authorities decided in
1981 that equipment for filtered venting should;\be installed at Barse-
back. One of the consequences of this decision'was that the program for
experimental verification of condenser and filter function was greatly
expended. It also led to a concentration of the work Within the research
project on BWR containments of the Barseback type, in particular since
severe accident sequences in PWRs were the object of major research
efforts abroad.

On 1 October 1981, the Government decided, on the authority of the
Nuclear Energy Act, to prescribe the installation of equipment for
filtered venting at Barseback as a condition for continued operation
after ] September 1986. As a result of this decision, Sydkraft AB started
the engineering and design work on such an installation in parallel with
the research project.

Sydkraft submitted a preliminary safety report to the Swedish Nuclear
Power Inspectorate in May of 1982. The Government and public authority
decisions on which this work is based are published in Appendices 3, 4
and 5 to this report.

2.3 WORK PROCEDURES AND FORMS

The work in the FILTRA project was begun in February, 1980. After
about one year's work, the project published a progress report in March,
198] /12/, according tó which the remainder of the work was to be done
within a period of one and a half years at a cost of SEK 20 million.

The project was concluded in November, 1982 with the publication of the
present final report. The project had then been completed within a
period of about 30 months at a total cost of SEK 27 million.

The work in the project has been coordinated by a steering group whose
task has been to initiate the work and to administer the funds within the
given time and cost frames.

The members of the steering group have been:

Chairman;

Lars Högberg Swedish Defense Research Institute
(Feb. 80 - Oct. 81)

Arne Hedgran Royal Institute of Technology
("Oct. 81 - Oct. 82) Department of Nuclear Safety Engineering



Representatives of clients:

Per-Eric Ahlström Swedish State Power Board
Emil Bachofner OKG Aktiebolag
Ake Persson Sydkraft AB (Southern Sweden Power Supply)
Christian Graslund Swedish Nuclear Power Inspectorate

Project leaders;

Kjell Johansson Studsvik Energiteknik AB

Lars Nilsson AB ASEA-ATOM
(July 80 - Oct. 82) ' * *

Ingmar Tirén AB ASEA-ATOM
(Feb. 80 - July 80)

Secretary;

Bertil Eriksson Studsvik Energiteknik AB

The steering group has held 23 meetings. )

Minutes of meetings, status reports, work reports and other documents
produced within the project are listed in the project literature list (see
Appendix 2). Other reports inside and outside the project associated with
the project work have also been listed.

An active endeavour has been made in the project work to enter into
close cooperation with government authorities, research institutions and
expert panels, especially in the United States and West Germany, who
are working with similar problems.

Accordingly, agreements for exchanges of experience have been drawn
up between the FILTRA project and the following foreign parties:

o the American NRC (Nuclear Regulatory Commission) and its con-
sultants, mainly SANDIA National Laboratories in Albuquerque, New
Mexico and Batelle Laboratories in Columbus, Ohio.

o IDCOR, one of the joint bodies within the American nuclear power
industry.

o the German nuclear power research centre Kemforschungszentrum in
Karlsruhe.

Collaboration has also taken place with the National Technical Research
Centre in Finland.

An international scientific advisory group has participated in the plan-
ning of the filtration experiments and in the evaluation of the results
/13/.

A number of internationally renowned researchers in the field have been
engaged in the project on a consultancy basis /14, 15, 16, 17/.
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A special working group has been commissioned by the steering group to
coordinate and carry out the work of the project safety analysis /18/.

Heavy expense items within the project have been the cos,ts of the large-
and medium-scale experiments performed at e.g. the Karlshamn station,
Studsvik and the Swedish Defense Research Institute, which are reported
below in chapter 5. l!

Most of the costs consist of remuneration for the work in the form of
technical studies whose results are reported in the present final report.
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APPLICABILITY

The light water reactors (LWRs) in Sweden are of two basic types:

o boiling water reactors, BWRs, of ASEA-ATÖM design,

o pressurized water reactors, PWRs, of Westinghouse design.

The ASEA-ATOM type includes two variants:

o BWRs with external main coolant pumps in the primary circuit, BWR-
external. These reactors have a containment where the condensation
pool covers the entire bottom of the containment.

o BWRs where the coolant flow in the primary circuit is brought about
by internal pumps in the reactor tank, BWR-internai; These reactors
have a condensation pool that is annular in shape and does not cover
the area below the reactor vessel.

For a more detailed description of the different reactor types, see
Appendix 6.

Data on the 12 Swedish nuclear power stations and what type of reactor
and containment they have are presented in Table 3-1.

Some of the sequences that must be analyzed in studies of filtered
venting are highly dependent on the detailed design of the reactor and
the containment. Other sequences are largely independent of this.

It has not been possible to analyze all combinations of reactor and
containment types among the Swedish nuclear power plants within the
scope of the FILTR A research project. Certain restrictions have there-
fore been necessary.

An endeavour has been made within the project to shed light on those
phenomena that are of general importance for filtered venting to the
extent permitted by available resources, time and knowledge. In cases
where plant-specific analyses have been necessary, they have been
carried out on a reference plant. BarsebSck has been selected as the
reference plant for the project. The reasóns for this choice are: l /
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o Barseback is representative of the early Swedish nuclear power units.

o The Government has required supplementary measures for the con-
tainment at Barseback.

The analyses and conclusions in the following chapters therefore refer
specifically to Barseback. As a rule, they are also applicable - at least in
qualitative terms - to other BWRs with" external main coolant pumps,
BWR-external. ° ;

Certain results from analyses of PWRs are given in 'Chapter 8. In
addition, brief comments are made for the purpose of shedding light on
some essential differences between the two reactor types.

Finally, large parts of the phenomenological description and the con-
clusions with respect to filtration effect and the like are qualitatively
applicable to all reactors.

Table 3-1.
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Oskarshamn

Oskarshamn
Ringhals
Barseback
Barseback

Ringhals
Ringhals
Ringhals
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Forsmark
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2
1
1
2

2
3
4

1

2
3
3
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MW
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1700
1700
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PWR
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' •
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i t
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condensation
pool
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•t
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i t

Large, dry
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pool ,
It ,v
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CORE MELTDOWN SEQUENCES AND RADIOACTIVE
RELEASES

4.1 INTRODUCTION

The physical and chemical processes involved in core meltdowns;and the
ways in which they can affect the reactor containment are described in
general terms in this section. The section provides a general description
of the processes discussed in the literature / I , 2 / . The manner in which
radioactive substances are liberated from the fuel and, how they are
retained in the containment and gravel filter and, to some extent, leak
out from the containment are also described. The processes specific for
Barseback are described in Chapters 5 and 7.

4.2 BACKGROUND

After a period of operation, the reactor core fuel in a nuclear power
plant contains large quantities of radioactive substances.

During normal operation of the plant, most of the radioactive substances
are bound in the fuel material consisting of uranium dioxide and enclosed
in the cladding of zirconium alloy that surrounds the fuel material.

During accidents, cooling of the fuel may become insufficient. A weak
but persistent decay heat flux remains in the fuel even after the
accident, owing to the decay of the radioactive substances. This decay
heat flux or decay power causes the fuel temperature to start to rise if
the core loses all its coolant. The fuel cladding is then damaged, and
radioactive substances are liberated from the fuel due to overheatinq of
cladding and fuel.

Accidents can be caused by a malfunction, for example a loss of power
to one or more of the reactor's cooling water pumps. This can lead to an
interruption in the supply of water to the reactor vessel for a/shorter or
longer period of time. The water then boils away from the reactor vessel
due to the decay power. A pipe rupture can cause further loss of cooling
water from the reactor vessel. ;,

Emergency safety systems are held in readiness to counteract this water
loss by supplying cooling water to the reactor vessel, thereby preventing

fuel core from being uncovered and overheated. •
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The functions and capacities of the safety systems or engineered safety
functions are designed to cpol the core in the event of a number of
specified design basis accident sequences, which include a break in the
largest pipeline connected to the reactor tank.

Accidents whose causes and sequences fall within the framework of the
design basis of the safety systems will therefore proceed without causing
extensive fuel damages or leakage of radioactive substances to the
surroundings, since the safety systems meet the requirements of'cooling
the fuel core and containing the radioactive substances.

The safety systems are judged to have good'capability to profeet the fuel
core against overheating and to . limit--the leakage of radioactive sub-
stances for a number of other accidents as well, whose causes or
sequences put them completely or partially outside of thé framework of
the design of the safety systems. Such accidents mighj. conceivably occur
as a result of, for example, several simultaneous msilTufictione in the
safety systems.

One of the points of departure for the work in the FILTRA project has,
however, been to study very severe accident sequences, where tKe safety
systems are assumed to malfunction to such an extent that the core loses
its cooling water. The core will then be damaged by overheating, and in
the extreme case if cooling is not restored, a core meltdown will occur.

During the core meltdown sequence, a large fraction of the^ radioactive
substances in the fuel is liberated. They will be discharged from the
reactor vessel to the surrounding reactor containment in the form of
radioactive gases and particles (aerosols). The generation of heat, steam
and gases in connection with a cere meltdown can create such high
pressures in the containment that its leak-tightness is lost. '

The object of theJ=JLTRA project has been to study the possibilities of
employing venting (döpressurizing) to prevent°damages to the reactor
containment in the event of very severe accidents that fall outside the
scope pf the 'design basis accident sequences and to employ filtration of
the vented gases to limit the leakage of radioactive substances to the
surroundings. These /means of improving containment function are of
value providing that pther factors aside from overpressurization of the ;

containment under ciore meltdown conditions do not cause leakaqe of
radioactive substances.

" ^ ~ — - - % • '

Detailed studies have therefore been_ carried out within the J'lLTRA
project of the probable sequences involved in core meltdown, ̂ f
molten core material out of the reactor vessel, attack óf concrete
structures by the molten material and solidification and final cooling of
the molten material in order to determine whether damage to the
containment barrier and leakage of radioactive substances can occur
during any of these subsequences; The specific results of these studies
for Barseback are presented in Chapters 5 and 7.

A general description of the physical and chemical processes.that can
affect the reactor containment during core meltdown is given below.
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4.3 CORE MELTDOWN SEQUENCES AND EFFECTS ON CONTAINMENT

Meltdown sequences in the reactor vessel

A weak heat flux persists in the fuel after reactor shutdown due to
continued decay of the radioactive substances. This heat flux will cause
the fuel temperature in an uncovered core to rise to the melting point
within an hour or so.

The liberation of radioactive substances during this meltdown sequence
is discussed below (see 4.4).

At temperatures above about 1 300°C, the metallic zirconium in the fuel
cladding starts„ to react at a perceptible „rate with steam, forming
hydrogen and heat. This accelerates heating of the fuel. The amount of
hydrogen formed depends von t:he temperature of the metallic zirconium
in the core and on the supply or steam.

,/i -, ,
" //<

Following certain pipe break accidents or early tank meltthrough, the5

core is emptied ̂ so rapidly of cooling water that the remaining steam
only suffices for hydrogen production corresponding to about 10% ofilhe
zirconium in the core. ,

When the core is uncovered slowly due to boiling-off of water as a result
of a malfunction causing failure of the water supply, there may be>a
larger quantity of steam available for reaction with zirconium. Hydrogen
production can then be expected to be higher, corresponding to about
25% of the zirconium content of the core.

The events at Three'Mile Island / 4 / provide a practical example .of an
accident sequence where hydrogen production was high, corresponding to
about|50% of=the zirconium in the core owing to the fact that ample
water and steam were available throughout the accident sequence, in
combination with the fact that the temperature was high for a long
period of time in large portions of the core.

Heating of the fuel due to decay power and the zirconium-steam
reaction raises the temperature in the core to as high as 2 000-2 400°C
within about one hour after uncovering of the core so that the fuel starts
to melt. According to theoretical analyses and certain. experiments,
drops of molten core material will slowly run down along the fuel rods to
their colder, lower portions, where they will solidify and block the
coolant channels between the fuel rods.

In this manner, a "bowl" of solidified core debris will form in which
molten core material from the melting fuel rods will collect from above.
When a sufficient amount of molten core material has collected in this
bowl, it will eventually run down into the bottom of the reactor vessel.
This will occur either as.a result of the fact that the bottom of the bowl
is heated and breaks under the weight of the molten core material or as
a result of the fact that the core material fills the bowl to the brim and
runs over, while melting away a part of the bowl wall.

This retardation of the molten core material in a puddle in the core
before emptying is of great importance for the continued meltdown
process. I t appears probable that the molten material wilt start to be
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emptied from the core when 10-20% of the core has melted, i.e, about
10 minutes after the start of melting. The molten mnterial will then be
emptied continuously through increasing leakage from the bowl of
solidified core material.

The total quantity of molten material that will run down to the bottom
of the reactor vessel in this manner within about 30 minutes may equal
about two-thirds of the fuel material in the core. ;

The remainder of the fuel material consists of fuel elements in the
periphery of the core near the vessel wall, which are heated more slowly
and may take several hours to melt. The molten material from these
slowly melting fuel elements flows down to the bottom of the reactor
vessel at the same' rate at which it is formed. When these peripheral fuel
elements collapse, their unmelted portions will probably also fall down
onto the bottom of the vessel.

4.3.2 Meltthrough of the reactor vessel

The manner in which the molten core material leaves thé core affects'
the boiling-qff of any remaining water and the meltthrough of the vessel
bottom.

When large flows of molten material occur following delayed emptying!
of large puddles of molten material in the core, the remaining water is
displaced so that the molten material flows out into a puddle on the
bottom of the reactor vessel.

The remaining water is vapourized on contact with the surface of the
molten material and boils away. The rate of steam ° formation is
determined by the condition that water must be able to flow down onto
the surface of the puddle in a direction counter to the flow of steam0

rising from the puddle. The steam formation rate will therefore be
\ moderate. "

Owing to the fact that heat is in this case removed mainly from the
outer boundary surface of the molten material, the inside of the puddle
will remain molten. The puddle óf molten material can „therefore^?
transfer heat from its internal portions to the bottom of the vessel via
convection currents.

When small flows of molten material occur after a more continuous
emptying of the molten material from the core, globules and small
rivulets form and are quenched in the water, forming a bed of solidified
fragments of core debris. The water is vapourized as heat is given off by
the bed, which is cooled to the boiling point of the water, around
100^300 C, depending on the pressure in the reactor vessel. When all
remaining water has been vapourized, the solidified fragments start to
heat up once again due to the heat flux from the decay of the remaining
radioactive substances.

The fragments of solidified core debris are thereby heated within a
couple of hours to thé melting point once again. • •

Depending on the introductory .accident sequence and the uncertainty in
the description of the core meltdown sequence mentioned in 4.3.1, both a
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molten puddle and a bed of coolable solidified core fragments on the
bottom of the vessel are thus possible alternatives. Minor steam explo-
sions increase the probability of a fragment bed.

Besides the form of the core material on the bottom of the vessel, the
following factors are also of great importance for the continued run-out
of the core material from the reactor vessel:

o the pressure in the reactor vessel

o the presence of thin-walled penetrations in the bottom of the vessel.

The pressure in SwedishpBWRs will be low, 0.5 MPa or lower, owing to
the fact that blow-off valves automatically open when the water level
drops in the core.

Core meltdowns can occur in some cases in PWRs at high pressure (8.5
MPa, or higher) in the reactor vessel and are not completely beyond the
realm of possibility in BWRs.

The vessel bottom in certain PWRs 111 has no penetrations, while PWRs
in e.g. the United States / ] / and Sweden have thin-walled pipe sockets
for the insertion of measuring instruments. In addition to such instru-
ment penetrations, BWRs also contain around J00 pipe sockets in the
bottom of the vessel through which shafts are inserted for manoeuvring
the position of the control rods in the core. =5^=*;;'

If a puddle of molten core material forms in the bottom of a reactor
vessel with penetrations for control rods or measuring instruments, it is
probable that the molten material will first melt through the pipe
penetrations.

When an initial rivulet of molten core material melts through a pipe
socket in this manner, some of the material in the walls of the flow-
channel will simultaneously be melted off and carried out so that the
flow channel is continuously widened. In this manner, the molten
material eats its way out through a growing hole in the bottom of the
reactor vessel as long as the flow continues.

' , *
The manner in which the hole is widened and the time it takes for the
core material to flow out depends on the pressure in the reactor vessel.
At low pressure in the reactor vessel, one calculation shows that the
molten material will run out under its own weight within the space of
about 2 minutes, after which the diaméier of the flow channel will be
about 30 cm. At high pressure in the reactor vessel, the molten material
will tie forced out within the space of about 15 seconds. During this time,
the flow channel will widen to the same diameter, about 30 cm /35/.

Remaining water that has not yet vapourized then escapes from the
reactor vessel in both cases through the same holes.

4.3.3 Molten core attack on concrete structures

A jet of molten material forced out through a hole in the bottom of the
reactor vessel under high pressure hits the concrete floor below the
vessel at high velocity. The jet is thereby split into fine fragments,
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which are carried away by streams of steam and gas formed by the
concrete attack or by water present on the concrete floor.

Steam is also formed from water remaining in the reactor vessel, which
is forced out of the reactor vessel after meltthrough and is vapourized
by the pressure drop.

Meltthrough of the reactor vessel at high pressure will therefore
probably result in the molten core material being divided into fine
fragments, which will be carried by streams of steam out into the
reactor containment.

It has been assumed that meltthrough of the bottom of the reactor vessel
at high pressure can occur under certain conditions in PWRs and is not
entirely beyond the realm of possibility in BWRs.

In BWRs, however, it is probable that the pressure in the reactor vessel
will be low at meltthrough, since the pressure is automatically reduced
by opening of the reactor vessel's blow-off valves when the water level
drops in the core. In BWRs, it is therefore probable that molten core will
flow out under its own weight through a hole in the bottom of the
reactor vessel onto the concrete floor underneath the vessel. The same
will occur during certain accident sequences, e.g. pipe rupture, in PWRs.

Under certain conditions, water may be present on this concrete floor.
Depending on the quantity of water and the flow velocity of the molten
material, the molten material may be divided into fine fragments that
are carried by streams of steam to other parts of the reactor contain-
ment. Steam explosions can also occur with similar effects (see 3.4.6).

The probable course of events, however, is that the molten material will
displace and vapourize water on the concrete floor. The resultant steam
can contribute appreciably to a pressure increase in the reactor contain-
ment. How high the pressure rises will depend on the amount of molten
material and water, the volume of the containment etc.

If the molten material runs down into a very large and deep water pool,
it will be divided into fragments that emit their heat without bringing
the water to a boil, i.e. with little steam formation. This is the case in
BWRs of the Barseback type when molten core material from the
concrete floor underneath the reactor vessel is drained to the condensa-
tion pool. The solidified fragments are then coolable in the condensation
pool.

Molten material that runs down into a shallow water accumulation on a
concrete floor can form a puddle on the concrete underneath the water.
A crust of material can form on top of the molten material, insulating
the molten material and restricting heat transfer to the water. Under
this crust, the molten material can attack the concrete without appreci-
able cooling by the overlying water.

The hot molten material attacks the concrete by vapourizing the free
water content and the chemically bound water in the concrete and by
disintegrating and melting the aggregate in the concrete. The attack
proceeds at a rate that at first can amount to a centimetre per minute,
but stows down sharply after an hour or so due to the fact that the
temperature of the molten material drops when it mixes with molten
concrete.
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The steam that is liberated from the concrete passes through the molten
material, is superheated and reacts with metals, mainly zirconium,
present in the molten material, forming hydrogen. When all the zir-
conium has been used up, other metals in the molten material - such as
chromium, nickel and iron - might possibly contribute towards hydrogen
formation.

In the long term, after several days, hydrogen generation can become so
extensive that it contributes substantially to increasing the pressure in
the reactor containment.

In certain countries, the concrete used in nuclear power plants contains
limestone. If such concrete is attacked by molten core material,
considerable quantities of carbon oxides are formed, which contribute
towards further pressure increase in the containment. In Sweden, sili-
ceous rock aggregate is used in concrete. Such concrete does not give
rise to appreciable carbon oxide formation.

Even after the molten core material has solidified after a day or so, it
can still sink slowly through the concrete, since its solidification
temperature is higher than the melting temperature of the concrete
(about 1 500°C and 1 200°C, respectively).

The temperature of the core material eventually falls below the melting
point of the concrete, at which point the penetration of the solidified
core material into the concrete ceases.

Considerable uncertainties surround the description and quantification of
the reaction between the core material and the concrete. Research is
being conducted in the U.S.A. and West Germany and can be expected to
contribute towards improving the state of knowledge in this area within
the next few years.

4.3.4 Leakage from reactor containment through penetrations

The reactor containment has a number of penetrations. Personnel must
be able to pass in and out through an airlock and ventilation air must be
supplied into and evacuated out of the containment. Feedwater enters
the reactor and steam leaves it in pipes and cables for electrical power
and signals pass through the wall of the containment.

In the event of an accident with the liberation of radioactive substances,
all of these passages are sealed by valves in the pipelines. Each pipeline
contains an inner and an outer isolating valve for this purpose, located
inside and outside the wall of the containment. Owing to normal
imperfections and wear in these valves, some leakage develops (see
7.3.3). This leakage is kept low in relation to permissible values through
periodic inspection, maintenance and testing.

Significant leakage can therefore only occur if, in cpnnection with a
severe accident and the liberation of radioactive substances in the
containment, a penetration is not sealed due to failure of valves to close
or if the accident sequence causes damages and leakage in the penetra-
tion.

A possible cause of damages to penetrations in connection with the
severe accidents involving core meltdown discussed here could be
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heating of these penetrations through direct heat radiation or indirectly
through high gas temperatures in the containment.

Movement of the reactor vessel due to the thrust forces created by the
meltthrough of a pressurized reactor vessel or weakening of its supports
could conceivably lead to stresses and leakage at the penetrations
through the containment wall for the pipes connected to the reactor
vessel.

Conditions with regard to possible causes of leakage of radioactive
substances from the containment in connection with a core meltdown
differ greatly between PWRs and BWRs with their different contain-
ments. These conditions are, in addition, heavily dependent on the
particular characteristics of each individual containment design.

It is important that these individual characteristics be taken into
account in an assessment of whether leakage of radioactive substances
can occur past a system for filtered venting.

4.3.5 Steam explosions in the reactor vessel or the reactor containment

Steam explosions can occur when very hot material in the form of
molten metal or metal oxides falls into water. This phenomenon has long
been well known at blast furnaces and smelters where steel and other
metals are made from high-temperature heats.

If molten core material falls into water, it may be fragmented into many
small pieces. This greatly multiplies the surface area available for heat
transfer, and the heat content of the core debris is transferred rapidly to
the water. Normally, this results merely in rapid steam formation, but
under special conditions, for example when a triggering pressure pulse
occurs in the system, the heat transfer can be so rapid that it laads to a
steam explosion.

In the event of a core meltdown accident in a nuclear power plant, the
molten core may fall into water in the reactor vessel or in the reactor
containment. It is therefore important to determine whether steam
explosions may damage the reactor vessel or the reactor containment
and thereby pave the way for a release of radioactive substances. The
results of early studies / I , 2/ have indicated that this could be the case.

More recently performed experimental and theoretical studies have,
however, shown that steam explosions cannot be powerful enough to.
damage the reactor vessel or the reactor containment. They therefore do
not have to be taken particularly into account in designing safety
systems or emergency safeguards /5/ .

Steam explosions in the reactor vessel can, even if they do not damage
the vessel itself, affect the meltdown sequence in the°core /19/. Steam
explosions in the condensation pool have been studied within the FILTRA
project for the purpose of determining whether they can damage
components or supporting structures. The conclusion arrived at has been
that there is very little probability that steam explosions in the
condensation pool will damage the pool walls, supporting structures or
components to such an extent that leakage will occur from the contain-
ment / 21 / .



29

4.3.6 Formation and burning of hydrogen

Hydrogen evolves during the core meltdown sequence and when the
molten core attacks concrete. In addition, corrosion of e.g. aluminium
parts in the hot and humid environment in the reactor containment
during the long-term sequence following an accident can contribute
markedly to hydrogen formation. The decomposition of water to hy-
drogen and oxygen under the influence of radiation from the radioactive
substances is a slow process that contributes relatively little to hydrogen
formation.

The amount of hydrogen generated is heavily dependent on certain
details in the sequence of events. During the core meltdown sequence,
for example, factors such as the availability of steam, the temperature
of the metallic zirconium and its exposure to the steam atmosphere are
decisive in determining the amount of hydrogen formed. (See 4.3.1).

When the molten core material attacks concrete, its temperature and
the length of time of the attack are of crucial importance. In cases
where the molten material is drained from the concrete within a short
period of time and falls down ariaMs quenched in a water pool, there is
not time enough for very much hydrogen evolution (see 4.3.4). Under
other conditions, when water flows over the molten material and a crust
is formed on it, the attack of the molten material on the concrete could
conceivably proceed for a long time, even under water. Under such
conditions, it can be assumed that all metallic zirconium in the molten
core material will react with steam from the concrete attack, forming
hydrogen.

The containments in Swedish BWRs are filled with nitrogen during
operation. Hydrogen formed under accident conditions can then not burn.

PWR containments are filled with air. The combustion of hydrogen
formed in these reactors under accident conditions can make a consider-
able contribution to increasing the pressure in the reactor containment.
Under accident conditions, the reactor containment also contains a large
quantity of steam. Research efforts are therefore being devoted to
studying mixtures of hydrogen, air and steam in order to determine
whether they are flammable and what the resulting pressure increase
will be.

Certain mixtures of hydrogen, air and steam can detonate. In addition to
the pressure increase caused by deflagration, this also gives rise to shock
waves, which further contribute towards stresses on the reactor contain-
ment. It is, however, questionable whether detonations are physically
possible in such a large volume as a reactor containment; If so, this
would be because the hydrogen could accumulate locally to high concen-
trations. Such a local accumulation is not probable, owing to the
intensive gas mixing brought about by convection currents that arise in
the reactor containment under the conditions that prevail during a core
meltdown.

The results of completed studies indicate that rising pressure in the
reactor containment could be an important cause of releases of radio-
active substances in connection with core meltdowns in Swedish nuclear

••• power plants.

Overpressurization of the reactor containment is therefore discussed in
the next section.



4.3,7 Pressure rise in the reactor containment in connection with core
meltdown

The pressure in the reactor containment is the sum of the pressures of
the gas and the steam.

The pressure of the gas is dependent on the gas quantity and the
temperature. The gas quantity is the original air or nitrogen in the
containment plus the hydrogen evolved in connection with core melt-
down. The hydrogen can burn in air, which contributes towards heating
and pressure rise in the gas mass. This pressure rise can proceed
relatively rapidly and can, under special conditions, be explosive, as
mentioned above. How high the pressure reaches and how the reactor
containment is affected wil l depend on the conditions in each individual
case, in particular how large a quantity of hydrogen is burned and how
high the pressure is before the combustion. As is evident from Chapter 8,
Swedish PWR containments are relatively resistant to hydrogen burning.
Hydrogen burning cannot occur in Swedish BWRs, when their contain-
ments are filled with nitrogen during operation.

The remaining cause of pressure rise in the reactor containment is an
increase in the pressure contribution made by the steam.

The main reason for a slow rise of the pressure contribution from the
steam is insufficient cooling of the reactor containment, which is
discussed in the next section.

Example of slow pressure rise due to loss of cooling of reactor
containment

Heat is generated continuously in the fuel in the reactor core due to
decay of the radioactive substances. The heat generated must be
removed by cooling in order to limit the temperature in the fuel and the
containment. In the event of a loss of cooling, heat accumulates in the
fuel or the containment and the temperatures begin to rise. A loss of
core cooling for a long period of time leads to the core meltdown
sequences discussed above.

A loss of containment cooling leads to heating of the water accumula-
tions present on the bottom of the reactor containment. When these
water accumulations have been heated to about 150 C, the pressure
contribution made by thé steam amounts to about 0.5 MPa. To this is
added the pressure contribution from gases. Swedish reactor contain-
ments are designed to withstand a pressure of 0.5 MPa. In the aforesaid
situation, the pressure in the reactor containment will exceed the design
pressure and, depending on the amount of gas present, the pressure can
rise to such high values that the reactor containment could fail.

In order for the situation described above to arise, however, the reactor
containment must be completely without cooling for about 24 hours or
more. During this time, there are numerous opportunities to initiate
prepared measures to restore cooling and thereby lower the pressure in
the reactor containment.

Although the prolonged loss of reactor containment cooling may be one
of the main causes of pressure rise in the containment, i t is relatively
easy to bring the situation under control through prepared measures for
cooling or depressurization (venting).
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Example of moderately rapid sequences of pressure rise in PWR contain-
ments ,

Relatively rapid pressure increases due to rapid steam formation can
occur if molten core material falls into water accumulations of the right
size. An illustrative example of sequences that can give rise to relatively
rapid pressure rises in a PWR containment is given below.

Above, in the section on meltthrough of the reactor vessel, it was
described how a jet of molten material may be forced out by the
pressure in the reactor vessel (see 4.3.3). When this jet hits an accumula-
tion of water under the reactor vessel, intensive steam formation may
occur, leading to a rapid rise of the pressure in the reactor containment.

When the reactor vessel has been emptied of molten material, there is
normally water left in the reactor vessel, which is also forced out and
converted to steam, contributing to an increase of the pressure in the
reactor containment.

The pressure in the reactor vessel thereby decreases. Water from
gas-pressurized storage tanks (accumulators) then flows into the reactor
vessel and flows through the hole in the reactor vessel bottom over any
molten material left on the concrete floor underneath the reactor vessel.
This leads to further vaporization of water and increase of the pressure
in the reactor containment.

At the same time as the reactor vessel is emptied of water in this
manner, any hydrogen left in the reactor vessel after core meltdown
leaves with the water. The hydrogen is probably ignited and burns on
leaving the reactor vessel, thereby contributing further to an increase of
the pressure in the reactor containment.

The total pressure rise in the reactor containment wil l be the sum of all
of these relatively rapid pressure rise contributions, all of which
moreover occur close to each other in time. The total pressure rise can
be estimated according to the fundamental physical laws concerning the
conservation of mass and energy.

These principles can also be used to develop computer models, which can
be used to describe the event sequences and their aggregate effects. A
large number of such models are already available, some of which have
been employed in the FILTRA project /22/.

The results of model computations of event sequences of the above-
described nature in PWRs show that the size of the total pressure rise is
heavily dependent on the special conditions in each computation case.

Example of a moderately rapid pressure rise in a BWR containment

In the event of a pipe rupture in a BWR, the escaping steam-water
mixture is forced by a partition between the drywell and wetwell in the
containment to pass through blowdown pipes down into a water pool,
where the steam condenses. In this manner, the pressure m the reactor
containment is reduced considerably in relation to what it would have
been without steam condensation (see Figure 5-3).
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A leak in the aforementioned partition could, however, allow some of the
steam to pass through the leak. It is then not condensed in the pool,
contributing instead to an increase of the pressure in the reactor
containment, i.e. the pressure reduction is incomplete.

Depending on the circumstances, the relative size of the pipe break and
the leakage area etc., the pressure rise can be relatively rapid and larqe
(see 6.3.3).

The above scenario is an example of a moderately rapid pressure rise
sequence in a BWR containment which could lead to pressure failure of
the reactor containment unless measures are taken to control the
leakage area or relieve the pressure.

4.4 LIBERATION, TRANSPORT, RETENTION AND RELEASE OF RADIO-
ACTIVE SUBSTANCES - GENERAL

4.4.1 Liberation in the reactor vessel

Radioactive substances are formed in the fuel through the fission of
heavy atomic nuclei, mainly of uranium (U235) and plutonium (Pu239).
The fragments of the fissioned nuclei, known as fission products, are the
isotopes, many of them radioactive, of some 40-odd elements with mass
numbers from about 70 to .160.

During normal reactor operation, the radioactive substances are bound in
the fuel material and enclosed in the cladding of zirconium alloy that
surrounds the fuel material.

In connection with accidents, the fuel cladding can be damaged and
radioactive substances be liberated from the fue! material as a result of
overheating of the cladding and the fuel. Heat is continuously generated
in the spent fuel due to the radioactive decay of the fission products.
This decay heat generation or decay power causes the fuel temperature
to start to rise if the core is emptied of cooling water (see 4.3).

When the fuel temperature reaches 800-900°C, the fuel cladding is
damaged. The radioactive substances present in the gap between the fuel
material and the cladding are thereby liberated (gap release). The
magnitude o f the gap release is generally only a few (up to 10) per cent
of the fuel's content of volatile radioactive substances and is therefore
of minor importance in this connection.

When the fuel temperature reaches about 1 300°C, zirconium starts to
react noticably with any steam present, with the evolution of hydrogen
and heat. This accelerates the heating of the fuel. The core meltdown
sequence has been discussed above (see 4.3.1).

The volatile radioactive substances - noble gases, iodine and cesium -
start to be emitted from the fuel at a noticeable rate at this tempera-
ture. When the temperature rises, the emission rate increases and is so
great at 2 000-2 200°C that noble gases, iodine, cesium and tellurium
are completely assumed to be emitted.

Moderately volatile elements, e.g. ruthenium and antimony, are emitted
at a lower rate to a fraction of about 20% during these heatinq
sequences.
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Other radioactive substances are less volatile and are only emitted to a
small fraction, see Table 4 - 1 .

Table 4-1 The fractions of some radioactive substances that are emit-
ted from the core in connection with core melt in the reactor
vessel

Fraction % Mass, kg

Gaseous

Particle-borne

Noble gases
Iodine

Cesium
Tellurium
Ruthenium
Antinomy
Other elements

100%
100%

100%
100%

20%
20%

< 10%

Total *

280
5

130
20
23

0.1
40

^500

At temperatures in the core of 2 000-2 400 C, liquid phases of molten
core material are formed which probably coalesce into a puddle for a
while. This puddle emits a plume of non-radioactive or only weakly
radioactive materials from the core, mainly uranium dioxide, steel and
tin as well as silver, indium and cadium from the control rods in a PWR.
A Swedish BWR's control rods contain steel and boron carbide, Which are
less volatile. The 'total gas-borne particle mass of these materials can,
depending on the temperature, amount to anywhere from a few hundred
kg up to a couple of metric tonnes. Table 4-2\presents several estimates
of aerosol particle formation in the reactor" vessel in connection with
core meltdown. The estimates vary depending on, among cother things,
reactor type and other assumptions within a factor of about three /23/.

Table 4-2 Aerosol particle formation in connection with core melt-
down in the reactor vessel. Comparison of several estimates.

Element

Ag, Cd, In
uo,
Fe,TeO
Sn (from
Zircaloy)
Fission
products
Total

KFK(1981)a

1 800
450
450

-

800
3 500

ORNL(1980)b

500
200
500

500

200
1800

Mass (kg)

CSNI-34(1979)C

1800

-

225
2 025

WASH-1400Q975:

10
303

500

160
970

Based on small-scale experiments in SASCHA.

Mass defined as 1% of core, proportioned in relation to volatility.

Defined as 1% of fuel and non-volatile fission products.

Calculated by Ritzman in Appendix H to Appendix VII of WASH-1400
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4.4.2 Liberation in the reactor containment

The radioactive and other substances that are emitted from the core
when it melts in the reactor vessel can be expected to be deposited to a
large extent on cold surfaces, e.g. control mechanisms, steam separators or
steam dryers in the^upper parts of the reactor vessel. At present, i t is
difficult to estimate the deposition of particles in the reactor vessel. It
can be quite 'substantial. The present state of knowledge concerning
these factors is incomplete, but extensive research is being conducted
and planned in this field.

The puddle of molten material eats its way downward in the core and
finally runs down to the bottom of the vessel and further through e.g. a
penetration to the concrete floor underneath the reactor vessel. In the
following discussion, it is assumed that the gasborne particle mass:
liberated in the reactor vessel is transferred in its entirety to the
reactor containment upon meltthrough of the reactor vessel. This
undoubtedly constitutes an overestimate of the transferred particle
quantity.

To this must be added the particle mass liberated by the molten core's
attack on concrete. During its time on the concrete floor,the molten
core material is permeated by steam liberated from the concrete and
partially converted to hydrogen in the molten material.

The gas permeation leads to additional vapour and particles (aerosol)
being emitted from the molten material. The total liberated gasborne
particle quantity depends on the temperature of the molten material and
the time during which gas permeation takes place. In order not to
underestimate the particle quantity formed, it has been assumed in one
computation example /17/ that the temperature of the molten material
is 2 400°C and that the concrete attack proceeds for 10 minutes at this
temperature. The liberated gasborne particle quantity is then estimated
at 400 kg, most of this being uranium dioxide, steel and concrete, while
only 10 kg is radioactive substances, mainly any remaining tellurium and
antimony in the molten core material.

The radioactive particles agglomerate (see 4.4.3) together with the non-
radioactive particles. The particle-borne radioactive substances ~]e
therefore assumed to be uniformly distributed throughout the particle
mass and over its entire size spectrum. As a result of this set of
assumptions, the outward transport of a given liberated particle-borne
isotope can be estimated to take place to the same fraction as the
outward-transported particle quantity constitutes of the total liberated
gas-borne particle quantity.

In connection with heating of the fuel core as described above, its
inventory of radioactive noble gases and iodine is assumed to be emitted
completely, first to the reactor vessel and then, when it is melted
through, to the reactor containment.

Some of the iodine could conceivably be deposited on cold surfaces in the
reactor vessel. Owing to an insufficient knowledge of actual conditions,
it is assumed in the following that iodine and noble gases are emitted
completely to the reactor containment.
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4.4.3 Removal of particles, iodine and noble gases in the reactor containment
and the gravel bed

Gas-borne particles in the reactor containment and the gravel bed occur
suspended in the gas at first.

As long as the particles are freely suspended, they grow in size due to
agglomeration. In moist steam, the particles grow due to steam conden-
sing on them.

The particle removal mechanisms act in different ways and at different
rates depending on the size of the particles. Since particle removal
proceeds at a given rate, it is obvious that the degree of removal is
dependent on the residence time during which removal takes place.

The most important removal mechanism for particles larger than 0.5 xi
(xi = one millionth of a metre) in stationary gas is sedimentation, i.e. the
particles settle at a velocity that is dependent on their weight and shape
as well as on the viscosity of the gas. For particles with a diameter of 6
xi, the sedimentation process gives a half life in a BV'R containment of
around an hour. For small fall heights, as in a gravel condenser, removal
is naturally much more efficient.

The smallest particles, around 0.1 XJ and smaller, are removed by
diffusion. They are so small and light triat they can remain gas borne for
a much longer time. They remain suspended in the gas through all of its
movements. When the small particles come close to a boundary surface
in the gas compartment during these movements, they are trapped in the
boundary layer of stationary gas located within about 100 xi of the
surface. In this boundary layer, all particles next to the surface are
trapped on the surface. Other particles move randomly, colliding with
surrounding gas molecules (Brownian motion) and surrounding particles.
Because the region nearest the surface contains few particles, the
particles in the boundary layer will tend to move towards the surface and
be trapped there owing to the random collisions with surrounding
particles and gas molecules.

Particles in the size range D.l-1 xi fall into a special category in that
they are not efficiently removed oy either sedimentation or diffusion.
Experience from filtration technology shows that particles on the order
of 0.3 xi are the most difficult to filter. In the size range 1-10 xi, the
particles become easier to filter as their size increases.

Most of the particles in the reactor containment are located far from
the floor, walls and other boundary surfaces. At the same time, the
residence time of the particles can be long due to the large volume.
During event seguences where the particles have a long residence time,
particle removal in the containment can be extensive.

There is a water spray system in the containment. Its purpose is to cool
the gas and remove particles and iodine. In most accident sequences, the
containment spray will contribute effectively to particle removal.

During most accident sequences, particles are removed effectively in the
condensation pool (pressure suppression pool) of a BWR from the gas
streams that pass through the pool.
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In a gravel bed, the particles are located in the small gas spaces between
the pieces of gravel at a short distance from the gravel surfaces. The
distances through which the particles have to fall to the gravel surfaces
through sedimentation are relatively small. This favours removal through
sedimentation. At the same time, the total surface area of the gravel is
very large in relation to its volume, which favours the removal of very
small particles through diffusion.

The volume of gas between the pieces of gravel in the gravel bed is not
particulary large compared tp the gas volume in the reactor containment
(about 4 000 versus 8 000 m in the typical study case at BarsebSck, see
5.4).

Owing to the gas flow through the gravel bed, the residence time of the
particles in certain event sequences is relatively short (e.g. 25 min).
Owing to more intensive sedimentation and diffusion in the gravel bed,
however, removal in the gravel bed may be more efficient than in the
reactor containment.

Radioiodine in elemental gaseous form that is emitted from the fuel to
the reactor containment and the gravel bed will react chemically with
the surfaces it encounters, i.e. it will be bound to the particles suspended
in the gas and wil l be retained on walls, floors and gravel surfaces.
Particle-borne iodine will be removed in the same manner as the
particles described above.

Some of the iodine will be converted to orqanic form, methyl iodide,
which is difficult to remove from the gas.

Radioactive noble gases liberated from the fuel will decay during their
residence time in the containment and the gravel bed.

4.4.4 Estimate of release of radioactive substances to the atmosphere

The release of radioactive substances from the containment can be
estimated with knowledge of the quantities of radioactive substances per
unit volume of the containment's g'as atmosphere (see 4.3.4) and the
quantity of gas leaked from the containment during the accident
sequence. Such estimates have been made for a number of typical cases
of accident sequences with differert magnitudes of the assumed leakage
from the containment to the environment / l ,2 / .

4.4.5 Waterborne releases

Accident sequences that lead t£ core meltdown may result in releases of
radioactive substances to ths groundwater underneath the nuclear power
plant if the molten core eventually penetrates through the containment's
basemat. Alternatively, the molten core may be quenched in water
accumulations on the bottom of the reactor containment without melting
through it. In both cases, however, a certain amount of leakage of
radioactive water from the reactor containment must be assumed.

Some of the radioactive substances that are trapped in the gravel bed
after a venting may also leak to the groundwater. Such leakage is,
however, predicted to be small compared to the leakage from the
reactor containment following a severe accident. !i
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DESIGN OF A SYSTEM FOR FILTERED VENTING

5.1 GENERAL

The fundamental purpose of a, system for filtered venting of the reactor
containment is to achieve a considerable reduction of releases of radio-
active substances to the environment, given the fact that a very severe
reactor accident has occurred.

The work within the FILTRA research project has shown that certain of
the sequences that form the design basis for such systems are heavily
dependent on the detailed design of the reactor and the containment and
are therefore highly plant-dependent. Other sequences are more broadly
applicable. A given design can therefore only be intended for a specific
plant.

For the reasons given in chapter 3, a boiling water reactor of the
Barseback type_ has been selected as a reference plant for the plant-
specific analyses within the FILTRA project.

5.2 GENERAL DESIGN PREMISES

In October of 1981-, the Government decided that the nuclear power
plant at Barseback was to be equipped with a system for filtered venting
(pressure relief). The demand on retention of radioactive substances,
except for noble gases, in the reactor contajnment and filter was thereby
specified at 99.9%. In January of 1982, thé Swedish Nuclear Power
Inspectorate; issued enforcement directives for such a plant,(see Appen-
dices 3, 4 and 5). The general aim of the design work for a filtered
venting system was established at an early stage in the project, see the
FILTRAj progress report from March, 1981i\ During" the course of the
work, government decisions have been made that have affected the
thrust of the work.

The resultant general design premises for filtered venting can be
summarized as follows:

v '
o The, plant shall be designed for an effective removal of radioactive

substances in the reactor containment and the filter0 system upon
venting from the reactor containment via the filtration system to the
outside atmosphere following a severe reactor accident. In the case of
the BarsebMck plant, the" 'Requirement is 99.9% removal of the core
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inventory of radioactive substances, except for noble gases. Special
importance shall thereby be accorded to isotopes and their chemical
compounds that can cause land contamination of radiological import-
ance.

o The plant's rempval efficiency shall be specified with, reference to a
calculation based on the best available technical and scientific data
with allowances for a reasonable margin of safety.

j)

o The choice of design basis parameters for venting and filtration
capacity, as well as for sizing of the overall system, shall be based on
an analysis of a number of typical cases chosen so that they can be
expected to cover the sequences shown by a safety analysis of the
reactor plant to be the dorhinant contributors to the risks of over-
pressure failure of the containment in connection with severe reactor
accidents. , 3 -

o The system shall be designed in such a manner that it is activated
when the pressure, in the reactor containment exceeds its design
pressure to such a degree that increased leakage to the environment
can be predicted. r

o The system shall further be designed to function passively in the event
of a severe accident, i.e. independently, without dependence on
external electricaland mechanical equipment or manual interventions.
In the case of the Barseback station, the system shall function
passively for about 24 hours, after which credit may be allowed for
prepared, active measures. = a

o Finally, the system shall be designed to have the least possible impact
on other engineered safety systems and their function within the
framework of design basis accidents. ^>

5.3 DESIGN BASIS EVENT SEQUENCES

5.3.1 General ,

On the basié of the safety evaluation made for the BarsebSek plant;
(reported in greater detail in Chaoter 7), the following two cases have?
been chosen as reference accident cases for the design of a venting and
filtration system for the Barseback station: a

o Reference case Ï - transient with (Simultaneous long-term loss of all
AC power. '

o Reference casê  2 - pipe break in the reactor system inside the reactor
containment with simultaneous inadequate pressure suppression func-
tion of the containment and long-term loss of all AC power.

These two cases have been selected because they are judged to cover the
event sequences that .are the dominant contributors to the risks óf
overpressure failure of the containment in connection with very severe
reactor accidents. The reasons for choosing the reference cases are
further presented in Chapter 7.
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Both reference cases lead to both core melt and overpresturization of
the reactor containment and therefore impose requirements on pressure
relief and filtration.

The causes of the reference cases can be clearly defined. It is therefore
possible to study the event sequences in the reactor vessel and the
reactor containment that take place during the core meltdown sequences
to which the reference cases give rise.

G

The first reference case is representative of the event sequences that
are the dominant contributors to the risks of overpressure failure of the
containment in connection with very severe reactor accidents. It leads
only to moderate demands on pressure relief capacity and small demands
on filtration capacity. '

The second reference case leads to higher demands on both pressure
relief and filtration capacity. It represents the most difficult challenges
to the venting and filtration functions and has therefore constituted the
design basis for the capacity of these functions.

A description of the sequences within the reactor vessel and the reactor
containment that^lead to melting of the core and venting from the
containment to the filtration system is presented in the following for
these reference cases.

5.3.2 Reference case 1

The accident sequence according to reference case 1 is triggered by a
transient with simultaneous long-tern^ loss of all AC power supply in the
station. The transient leads to normal reactor trip. Residual steam
production in the reactor is conducted to the reactor containment's
water pool instead of to the turbine plant. At the same time, it is
assumed that all AC power supply within the reactor plant is lost due to
loss of all feed from external mains, gas turbines and diesel generators
for a long period of time - more than 24 hours.

This means that all means of water supply to the reactor via the
feedwater system, auxiliary feedwater system, emergency core cooling
system etc. are immediately lost and remain lost for 8s long as the
power supply is cut off. The* same applies to cooling /{óf the reactor
containment. )J \

\
The event sequence in this reference case is characterized atjjfirst by:

o failure of the water supply, to the reactor vessel when the electric
pump motors stop due to the electrical power failure

o boiling-away of the water in the core by the deca?/ heat at full
pressure, about 7 MPa, in the reactor vessel

o start of forced blow-off of steam from the reactor to the reacfsar
containment's condensation pool when the reactor water level has
fallen to about half the height of the core after about 1 hour

\. o resultant reduction of the pressure in the reactor vessel to about O.S
MPa and falling of the water level to about 1.5 metres below the core



When the fuel core has been uncovered in this manner and lost its
cooling, it starts to overheat and melt due to the decay heat in the fuel.
This occurs about 2 hours after the loss of electrical power.

The probable core meltdown sequence is as follows, according to
completed analyses and calculations :/19/. The molten core material
flows slowly down to the lower, colder parts of the core where it
solidifies and forms a bowl at the bottom of the core in which the molten
material collects. After about 20 minutes, the molten material starts to
spill over the rim of this bowl. It then takesebauf 20Tn»r»utes for the
molten material in the bowl to run down to the bottom of'\the reactor
veasel. When the bowl is empty, there are still about 40 tons of unmelted
core material left in its original place around the periphery ot\the core.
This fuel melts only very slowly.

Most of the approximately 100 tons of molten material that escapes
from the core in this manner flows out over the bottom of the reactor
vessel. There, it forms a puddle of molten material that displaces any
remaining water in the reactor vessel.

Within a few minutes, the heat emitted by the molten core material
causes meltthrough of one or more of the relatively thin-walled pene-
trations for control drives, neutron detectors or bottom drainage. The
bottom of the reactor vessel contains about 150 such penetrations.

When the first trickle of molten material breaks through one of these
pipe sockets, some of the material in the boundary surfaces of the flow
channel will also melt so that the flow channel is continuously widened.
In this manner, the molten material eats its way through a constantly
growing hole in the bottom of the reactor vessel as long as the flow
continues.

The molten material runs from the reactor vessel on the outside of the
control rod drive mechanisms to their lower end and flows over their base-
plates to the surrounding concrete structure, where it finds four large
openings for pipe shafts. The molten material falls through these openings
in rivulets approximately 10 m to the bottom of the control rod drive
pit.

The bottom of this apartment consists of a cylindrical concrete slab with
a thickness of about 1 m and an area of about 35 m . A t the edge of the
concrete slab is a drainpipe made of steel with a diameter of 30 cm that
sticks down into the underlying condensation pool to a depth of 3 m. The
molten core material is drained through this pipe straight down into the
condensation pool. Alternatively, the molten bath can melt through a
steel door at the edge of the concrete slab and run this way down into
the condensation pool.

The delay time of the molten material on the concrete slab is short. The
molten core runs down into the condensation pool at roughly the same
rate as that at which it is leaving the reactor vessel, i.e. about 60-70
tons run down in about 20 minutes.

Because the molten core material is drained from the concrete slab
rapidly in this manner, hydrogen generation caused by thermal attack of
the molten material on the concrete will be of moderate magnitude and
will not make any essential contribution to the pressure increase in the
reactor containment.
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A small portion of the molten material will be retained along this
flowpath in solidified form, chiefly on the concrete slab. The importance
of residual core debris in estimating the gas temperature in the
containment has been discussed /24/ and sensitivity analyses have been
carried out. The conclusion is that the temperature will probably not be
so high that the walls and penetrations in the containment will be
damaged. Nevertheless, temperature-shielding heat insulation measures
may be required on certain penetrations.

The molten core material will solidify in the condensation pool at the
rate at which it runs down and will form a porous bed of solidified
fragments. The water in the pool will be able to penetrate down into this
bed and ensure its cooling. Meltthrough of the containment's concrete
basemat will then not occur.

Since cooling of the containment pool is assumed to malfunction during
the accident sequence and for another 24 hours due to loss of electric
power to the pump motors, the temperature in the pool will rise, at first
due to steam blow-off from the reactor vessel to the pool and later due
to the decay heat in the molten material in the pool. The pressure in the
reactor containment will rise due to the higher gas temperatures and due
to steam evolution when the pool starts to boil (see Figure 5-1). After
about 12 hours, the pressure has risen to 0.65 MPa. A depressurization of
the containment is then obtained by the bursting of a rupture disk in the
vent line, releasing the mixture of steam and gases from the contain-
ment to the filtration plant. The pressure in the containment decreases
to atmospheric pressure within about-one hour.

Characteristic for reference case 1 is the fact that the containment
remains tight for a long period of time after the accident, about 12
hours. The containment pressure rises only slowly due to the gradual
heating of the condensation pool by the decay heat from the fuel.

The demand on pressure relief capacity is moderate.

The removal of radioactive particles and elementary iodine in the
containment through natural removal processes up to the time of venting
is also relatively effective. The demand on filtration capacity is there-
fore also low.

5.3.3 Reference case 2

The accident sequence in reference case 2 is characterized by a major
pipe rupture in the reactor's primary system in combination with
inadequate pressure suppression function of the reactor containment and
a loss of all AC power in thestation for 24 hours.

The containment pressure increase following a pipe break in the contain-
ment of a boiling water reactor is normally limited in the following
manner.

The reactor containment is of the pressure suppression type. This means
that the containment consists of two parts: an upper part - the drywell -
containing the reactor and a lower part - the wetwell - containing a
water pool, the condensation pool (pressure suppression pool). The spaces
are separated by an intermediate floor through which a number of
blowdown tubes lead from the drywell down into the wetwell's condensa-
tion pool (see figure 5-3).
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Figure 5-1. Pressure sequence in reactor containment during filtered venting.

In the event of a pipe break in the reactor system in the drywell, the
pressure buildup in the containment is limited by the fact that the
escaping steam is conducted together with mixed gas from the drywell
down through the blowdown pipes into the condensation pool. There, the
steam is effectively condensed, and only the original gas from the
drywell is collected in the wetwell's gas space above the condensation
pool.

In the event of leakage through the intermediate floor in connection with
a pipe break in the drywell, some of the steam obtained in the event of a
pipe break or leakage in the reactor's primary system will be blown from
the drywell directly down to the wet-well's gas space without passing
through the condensation pool. Condensation will not occur for this
portion of the steam flow, which means that the pressure in the
containment may rise above the containment's design pressure.

The event sequencejn reference case 2 is caused by a rupture in a pipe
connected to the reactor system in the drywell. Owing to postulated
incomplete steam condensation in the containment pool, this leads to a
rise of the containment pressure to 0.65 MPa, causing the rupture disk to
the vent line to open within 10 seconds if a major pipe break at the
bottom of the reactor vessel is assumed f see Figure 5-1).
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* The vessel is emptied within 10 seconds or so of most of its water
content. The core meltdown sequence in the reactor vessel, meltthrough
of the reactor vessel and rundown and quenching of the molten core
material in the condensation pool are then roughly the same as for
reference case 1. Due to the assumption of loss of all AC power and all
core cooling, the core starts to overheat and melt after 5-10 minutes.
After one hour, approximately 75% of the core has melted, run down to
the bottom of the reactor vessel and out of the vessel through one or
more melted-off pipe penetrations in the bottom of the vessel. The
molten material runs down onto t^e concrete floor underneath the
reactor vessel and further through the drainpipe to the condensation
pool, where it is quenched and solidifies. Alternatively, it can, as in
reference case 1 , melt through the steel door at the edge of the concrete
slab and run that way down into the condensation pool.

The pool temperature starts to rise due to the heat flux in the molten
; core, and after about 7 hours, the pool has reached saturation tempera-

ture and starts to boil (see Figure 5 - 2 \

The outflow of gas and steam from the containment via the venting
system to the filtration system is heavy during the first minutes
following the accident and then declines rapidly. When the molten core
falls down into whatever water remains on the bottom of the reactor
vessel, a high gas flow of short duration may be obtained once again.

Except for during the first hour of the initial venting phase following the
accident, the pressure in the containment will be close to atmospheric
pressure.

The event sequence in reference case 2 is characterized by the fact that
the rupture disk in the vent line, unlike in reference case 1, opens at the
start of the accident sequence. In other words, the vent line is open to
the gravel bed even before particles, iodine and noble gases start to be

:: liberated in connection with overheating of the core during the first
hour. The natural retention mechanisms in the containment do therefore

, not have as much time to act as in reference case .1.

Reference case 2 therefore imposes higher requirements than"reference
case 1 on both venting capacity and filtration capacity.

5.4 TECHNICAL DESCRIPTION OF VENTING AND FILTRATION PLANT

5.4.1 General

The venting and filtration plant for a boiling water reactor of the
Barsebsck type consists of two main parts:

o A vent line connected to the reactor containment containing a
rupture disk, which opens before there is a risk of overpressuri-
zation of the reactor containment.

o A filter for removal of any radioactivity in the escaping flow of
gas and steam from the containment after the rupture disk has
opened.
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Figure 5-2. Pressure sequence in reactor containment and gravel condenser, reference case 2.

The design of the plant is illustrated schematically in Figure 5-3.

Gravel has been the natural choice for filter material in the filtration
plant. The plant thus consists of a gravel bed, which functions as a
condenser for condensing escaping steam and as a filter for retarding and
removing the particles and the elemental iodine that accompany the
escaping steam and gas from the containment.

The filtered gases are conducted from the gravel bed back to one of the
power station's main stacks. -y
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Figure 5-3. Schematic drawing - filtered venting of reactor containment.

5.4.2 Vent line

Both reactors are connected via a separate vent line to a common
main vent line that leads to a common filtration plant. Next to each
reactor, each separate line contains a rupture disk and a shutoff valve.
During normal operation, the reactor containment is closed and isolated
from the filtration system by the rupture disk. The shutoff valve is in the
open position.

The shutoff valve is used when the rupture disk has burst after an
accident to reseal the reactor containment in question after cooling of
the reactor containment has been restored.

The filtered gas is conducted from the gravel condenser to one of the
main stacks. The line also contains a valve by means of which the
filtration plant can be isolated completely from the environs after a
given period of time following an accident.

The vent line from each reactor containment is connected to the
compression space above the condensation pool. The rupture disk and the
following shutoff valve in the vent line are located close to the
containment.



The rupture disk possesses good leaktightness and can be leakage-tested
regularly. This is done by closing the following shutoff valve and
pressurizing the space between the rupture disk and the valve with gas.

A smaller line with two in-series and normally closed valves runs parallel
to the large vent line from the containment's compression space. This
small line is connected to the upper drywell and is intended for manual
venting of the containment. This permits depressurization even after
extensive water- filling of the containment in connection with an
accident.

In order to avoid the accumulation of condensate in the lines during a
venting, a drainage system consisting of drainage tanks is connected to
the low points in the piping. The tanks are of sufficient volume to
receive and store all condensate obtained during the first 24 hours
following the accident.

5.4.3 Filtration plant

The filtration plant consists of a gravel bed comprising a concrete
cylinder filled with 25-35 mm pieces of gravel. The main vent line from
the reactor containments branches upstream of the gravel bed into a
number of smaller lines through which the mixture of steam and gas is
distributed in the top part of the gravel bed and then flows downward.

The steam condenses on the cold pieces of gravel. Particles and iodine
are removed and adhere to the gravel. The condensate is collected in a
sump in the lower part of the concrete cylinder. The gases are evacuated
from the gravel bed via connections above the sump.

In the case of the Barseback station, it was decided at an ƒ arly stage
that the gravel bed should have a large volume, 10 000 m , based on
limited knowledge at that time of the retention capacity of gravel beds.
This large gravel bed volume has the capacity to condense all steam
flowing out of the reactor containment during a period of more than 24
hours after a severe accident. This results in low flow velocities and long
residence times in the condenser before the steam finally breaks through
to the bed outlet and permitted less rigorous and less extensive experi-
ments for verification of the retention capacity of the gravel bed.

The outlet from the gravel bed also contains a constriction whose
purpose is to increase the residence time of gases from the containment
in the gravel bed. This in turn also increases its retention capacity.

The sump in the gravel bed is sized to permit all condensate correspond-
ing to the total heat capacity of the gravel bed to be collected without
the free passage of gases and steam in the outlet of the, bed being
affected. For a gravel bed with a, total volume of 10 000 m , the total
condensate volume is about 500 m . The sump is prepared for pumping-
out of the radioactive condensate.

The venting system and the filtration system are normally filled with
nitrogen in the non-activated condition state. The nitrogen prevents
hydrogen burning with accompanying high pressures when the initial
steam-gas mixture, which has a high hydrogen content after certain
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accident sequences, flows out of the containment. The nitrogen also
contributes towards preventing corrosion in the venting system and
organic growth in the gravel condenser.

The vent line and the gravel bed can be designed and sized to withstand
the pressure of hydrogen burning, if necessary. For the gravel bed, this
means that it must be designed without any large free volumes by
completely filling the condenser with gravel. Burning tests with realistic
mixtures of hydrogen and air have shown that combustion velocities in
gravel beds of the piece size in question are much less than combustion
velocities in free gas volumes. The resulting combustion pressures in the
bed are so low that, they do not give rise to any structural problems with
regard to the concrete structure.

The need to design and size the vent line and gravel bed for hydrogen
burning has not been established, however. Thermal and flow tests in
Karlshamn (see Chapter 6) show that steam emission from the gravel bed
to the air-hydrogen mixture, in cases where such mixtures can he
obtained, is so great that the mixture will hardly be iqni table, much less
explosive.

5.5 FUNCTION OF VENTING AND FILTRATION PLANT

5.5.1 Venting plant

The purpose of the venting plant is to depressurize the containment with
sufficient capacity to prevent overpressurization of the containment.

The reactor containments at the Barseback station were originally
designed to withstand an internal pressure of 0.5 MPa at a temperature"
of the containment atmosphere of .157 C without their tightness being
affected.

In order to obtain base data for determining a suitable opening pressure
and the required capacity of the venting system's rupture disk, a new
round and updating of the original design calculations has been carried
out with reference to new design standards. Certain supplementary
calculations studies have also been carried out for the pressure-bearing
concrete structures in the reactor containment as well as for other
pressure-bearing parts such as pipe penetrations, cable penetrations
personnel air lock, containment dome etc.

The studies show that the limiting parts for the reactor containment's
ultimate pressure-bearing capacity are certain parts of the contain-
ment's concrete structure around the penetrations for electrical power
cables in the wetwell.

The results can be. summarized as follows:

If the design pressure is exceeded by 25%, i.e. to a pressure of 0.6 MPa,
the concrete wall of the containment is subjected mainly to tensile
stresses that are considerably lower than the average tensile strength of
the concrete. This means that cracks will not normally occur in the
concrete. Even if cracks should occur locally, the stresses in tensioned
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reinforcing steel, untensioned reinforcing steel and the lining sheet on
the wall of the containment will remain within the elastic region i.e. no
permanent deformation will be obtained. Any cracks that may form in
the concrete wil l close when the pressure drops again.

If the normal design pressure is exceeded by 50%, i.e. to a pressure of
0.7 MPa, the tensile stresses in the concrete near the large penetrations
will be so large that the concrete may undergo some cracking. The
stresses in tensioned and untensioned reinforcing steel wil l , however,
still be within the elastic region with some margins, while strains close
to the yield point may be imposed locally in the lining sheet.

If the design pressure is exceeded by 100%, i.e. to a pressure of 0.9 MPa
in the containment, the stresses in untensioned reinforcing steel and
lining sheet will reach the yield point, while the yield point of the
tensioned reinforcing bars wil l only be exceeded in those parts of the
bars situated closest to the anchorages of the bars in the concrete wall.
Rather extensive cracking is predicted in the concrete in this case, as
well as a risk of cracking in the lining sheet, especially at penetrations.
Any gas leakage wil l decrease with declining pressure, since the cracks
will close elastically to some extent.

Based on these analyses, the opening pressure of the rupture disk has
been set as 0.65 MPa. The containment haslilso been judged to be able to
withstand brief pressures of up to 0.7 - 0.75 MPa without its integrity
being jeopardized.

As regards the containment's heat resistance, certain studies show that
the pipe penetrations in the containment can withstand 180°C, while the
concrete can withstand temperatures of up to 300°C for 30-60 minutes
and 150°C for longer periods of time. More detailed studies may show
that it may be necessary to introduce some form of thermal protection -
insulation - at certain critical points in the containment.

The design basis case for the capacity of the vent line is reference case
2 according to section 5.3.3, i.e. a pipe break in the reactor system
inside the reactor containment in combination with inadequate pressure
suppression function of the containment and a long-term loss of all AC
power within the station.

This seguence leads to a failure of part of the steam flow from the
reactor system to uthe condensation pools to condense, whereby the
pressure in the containment can rise above the design pressure. This is
especially true for certain types of pipe break. Such types of break are
small ruptures in lines connected to the upper parts of the reactor vessel
and medium-sized ruptures in lines connected to the lower parts of the
reactor vessel. Characteristic of these breaks is the fact that they lead
to a prolonged escape of steam to the containment before the reactor
pressure has dropped to low values. In this manner, a larger quantity of
steam flows through the postulated leak in the containment's inter-
mediate floor and builds up a higher pressure in the containment.

The required venting capacity is dependent on the size of the leak area
in the intermediate floor. With an assumed leak area of 0.3 m and a

.65 MPa and an effective vent
containment in a plant of the

Barseback type is calculated to be less than or equal to 0.75 MPa.

rupture disk with an opening pressure of 0.6
area of 0.1 m , the pressure in the con
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When the opening pressure has been reached in the containment, the
ruptured disk bursts and a mixture of steam and gas flows out into the
vent line. The speed of sound is reached in the rupture disk section in the
first instant, before back-pressure has been built up in the vent line
after a few seconds.

Extensive steam condensation is obtained in the beginning of the outflow
sequence, when the mixture is cooled against the cold pipe walls. The
resultant condensate will be carried along to the gravel bed due to the
high gas flow velocities.

During the subsequent long-term sequence, when the pipe walls have
reached equilibrium temperature and the flow velocity has fallen to low
values, condensation is limited by heat transfer from the pipes to the
surroundings. The resultant condensate is then collected in condensate
collection tanks connected to the low points of the line.

5.5.2 Filtration plant

The purpose of the filtration plant is to condense escaping steam and to
retard and filter aerosol particles and elemental iodine.

Thermal function ^

In order to study the thermal and flow conditions in the gravel bed during
depressurtzation and venting of steam and gases from the containment,
extensive thermal and flow tests have been performed in long gravel
beds in Karlshamn, see Section 6.1. It was then possible to optimize and
verify the necessary calculation models on the basis of the results of
these tests.

In its normal non-activated condition, the gravel bed is dry and filled
with cold nitrogen gas. The underlying sump is also dry.

Upon depressurization from a containment pressure of 0.65 MPa, an
initial heavy steam flow of about 100 kg/s is obtained. The pressure in
the containment drops and the pressure in the filtration plant rises to
max. 0.3 - 0.35 MPa. The pressures in the reactor containment and the
filtration plant are then equalized and drop within about one hour to
atmospheric pressure.

When the rupture disk in the vent line opens, first nitrogen and then the
mixture of steam and gases from the containment flow through the vent
line into the gravel bed.

The entering mixture is distributed from the top via a distribution
arrangement over the entire cross-section area of-the qravel bed. Thé
steam condenses on the cold gravel and the gases continue downward in
the bed. The; thermal and flow tests in Karlshamn showo that a thin
condensation zone with a depth of 5-10 cm will separate the hot,
steam-filled upper part of the gravel bed from the cold, gas-filled lower
part. The condensation front moves slowly downward in the gravel bed as
more steam enters the bed.

When the accumulated steam quantity in the containment has been blown
off after a few minutes, the steam condensation front has moved down in
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the bed. From then on, the only blow-off from the reactor containment
corresponds to the reactor's decay heat, i.e. a flow of 5 - 15 kg/s. The
condensation front moves very slowly, less than 1 mm/s, downward in the
bed. After more than 24 hours, it reaches the bed outlet and the steam
breaks through the gravel bed.

The gases and the steam from the containment will flow at a relatively
high"velocity, 1-2 m/s, through the heated upper portion of the gravel
bed up to the condensation front. There, the steam will condense and the
velocity of the remaining gases will be considerably lower, J -2 cm/s, and
their residence time in the bed will be long, 0.5-1 hour. Their velocity is
restricted by a constriction in the outlet portion of the filter. This
increases the filtration capacity of the gravel bed.

The Karlshamn tests show that of the quantity of condensate obtained,
approximately 30% will be retained on the surface of the gravel due to
surface tension and capillary effect. The rest, about 70%, will trickle
downward in the gravel bed in the form of water droplets, past the
condensation front to the cold lower portion of the bed, finally collecting
in the sump.

Retention of particles and iodine

The retention of particles and iodine in the gravel bed in the two
reference cases described in section 5.3 has been calculated using models
developed specially for the purpose.

The results of the calculations have been compared with observed values
for the retention of particles and iodine in gravel beds in the experi-
ments discussed in Chapter 6. These comparisons show that the models
reproduce the experimental results with acceptable accuracy. The ex-
perimental procedure and the interpretation of the results have been
reviewed by a scientific advisory group /13/.

Calculations of transport and retention of particles within the contain-
ment and the gravel bed show that the liberated quantity of particles and
hydrogen have a dominant influence on the results. The calculations have
therefore been performed assuming a large and a small quantity of
liberated particles (1 500 and 500 kg, respectively') and assuming a large
and small extent of the zirconiumrwater reaction (50% and 10%,
respectively). The results show that the least favourble combination of
these assumptions is small particle guantity and large hydrogen quantity.
The small particle quantity leads to a lower particle size growth through
agglomeration of the particles and thereby reduced particle sedimenta-
tion in the containment and filter. The larger hydrogen quantity results
in higher flow velocity and shorter residence times in the containment
and filter.

The calculations for reference case 1 - transient with simultaneous long-
term loss of all AC power - show that, owing to the long residence time
in the containment, most of the particles are deposited on the floor and
walls of the containment through sedimentation and diffusion /26/. Of a
liberated particle mass of 1 500 kg, only 100 g remains gas-borne to
accompany the steam-gas mixture out of the reactor, containment to the
filtration plant when the ruptured disk eventually opens. With a liberated
particle mass of 500 kg, the equivalent gas-bome value is 500 g.
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Retention in the containment is thus 99.9% for a small particle quantity,
500 kg, and even higher, 99.99%, for a large particle quantity.

These results mean that for reference case 1, transient with total AC
power loss, the retention of liberated particles in the containment alone
is sufficient for 99.9% retention in the event of a subsequent venting. In
other words, the venting function^ but not necessarily the subsequent
filtration function, is required for this event sequence. The required
blow-off capacity is also moderate, about 6 kg/s, since only blow-off of
the decay heat is required to limit the pressure rise in the reactor
containment when the opening pressure of the rupture disk is eventually
reached after about 12 hours.

Radioiodine in elemental gaseous form emitted from the fuel to the
reactor containment in this event sequence wil l react chemically with
the surfaces it encounters, i.e. i t will be bound to those particles
suspended in the gas and will be retained on the walls and floor of the
containment and on the gravel in the gravel bed. Particle-borne iodine
will he removed in the same effective manner as other particles.

Some of the gas-borne iodine in the containment will be converted to
methyl iodide and pass through the containment and the gravel bed
without being retained. The mechanisms for this methyl iodide formation
are not fully understood at the present time, which makes it difficult to
assess its extent. A value of 0.7% is given in the Rasmussen Report / ] /,
and 0.03% in a later work /25/.

Noble gases liberated from the fuel to the reactor containment will
decay during their residence time and be emitted to the gravel condenser
on venting, where they will be further retarded before they are released
into the containment stack.

Corresponding calculations for reference case 2 - pipe break inside the
reactor containment with simultaneous inadequate pressure suppression
function of the containment and long-term loss of all AC power - show
that retention in the containment is more limited in this case, since the
rupture disk opens at an early stage during the accident sequence /27/.
The vent line out to the filter bed is open when the, core melts and the
liberated radioactivity in the form of aerosol particles and iodine
escapes from the reactor to the containment. Approximately half then
continues to the filtration plant relatively immediately in connection
with the short-duration expulsions of steam that may be obtained when
the molten core falls down into whatever water remains on the bottom
of the reactor vessel.

The residence time in the gravel filter is once again long, which results
in high retention factors for particles and elemental iodine; 99.9% or
more (see Figure 7-2).

5.6 LONG-TERM SEQUENCES

According to the established design premises (see Section 5.2), the
filtration plant shall be designed so that it is triggered passively and
functions passively for 24 hours. Credit may then be assumed for active
measures.
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This design premise has been applied conservatively for the studied
design at the BarsebSek station so that the filtration plant shall be able
to condense all steam escaping from the reactor containment for at least
24 hours.

After 24 hours, a by-pass valve over the constriction in the outlet of the
gravel bed has to be opened in order for the pressure in the filter in the
containment not to begin to rise once again when the steam front
eventually breaks through the filter and reaches the outlet.

The molten core in the reactor containment's water pool then remains
safely cooled as long as water is left in the pool. The water volume at
the Barseback plant is sufficient for more than one week. Additional
water then has to be added.

Final termination of the steam flow to the filter can be effected by the
reactor containment filling with water and cooling of the containment"
being restored.

In order to permit the lower part of the containment, the wetwell, to be
completely water-filled, the shutoff valve outside of the rupture disk in
the vent line must first be closed to prevent the water from escaping
into the vent line. As described in Section 5.4, there is also a smaller
vent line connected to the upper part of the containment, the drywell,
with a manually op enable valve running parallel to this main vent line.
This permits-continued venting' to the filter even after extensive ,
water-filling of the containment. =

Some deposition of radioactivity willrbe obtained on the walls of the vent
line. By means of a suitable system design and supplementary radiation"
shieldings, the reguired accessibility to, both the reactor and the f i l tra-
tion plant can be achieved after an accident. ^

After the accident sequence, most of the radioactivity trapped in the
gravel condenser wil l be located in the top few metres of the gravel bed.
The radiation levels to the surroundings will be kept low by the
self-shielding effect of the gravel bed and the radiation-shielding effect
of the surrounding concrete walls. o

Some, residual heat generation will be obtained in the gravel bed from
the retained radioactive substances. This heat generation is limited,
since most of the liberated substances stay in the containment.

As long as steam and gas are flowing to the condenser, effective internal
cooling of the gravel bed is obtained. The gravel can then be cooled
through^heat conduction via the concrete walls to the atmosphere. The
concrete walls can be equipped with water cooling loops, but these are
not deemed necessary.

The condensate in the gravel bed collects in the sump at the bottom of
the gravel bed. The sump is prepared with connections for pumping out
the collected condensate. The bottom and walls of the sump can be made
sufficiently leak-tight by a suitable choice of concrete grade and casting
procedure to prevent contamination of surrounding groundwater after
several years of storage of the condensate in the sump without pump-
ing-out.
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6 EXPERIMENTS AND VERIFICATION PROGRAM

6.1 * GENERAL

A comprehensive experimental verification program has been carried out
within the framework of the FILTRA research project. The intention has
been to verify the function of the studied filtration plant consisting of a
gravel bed with a volume of .10 000 m filled with gravel with a size
fraction of 25-35 mm.

The experimental program has included thermal and flow tests, retention
tests and studies of combustion sequences in mixtures of air and
hydrogen in the gravel bed. !

6.2 THERMAL AND FLOW TESTS

When a mixture of steam and gases from the reactor containment flows
into a gravel condenser, the steam will condense on the cold gravel
surfaces and the non-condensable gases will continue flowing down in the
gravel bed. The gravel will be heated while additional steam condenses
and different zones will form in the filter bed, with an upper steam-fill-
ed 100°C zone bounded at the bottom by a condensation front moving
slowly downward in the bed.

The mixture uof steam and gas flowing in from above moves rapidly
downward towards the condensation front. The gases then continue
slowly through the condensation front downward in the gravel bed. Some
of the condensate from the steam remains on the gravel surfaces above
the condensation front, but some falls down in the form of water
droplets in the cold gravel bed.

An important requirement in the design of the gravel bed is to ensure
that the condensate does not plug the bed and prevent continued flow
and pressure relief.

In order to study the thermal and flow conditions in long gravel beds at
the relevant pressures, temperatures, flows etc., a comprehensive test
program for gravel beds of the relevant length containing full-sized
pieces of gravel has been carried out at the Karlshamn Power Plant.

• • • - . ' - (
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The purpose of the tests has been to:

o provide adequate data for sizing and verification of the gravel bed.
Parameters that have been subjected to particular study are:

- the importance of gravel size and quality for condensation and flow
through the bed

- the influence of pressure drops on the degree of compaction of the
gravel bed

- the temperature distribution in the bed both in the initial pressure
relief phase and in the subsequent long-term phase

o provide adequate data for comparison with and correlation of existing
thermal computation programs for the "sizing of a full-scale gravel
condenser.

In addition, suitable distribution arrangements for the steam inlet to the
upper part of the qravel condenser have been studied and verified.

The test set-up consisted of a gravel condenser with a total bed length
of 30 metres consisting of two vertical in-series columns each containing
five in-series tubes (modules) and a condensate collection vessel (see
Figure 6-1). Each module was three metres long and had an inside
diameter of one metre. At the bottom of each module was a measuring
section, which occupied about Ï0 cm of the length of the module. The
rest of the module was filled with gravel in one of the size ranges 4-8,
.12-18, or 25-35 mm. During filling of the modules, the gravel bed was
packed by vibrating to the desired degree of compaction (50-65%).

In the experiment, the non-condensable gas fraction from the reactor
containTffent was, simulated with the aid of air from an air receiver.
Steam\was obtained from a steam accumulator. The initial pressure in
the two pressure vessels during most of the tests was 0.65 MPa, which is
equal to thè-venting pressure for the Barseback station. The two media
from the vessels were mixed in a decompression line and their'mass flow
density and mixing proportions in the most important constrictions and in
the gravel condenser were equal to those obtained during a venting at
Barseback.

The test program included some 90-odd different tests at varying flow
velocities from high velocities corresponding to the initial venting phase
to very low velocities corresponding to the long-term 24-hour venting
phase, combined with different gravel sizes and degrees of compaction
as stipulated above.

The tests show that a gravel condenser with a volume of
4 000 - 10 000 m filled with a gravel fraction of 25-35 mm can con-
dense all expected flows from the reactor containment at Barseback /28,
29, 30/. No tendencies towards condensate plugqing could be discerned in
the tests. The tests show that the steam condenses effectively on the
cold gravel and that the steamy front moves slowly downward in the
gravel bed, preceded by a thin condensation zone 5-J0 cm deep. Most of
the obtained condensate falls in the form of water droplets down throuqh
the condensation zone to the underlying cold part of the bed, preventing
the formation of a condensation plug among the pieces of gravel.
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Figure 6-1. Test set-up for thermal and flow tests in gravel beds.

Condensation on the gravel is so rapid and effective that thermal inertia
in the gravel is negligible in this context. The differential pressure over
the gravel condenser is low and, apart from the very first venting phase
(a matter of seconds), guite negligible.

6.3 RETENTION OF PARTICLES AND IODINE IN A GRAVEL BED

Following a severe reactor accident leading to core melting, a fraction
of the core inventory of radioactive materials is dispersed to the reactor
containment atmosphere in the form of aerosol particles and gases,
including iodine. Some of the material is removed through natural
processes in the containment, while some can be emitted to the gravel
bed on venting of the containment.

In a gravel bed, gravel size, bed depth, gas velocity, residence time and
steam content are important parameters decisive for the retention of
particles and iodine. Thfj relationships between these parameters within
relevant intervals and f/heir influence on the filtration capacity of the
gravel bed have been studied theoretically and experimentally within the
FILTRA project. "

The size of the aerosol particles and the distribution of the particle mass
among different particle sizes are of crucial importance for particle
retention. The particles that are obtained in the containment during a
severe reactor accident lie within the size range 0.1-]0 u. (u - 3000th of
a millimetre). Small particles sized 0.3 u are relatively difficult to
remove, while particles of larger or smaller size are easier to remove.

The removal and retention of iodine in gravel beds is influenced above all
by the iodine quantity, the «iodine concentration and the rate of input of
iodine from the containment to the gravel bed.
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Retention experiments with aerosol particles and iodine have been
carried out both on laboratory scale and on intermediate-scale. The
experiments were conducted in sand columns with a diameter of 5 cm
and lengths from 0.5 up to 1.5 metres. The intermediate-scale experi-
ments were performed in gravel columns with a diameter of 0.5 m and
lengths up to 7.5 metres (see Figure 6-2).

The experiments in sand columns were carried out at room temperature
both under dry conditions and under conditions of saturated humidity.

The experiments in gravel columns were conducted primarily under the
influence of condensing steam at about 300°C, but also under dry
conditions at room temperature. In the former cases, the gravel columns
were supplied with a mixture of gas and steam. The steam condenses on
the cold gravel and heats i t from room temperature to 100°C. The gravel
nearest the inlet is heated first. Condensation takes place within a
narrow band, the condensation front (see above 6.2), which progresses
through the column until all the gravel has been heated.

The general technique used in these experiments was to inject a mixture '̂
of air and steam into a column of gravel or sand under carefully '<\
controlled conditions as regards e.g. steam content, velocity and temper- \
ature. \ ,

The gas mixture contained particles or iodine. The properties of the
particles were defined and controlled /3ü/, e.g. their quantity and size
distribution. The concentration and input rate of iodine were also defined
/32, 33/.

By measuring the quantity and size distribution of particles or the
quantity of iodine at the column outlet and comparing with the corre-
sponding values measured at the column inlet, it was possible to
determine the filtration capacity of the column, i.e. its ability to remove
particles and iodine from the gas under the given experimental condi-
tions.

The results of the experiments are reported in a series of reports /32, 33,
34, 35, 36, 37/. Examples of results are given in figures 6-3 and 6j-4.
Figure 6-3 shows how steam condensation greatly contributes towards
the retention of particles, especially at high steam contents and low gas
velocities. Figure 6-4 shows the experimentally observed iodine pene-
tration through a gravel column as a function of time. It shows how
elemental iodine is retarded through physical adsorption and is trapped
chemically in the gravel bed through chemisorption. Theoretical models
to describe particle and iodine penetration have been developed and
verified against the experimental results for use at the varyinq gas
velocities and residence times that will be obtained in the gravel bed.
These models reproduce the experimentally observed relationships with
acceptable accuracy /38, 39, 40/.

\i



Figure 6-2. Opened test section in experimental column for measurement of retention of particles
and iodine.
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Figure 6-3. Influence of condensing steam on penetration of particles through a gravel column
with a length of 7.5 m at different gas velocities.
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6.4 COMBUSTION OF AIR-HYDROGEN MIXTURES IN A GRAVEL BED

Following a venting frc T the reactor containment to the gravel con-
denser after certain types of accidents, an ignitable mixture of air and
hydrogen can be obtained in the gravel bed if air is sucked back into the
bed from the stack and mixed with residual hydrogen when containment
cooling is restored.

Combustion of such a gas mixture causes a pressure rise in the gravel
bed. The gravel in the bed can thereby influence the combustion process
and the pressure rise in different ways. With sufficiently small pieces of
gravel, about 1 mm, heat losses to the cold surfaces are great and
combustion is inhibited so much that the bed functions as a flame
arrester.

With large pieces of gravel on the other hand, a detonation can
propagate through the bed if a detonatable gas mixture is present and is
ignited. The pulse transfer from the detonation wave to the gravel bed is
then an important factor that can limit the size and duration of the
pressure pulse on the pressure-bearing walls of the gravel bed and
thereby be decisive in determining their design pressure.

The duration of the pressure pulse is normally proportionate to the
length of the combustion path. It is known that mechanical obstacles in
the combustion path can increase the combustion velocity and thereby
the pulse considerably, while the opposite can also occur when a
combustion front leaves a narrow, constricted section and enters an open
space.

In order to determine what effect a gravel fill has on the combustion
process in a mixture of air and hydrogen in a closed space, a compre-
hensive test program has been carried out at the Swedish Defence
Research Institute in Stockholm with gravel beds of varying particle size
Ml/.

Questions that have been studied are:

o what happens when slow combustion (deflagration1) takes place in a
gravel bed?

o what happens when rapid combustion (detonation) takes place in a
gravel bed?

o what pressure-time sequences are obtained in the different parts of
the gravel bed?

o how does the particle size distribution of the gravel influence the
pressure-time sequences?

o how does the hydrogen content influence the pressure-time sequences?

The experimental equipment consisted of a shock tube with a length of
240 cm and a diameter of 25 cm. The tube was equipped with six
pressure transducers to record the pressure-time sequence at different
points and with a specially designed inlet and outlet for supply of the
desired air-hydrogen mixture.



The parameters recorded during the tests were the pressure-time
sequences at the six pressure transducers and the velocity of the
reaction zone. In addition, some simple experiments were carried out
with a smaller shock tube in order to measure the total force, the gas
pressure and the pressure of the gravel against the bottom surface.

The following parameters were varied in the experiments:

o gravel size

o level of fill in the shock tube

o initiation

o mixing ratio between air and hydrogen

The gravel sizes that were tried included four carefully screened
fractions with little variation in particle size and a standard fraction
with greater variation.

The fractions had the following particle size distributions:

2 - 4 mm
10 - 12 mm
16 - 20 mm
35 - 45 mm
16 - 30 mm (standard fraction)

The air-hydrogen mixture was ignited both with a fuse head, which only
produced a flame to start a deflagration, and with a detonator, which
contained 1 g of explosive paste in order to start a detonation directly.

The test results M l / show that the combustion velocities and thereby the
pressure sequences are greatly inhibited by the gravel bed, regardless of
whether the combustion is initiated in the form of a deflagration or a
detonation. The pressure in the actual combustion zone can be high,
about 2 MPa, but the duration of the pressure pulse is short, on the order
of a few thousandths of a second. The high, short-duration pressure pulse
is followed by a lower, longer-lasting pressure of O.J-0.3 MPa, depending
on gravel size, hydrogen content etc.

With a gravel size of 25-35 mm in the gravel condenser, the impact of
the short-duration pressure pulse on the walls of the gravel container is
small compared to the longer-duration pressure. The walls of the gravel
container can therefore be designed to withstand these combustion
sequences without difficulty.
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SAFETY ASSESSMENT

7.1 INTRODUCTION

The safety assessment has been an important part of the work within the
rlLTRA project. Since this evaluation is plant-specific, it has been
necessary to base it on a reference plant. For reasons already given (see
Chapter 3), the Barseback plant has been chosen as a reference plant for
this study. The FILTRA safety analysis /18/ contains an exhaustive
account of the safety assessment of the studied system for filtered
venting at BarsebSck. This evaluation is based0on:

o a discussion of the event sequences that could cause overpressure
failure of the reactor containment, >

o an estimate of the releases that these sequences could cause,

o an analysis of the filter system's effects on existing engineered safety
features, - , r 'b

o an assessment of the residua] events that carl lead to core'accidents
and that are only slightly affected ny the filtered venting system.

The following tasks have been ^performed to substantiate the safety
assessment: c ^

o The accident sequences have been described with the aid of event
trees. Probability has been estimated for the transients and pipe
ruptures that can serve as dominant contributors to the risk of serious
core damages or high pressure (higherothan 0.65^MPa) in the reactor
containment, or both. "

o The interaction between the filtered venting system and the nuclear
power plant's other engineered safety features has been analyzed.

o The releases of radioactivity have been calculated for the event se-
quences that lead to core damage or high pressure in the reactor
containment, or both.

o A limited and qualitative survey has been performed of other events
with internal or external causes that could lead to large releases of
radioactivity, unaffected by the filter venting system.
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The work done and the results obtained are described in the following.

7.2 DISCUSSION OF EVENT SEQUENCES

7.2.1 General

The purpose of the filtered venting system is to protect the reactor
containment from damage or failure due to excessively high internal
pressure loads by blowing off steam and gases, and to filter blown-off
gases in order to remove radioactive substances, especially those that
can cause long-lived land contamination.

A large number of event sequences caused by transients and pipe
ruptures have been described with the aid of event trees. Such initial
events can, if multiple malfunctions in the safety systems are assumed,
lead to event sequences that the plant's engineered safety features are
not designed to^cope with. These events can cause high pressure in the
reactor containment or the liberation of radioactivity throuqh core
meltdown. A combination of the two is also possible. Core meltdown can
then occur before or after overpressurization of the containment. .

'The studied event sequences are divided into four groups in the follow-
ing. This grouping is done for the sake of discussion of their impact on
the reactor containment. This provides a basis for determining the need
for pressure relief (venting) and filtration. A typical event sequence and
a quantitative estimate of its probability are given for each group. The
groups are:

.1 High pressure in the1 containment-
2 Core meltdown * with little or moderate pressure increase in the

containment \ s
3 Core meltdown and thereafter high pressure in the containment
4 High pressure in the containment and thereafter core meltdown

7.2.2 High pressure in the containment without core meltdown .

In the boiling water reactors at Barseback, there are two principal types
of event sequences ttiat can lead to excessively high pressure In the
reactor containment. •„., 7

The one event sequence of dominant probability that can lead to high
pressure is described by assuming that the following transients and mal-
functions occur simultaneously (see 5.3.2 reference case 1).

o

Due to a transient, the containment is sealed (isolated), and at the same
time, a number of malfunctions occur which prevent removal of the
decay heat from the reactor containment's condensation pool for a
prolonged period of time. The energy from the decay heat is then stored
in the condensation pool, whose temperature will rise. Steam production
will cause the pressure in the containment to rise. When the pressure
exceeds 0.65 MPa, the rupture disk in the pressure relief (venting)
system bursts. Steam and gas are blown off to the gravel condenser and
the pressure returns to atmospheric pressure. In this case, moderate
demands are made on the capacity of the pressure relief system.
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The other event sequence of interest can be described by assuming that
the following faults occur (see 5.3.3, reference case 2).

The event sequence is initiated by a postulated rupture in one of the
major pipelines. The escaping steam-water mixture is then ^forced by a
floor between the dry well and the wetwe!' to pass through blowdown
pipes through the water pool in the bottom of the contaihment^_where
the steam condenses. The pressure in the reactor containment is thereby
reduced in relation to the pressure that would be created without steam
condensation. In the event sequence discussed here,., hpwever, a mal-
function in the form of a leak with an area of less than 0.3 m is
assumed in the intermediate floor. The steam that flows through this
leak is then not condensed in the pool, which means that the pressure
suppression is not complete. In the case of certain 'pipe breaks, the
pressure in the containment - even with pressure relief where t̂he
rupture disk opens at 0.65 MPa - may then rise to 0.75 MPa. However,,
the reactor, containment is judged to be capable of withstanding a
pressure of 0.75 MPa under these conditions without any major leakage
occurring.

This case is the one that imposes the highest demands on pressure relief.
It has therefore been used as the design basis for determining the
capacity eftfie pressure relief function in the studied system for filtered
venting. However, this second case represents only a small portion 'of,the
total probability of possible event sequences that give rise to a need for
pressure relief.

7.2.3 Core meltdown with little or moderate pressure increase in the con-
tainment

The principal causes of event sequences that lead to core meltdown are
ruptures of pipes connected to the reactor vessel inside the containment
with simultaneous failure of emergency core cooling.

According to the technical studies that have been performed within the
project, it is probable that core meltdown will not require pressure relief
and filtration by itself, but only in combination with loss of decay heat
removal.

In most 'cases of core meltdown accidents, the containment will remain
unaffected and will not require pressure relief or filtration.

The event sequences are not affected by a system for filtered venting if
such a system is installed, since they do not give rise to such high
pressures in the reactor containment that the opening pressure of the
rupture disk is reached. In certain cases, however, it can be advan-
tageous to open the blow-off line to a system for filtered venting
manually in order to reduce the pressure in the reactor containment and
thereby reduce leakage from the containment to the reactor building.

7.2.4 Core meltdown and thereafter high pressure in the reactor containment

Event sequences that can lead to core meltdown and thereafter to high
pressure in the reactor containment impose demands on both pressure
relief and filtration. These event sequences occur if both emergency
core cooling and containment cooling malfunction simultaneously in
connection with a transient or a pipe rupture inside the reactor contain-
ment.
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A typical case in this group is reference case 1 , discussed previously in
5.3.2: Transient with loss of all AC power. In this event sequence, core
meltdown is predicted to occur approximately 12 hours before over-
pressurization. Particle-borne and other radioactive substances (iodine)
have then already been removed in the containment when pressure
blow-off occurs. The demand on filtration is small in this,case.

The described system for pressure relief protects the reactor contain-
ment against damages due to excessively high pressures during these
types of accident sequences. Filtration of vented gases in a gravel bed
can provide some additional reduction of the releases beyond the
effective removal that is obtained in the containment itself.

7.2.5 High pressure in the containment and thereafter core meltdown

Event sequences that can lead to high pressure and thereafter to core
meltdown impose demands on both pressure relief and filtration. '

A typical example of an event sequence in this group is reference case 2
discussed in detail in 5.3.3: internal pipe break with incomplete pressure
suppression and loss of all AC power. This means that both emergency
core cooling and containment cooling fail simultaneously. In this event
sequence, the ruptured disk opens immediately when the pipe rupture
occurs. The vent line is therefore open to the gravel bed when radio-
active substances are liberated from the core due to overheating and
melting of the fuel.

In event sequences of this type, the pressure relief and filter functions
are essential in order to protect the containment against damages dye to
overpressurization and in order to reduce releases of radioactive sub-
stances to the em/ironment. The effectiveness of the filter function and
the magnitude of the releases are discussed below (see 7.3).

7.2.6 Comparison of probabilities of events

With the aid of event trees and fault trees, a rough estimate has been
made of the probabilities of the event sequences discussed above. The
results show that the event sequences that contribute most to the
probability of high pressure in the containment are those caused by loss
of containment cooling. These sequences impose demands on pressure
relief but not necessarily on filtration, since it can be assumed that the
fuel core will remain undamaged during the sequences. The probability of
these dominant event sequences that lead to high pressure in the reactor
containment has been estimated at 10" per reactor year (sef/Figure
7-1).

The most probable accident sequences that lead to core meltdown are
pipe breaks with inadequate core cooling. According to the assessment
made within the ̂ project, the probability of these sequences is on the
order of 5\x 10" per reactor year. These sequences do not impose
demands on filtered venting, since the containment can be expected to
remain unaffected during the sequences.

Event sequences where both the pressure relief and filtering functions
are needed are those where the core melts, whereupon the containment



ia overprewurized. According to the assessment made in the project the
total probability of event sequences in this group is less than 10 per
reactor year. These sequences impose only small demands on pressure
relief and filtration capacity.

Considerably higher demands on the capacity of these functions are
imposed by the event sequences that lead to overpressurization end
thereafter to core meltdown. The total probability of event sequences in
this.group is, according to the assessment made in the project, less than
10" per reactor year.

7.2.7 Choice of design basis event sequences

The results of the safety evaluation described above show the following.

Event sequences that lead solely to high pressure in the reactor contain-
ment impose demands on pressure relief only. The most dominant cause
of high pressure in the reactor containment in terms of probability is
long-term loss of containment cooling. The highest demands on the
capacity of the pressure relief function are imposed by pipe rupture with
insufficient pressure suppression. In terms of probability, however, the
latter events represent only a small fraction of possible event sequences
that lead to demands on pressure relief.

Event sequences that lead to core meltdown only do not generally impose
demands on either pressure relief or filtration. If the need for pressure
relief arises in connection with core meltdown due to. long-term loss of
containment cooling, this often occurs several hours after core melt-
down. The demands on the filter function are then small.

If high pressure occurs before core meltdown, demands are made on both
pressure relief and filtration.

The design basis events for establishing the demands on the capacity of
the pressure relief and filtration functions have been chosen so that they
cover those sequences which, based on the above discussion of event
sequences, are the dominant contributors to the risk of core meltdown
and overpressure failure. The design basis events haVe also been chosen
to cover as large a number of event sequences as possible.

On the basis of these criteria, the project has chosen to analyze in detail
the following two typical cases, here called reference cases 1 and 2.

Reference case 1: transient with long-term loss of all AC power,

Reference case 2: pipe break with incomplete pressure suppression and
loss of all AC power.

A detailed account of the event sequences in these reference cases is
given in section 5.3.

Reference case 1 , transient with loss of all AC power, is interesting
because:

o core meltdown occurs before pressure relief,
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Figure 7-1. Roughly estimated probabilities of event sequences grouped accordingcto their effects
on the containment and the fuel core.
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o the sequence is representative of the events that are the dominant
contributors to the risks of overpressure failure of the containment in
connection with severe reactor accidents,

G '

o the event sequences in connection1 with core meltdown and over-
pressurization are similar to the dominant event sequences in^terms of
probability, i.e. loss of containment cooling with respect to over-
pressurization and medium-large pipe break with loss of core cooling
With respect to core meltdown,

o the event sequence leads to moderate demands on pressure relief and
small or no demands on filtration.

Reference case 2, internal pipe break with incomplete^pressüre suppress
sion and failure of core cooling and containment cooling due;' to—long-
term loss of AC power, is interesting because:

o overpressurization of the containment occurs immediately following
the initiating pipe break. The rupture disk is therefore open when the
core overheats and melts about an hour later, ,

o the event sequence leads to high demands on both pressure relief and
filtration, L

1 "" o °

o the event sequence represents the toughest challenges to the pressure
relief and filter functions and has therefore been chosen as the design
basis for the capacity of these functions.
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7.3 RELEASE OF RADIOACTIVE SUBSTANCES

7.3.1 General i

Radioactive substances are liberated from |he fuel on overheating and
melting of the core in the form of radioactive gases and aerosol particles
(see 4.4).

As long as the containment is under pressure, the radioactive substances
can leak out to the environment via two pathways. Leakage can take
place due to the fact that the reactor containment is not completely
leak-tight, e.g. due to leaking valves etc. Radioactive substances can
also leak out to the environment via a subsequent venting through a
gravel bed.

Particles are removed in the containment and in the gravel bed through
diffusion, sedimentation and the influence of condensing steam. Many
radioactive substances in the particles are water-soluble, including
iodine and cesium, and are therefore collected to a large extent in the
containment's condensation pool and the gravel bed filter's condensate
sump.

Liquid leakage is possible from systems connected to the containment's
condensation pool and gravel bed filter's sump. In the longer run, leakage
from these systems is also possible through the concrete walls of the
containers.

7.3.2 Release through gravel bed

The release from the filtered venting system to the atmosphere has been
calculated /26, 27, 42/ for reference cases 1 and 2. The release in
reference case 1 is considerably less than in reference case 2, owing to
the effective retention of radioactive substances in the reactor contain-
ment. Table 7-1 presents the calculated releases in reference case 2 as
fractions of the fuel's inventory of the radioactive substances. ;=

Table 7-1. Reference case 2
Releases to atmosphere through filtered venting system in
fractions of core inventory of radioactive substances.

„_ Fraction

Noble gases Xe, Kr 1.0
Organically bound iodine CH,I <0.01
Elemental iodine in gaseous form I- 0

Bsrticle -borne I»
"radioactive substances Cs, Rb <10-4

" " Te, Sb
Sr, Ru
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Figure 7-2. Calculated releases through gravel bed in reference case 2. Figures indicate fraction
of core inventory of radioactivity.

Noble gases decay during their residence time in the containment and
the filter and are released. Organically bound iodine, methyl iodide, is
released to a fraction estimated at less than 1% in previous assessments
(see 5.5.2). Compared to this, the releases of iodine in elemental or
particle- borne form are small. Aerosol particles are retained in the
containment and the gravel bed. Releases of particle-borne radioactive
substances through the gravel bed are estimated at less than one
hundredth of a percent (see Figure 7-2).

The results sjiow that radioactive substances in the form of aerosol
particles and iodine are removed effectively in the containment and the
filter.

7.3.3 Leakage from the reactor containment

The wall of the containment has a number of penetrations for cables and
pipelines for/ ariiong other things, steam, feedwater, electrical power,
signals etc. [Each pipe is sealed by one isolation valve inside and one
outside the wall in the event of a liberation of radioactive substances
inside the containment.

Due to normal imperfections and wear, there is some leakaqe in these
valves. . "x

The demand on leak^ighinëf» of the containment is tha\ the leakage
shall be less tnan^i^T per day of the contained gas mass at the design
pressure of 0;.5'MPa in the containment. Periodic inspection, main-
tenance and testing ensures that this demand is fulfilled.
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A small leakage of this kind from the containment to, in the first
instance, various spaces in the reactor building is trapped by the
building's ventilation system. The exhaust air from these spaces is
discharged to the stack after check of its radiation level. If leakage of
radioactivity beyond the normal tolerance level is detected, the ventila-
tion system is changed over to maintenance of a vacuum in the reactor
building and filtration of exhaust air in special filter banks where
particles, iodine and methyl iodide are retained with an efficiency of
more than 90%.

Leakage through the filtered venting system to the atmosphere has been
shown above to be very l itt le. Compared to this, the leakage discussed
here from the containment to the reactor building through filter banks to
the stack can prove to be greater. This can especially be the case if the
pressure in the reactor containment remains high for a long period of
time without venting to the gravel bed taking place.

Venting reduces the pressure in the containment to atmospheric pres-
sure. The driving force for leakage from the containment is thereby
removed. In other words, venting has in itself a reducing effect on the
leakage of radioactive substances from the containment.

7.3.A Waterborne leakage from the gravel condenser

The leakage of waterborne radioactive substances from the concrete
container has been calculated using a diffusion model /46/. The calcula-
tions have been limited to an estimation of the concentration in water of
several radioactive substances on the outside of the container.

The conclusion of this limited study is that the filter container, with its
content of radioactive substances after a venting, does not constitute a
health hazard to the public'.

7.4 EFFECTS ON OTHER SAFETY SYSTEMS

The filtered venting system can affect the function of other safety
systems. An exhaustive analysis of these effects has been carried out
within the FILTRA project. The possible negative effects of the filtered
venting system on the function of the safety systems inside and outside
the framework of their design have been identified. In the case of event
sequences within the design framework, a malfunction of the rupture
disk has been assumed, i.e. it opens unnecessarily in an accident
situation. This could lead to:

o Increased release, of radioactive substances to the environment.

o Increased radiation level in the reactor building.
° - i

o Adverse pressure sequences in the containment.

o Vacuum in the containment.

o Small margins to cavitation in pumps for emergency core cooling and
containment cooling.

o Sucking of air into the containment,

o Effects on adjacent nuclear power plant.
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An analysis of these cases reveals the following:

If the rupture disk were to open unnecessarily in an accident situation,
the release of radioactive substances would be greater than with an
intact rupture disk. This applies to accident sequences both inside and
outside the framework of the accident sequences that form the design
basis of the safety systems. However, since releases caused by an
unnecessarily opened rupture disk are filtered in a gravel bed, the
releases wil l be small.

The radiation level in the reactor building will be elevated in this case,
but i t can be limited by suitable radiation shielding.

No unacceptable pressure sequences in the containment have been
identified.

No vacuum that could jeopardize the integrity of the containment is
created.

In the event of design basis breaks within the containment of pipes
connected to the reactor vessel, the margin to cavitation in the pumps
for emergency core cooling and containment cooling will not be over-
stepped.

In cases when the rupture disk opens due to inadequate cooling of the
pool, the pumps for emergency core cooling wil l cavitate. Without the
filtered venting system, most of these events would lead to depressuri-
zation of the containment in an uncontrolled manner, whereby the same
situation or a worse one would arise. For certain events, however, the
filtered venting system entails a slight increase of the release of
radioactive substances. These events are those where decay heat re-
moval has been started within the pressure interval that lies between the
containment pressure, 0.65 MPa, and the higher pressure where the
containment starts to leak.

As far as vacuum and margin to cavitation ere concerned, it should be
emphasized that it is important that the shutoff valve connected in
series with the rupture disk should be open.

Owing to the fact that the venjt line and the gravel bed are filled with
nitrogen, the risk of hydrogen burning in the containment is deemed
small.

Effects on the adjacent nuclear plant can result due to the fact that its
vent line is contaminated with radioactivity. This effect can be reduced
by suitable radiation shielding.

The summary of this analysis /18/ is that the filtered venting system is
judged to have little effect on other safety functions in the case of
events both inside and outside the framework of the design of the safety
systems.
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7.5 RESIDUAL RISKS

By "residual risks" is meant event sequences that can lead to large
releases of radioactive substances despite the fact that a filtered
venting system has been installed. A summary account of such event
sequences is provided in this section.

The filtered venting system has been designed with a capacity to protect
the reactor containment against failure due to excessively high pressure
and to reduce the releases of radioactive substances in two different
cases of event sequences, namely the two reference cases (see 7.2.6).

These two reference cases have been chosen to cover the event
sequences that are the dominant contributors to the risk of overpressure
failure of the reactor containment in connection with very severe
accidents.

The pressure relief and filter functions together meet the capacity
requirements for a large portion of the events that impose demands on
these functions, according to the completed safety analysis f 18/.

The results of the'safety analysis show that a filtered venting system can
cope with even very improbable combinations of multiple mutually inde-
pendent simultaneous failure events.

This does not exclude the possibility that other events of low probability
can also occur, which can breech the leak-tightness of the reactor
containment while causing radioactive substances to be liberated in the
containment. This radioactivity can then be emitted directly to the
environment without passing the filter.

Events that can lead to such a situation can arise from different causes.
They may be caused by a break in the reactor vessel or its connected
piping in the containment in combination with very large inadequacies in
the containment's pressure suppression function and simultaneous failure
of emergency core cooling. They may involve certain types, of pipe
rupture or transients in combination with long-term failure of the
reactor to shut down. They may involve certain types of pipe breaks
outside the containment or transients with loss of water supply to the
reactor in combination with failure of isolation of the reactor contain-
ment. Finally, they may involve some type of external event that both
damages the reactor containment and causes failure of the water supply
to the reactor.

The latter type of events may include, for example, certain types of
airplane crashes, earthquakes or sabotage.

In many events of this kind, the filtered venting system will have a good
protective effect, especially in the case of those which could have led to
overpressure failure of the containment without pressure relief. In the
case of other events, the protective effect of the pressure relief and
filter systems may be limited.
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Closer study of these questions would entail a considerable undertaking
with analysis of a large number of event sequences. It has not been
possible to carry out such analyses within the scope of the resources
available for the FILTRA project.

In general, however, it can be concluded that a filtered venting system
has the capacity to reduce releases of radioactivity for some of these
events, especially for those that could have led to overpressure failure of
the containment without pressure reliëf.
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8 COMMENTS REGARDING OTHER SWEDISH REACTORS

8.1 GENERAL

Wherever plant-specific assumptions have been necessary, the work
within the FILTRA project has focussed on Barseback ] and 2. The
results of the experiments and the research work that has been done are
therefore primarily applicable to these two reactors. They can, however,
in larqe measure be considered applicable to early Swedish RV/Rs with
external main coolant pumps and a cylindrical condensation pool.

Other Swedish reactors can be divided into two groups (see Table 3-]"):

o BWRs with internal main coolant pumps and an annular condensation
pool.

o PWRSJ

8.2 BOILING WATER REACTORS WITH EXTERNAL MAIN COOLANT
PUMPS

Oskarshamn units 1 and 2 and the Ringhals 1 unit are very similar in
design to the reactors at Barseback. This means that large parts of the
work done concerning the molten core and its behaviour in the reactor
vessel and the containment can be considered applicable to these
stations. Certain differences may occur, however, for example with
regard to the liberation and retention of aerosol particles and iodine in
the containment. Vent area, filter size and other dimensions in the
filtered venting system must naturally be adjusted to the thermal power
of the reactors.

It is worth noting that further research within the field may show that
other solutions than the filtered venting system studied here may be
appropriate for these reactors.

8.3 BOILING WATER REACTORS WITH INTERNAL MAIN COOLANT
PUMPS

The Forsmark 1, 2 and 3 and the Oskarshamn 3 reactors are of this type.
It has not been possible to deal with these reactors within the FILTRA
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project. In general, however, it can be said that the results of the
FILTRA project can be applied to some extent to these reactors. This is
especially true of the fundamental studies concerning core melting, the
behaviour of the molten core in the reactor vessel and meltthrough of
the bottom of the vessel.

The reactor containment is of another design (see Appendix 6) and is
therefore unlike the one in Barseback in many respects. The greatest
difference is that the condensation pool is annular in shape. This means
that water is not normally present underneath the reactor vessel.

The event sequence after the core material has left the reactor vessel is
therefore different. No work has been conducted within the FILTRA
project to study the behaviour of the molten core in the containment in
these reactors.

8.4 PRESSURIZED WATER REACTORS WITH LARGE DRY CONTAINMENTS
AT RINGHALS

PWRs with a large, dry containment (Ringhals 2, 3 and 4) exhibit a
number of fundamental differences in design compared to BWRs. These
differences influence the course of events, in severe core accidents. The
most important are:

o PWRs have a dry containment without a water pool and with a much
larger volume than BWRs.

o The containment in PWRs is filled with air. As a result, hydrogen burns
that cause rapid pressure rises can occur when hydrogen is liberated
during accidents.

o The primary cooling circuit in PWRs is designed for a considerably
higher pressure than that in BWRs.

o The amount of fuel in the core at a given power rating is considerably
less in PWRs than in BWRs.

A comparison between some important parameters at Ringhals 3 and
Barseback is presented in Table 8 -1 .

In order to shed light on How these differences affect the design of a
pressure relief system and filter chamber, the Swedish State Power
Board has carried out certain limited supplementary studies in collabora-
tion with the FILTRA project with Ringshals 3 as a reference plant.

The studies for; PWRs are not nearly as complete as those for Barseback.
Much additional work remains to be done before definite conclusions can
be drawn. '

— ' if1

Analyses of core meltdown sequences in Ringhals 3 have been carried out
under contract by Kraftwerkunion AG in Germany /43/ . Analyses were
performed of a given event sequence, which was chosen in reference to
the risk picture presented in WASH-1400. This sequence is characterized
by:
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Table 8-1. Comparison of important parameters for reference plants.

Type Unit BWR PWR

Nuclear power reactor

Thermal power rating MW

Barseback 1(2) Ringhals 3(4)

1 700 2 783

Operating pressure in
primary cooling circuit

Total water volume in
system within
containment

Water volume in
condensation pool

Free gas volume in
containment

UO» quantity

Zr quantity

Design pressure
of containment

Static failure pressure
of containment

MPa

m3

m3

m3

ton

ton

MPa

MPa

7.0

2 200

2 000

8 000

89

34

0.5

0.9

15.5

468

-

50 BOO

82

18.8

0.42

0.7

o transient and reactor shutdown,

ö no active safety systems work,

o total loss of electrical power for at least three hours.

In practice, thi3 power failure entails total loss of the secondary cooling
system as a heat sink and leads to core meltdown at high pressure in the
primary system (about 16 MPa).

The pressure and temperature sequence in the reactor containment was
calculated for two cases:

o maximum case where no reaction is assumed to take place between
the molten core material and the concrete and consequently all energy
in the molten core is transported to the containment atmosphere.

o best estimate, where 50% of the energy in the molten core is absorbed
by the molten-core/concrete reaction.
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Table 8-2 summarizes the most important calculation results.

Table 8-2. Results of study of Ringhals 3.

Secondary system dry

Water level at top of core

Lower core grid collapses

Pressure blow-off from reactor
vessel

Fraction of heat; in core trans-
ported to gas atmosphere of
containment

s

s

s

s

maximum case

3500

6400

8780

9150

all

best estimate

3500

6400

8780

9150

partcontainment

Influence of molten core on
concrete includedv

Pressure peak in containment
after pressure blow-off from
reactor vessel

Time of overpressure failure
of containment

MPa

h

all

no

0.55

14

part

yes

0.45

22

It can be added that about 60% of the core's zirconium is oxidized and
about 450 kg of hydrogen is formed. The containment atmosphere is not
flammable due to the high partial pressure of steam. Previous calcula-
tions of the consequences of postulated hydrogen burns showed that the
containment can withstand the pressure increase caused by rapid com-
bustion of a quantity of hydrogen corresponding to an approximately 75%
Zr - H2O reaction /44, 45/.

The analysis shows for this case that the foremost threat to the
containment in severe core accidents is slow overpressurization after
15-20 hours. This conclusion is also supported by more recent American
studies.

However, since only one special sequence has been studied and the
applicability of the American results to Swedish PWRs has not yet been
analyzed in detail, it is too early to draw any definite conclusions
concerning the conditions in PWRs.

General studies at the Swedish State Power Board have shown that it is
technically possible to connect a vent line to the containments of the
existing PWRs if this should prove desirable."

Owing to their large volume, the containments of PWRs have, a limited
capacity to resist external pressure. This could possibly be a disadvan-
tage for a pressure relief system. If venting leads to the containment
being filled with steam alone, which is then condensed by the spray
system, this will give rise to a pressure of about 0.05 MPa, which is
considerably lower than what the containment has been designed for.
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CONCLUSIONS AND COMMENTS

The FILTRA research project has been in progress for more than 2.5
years. Both theoretical analyses and experimental studies of phenomena
of importance for filtered venting from the containments of Swedish
reactors have been carried out. The work has focussed primarily on
reactors of the BarsebSck type. Some of the results of the work are,
however, applicable to the types of light water reactors existing in
Sweden. The generally applicable conclusions can be summarized in the
following five points: ,\

1 A good filtration effect is obtained with a, gravel bed. For the
purposes of the project, a volume of 10 000 m has been chosen for
this bed, intended for use at Barseback. On this premise^ complete
condensation of all steam produced within 24 hours of an accident is
obtained. This simplifies verification of the filtration effect of the
gravel bed. In other words, it has been shown that the aforesaid
volume provides the desired filtration effect. It has, however, not
been determined whether such a large volume is actually required to
obtain the desired filtration effect.

2 The results of completed experiments and analyses show that
aerosol particles and elemental iodine, i.e. radioactive substances
that could cause long-lived land contamination, can be removed
efficiently (retention capacity >99.9%) in the above-mentioned
gravel bed. It does therefore not appear to be necessary to augment
the gravel bed with other retention devices.

3 Experiments conducted at Karlshamn show that the condensation of
steam in a gravel bed takes place without the condensate that has
formed impeding further condensation by plugging the bed. The
condensation front moves slowly downward in the gravel bed,
providing good conditions for the retention of aerosols and iodine.
The results of the experiments have also verified the calculation
model used.

4 Many of the phenomena studied are highly plant-specific. It is
important to make careful studies of each individual nuclear power
plant before deciding on «pacific measures.

5 Certain phenomena in the core meltdown sequence are incompletely
understood. Although approximate analyses that do not yield precise
descriptions are often sufficient, better experimental data would be
desirable for certain phenomena, especially:
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a) liberation, transport and retention of radioactive substance» in
reactor's primary coolant system and containment,

b) local hydrogen deflagrations or detonations in the containment,

c) interaction between molten core and concrete. •

Points a) and c) are of little importance for reactors of the
Barseback type, but are of importance for other Swedish reactors. I t •
is generally believed in regard to point a) that previous risk studies
overestimate the environmental release of radioactivity from core
meltdown accidents.

As regards reactors of the Barseback type, the following additional
conclusions can be drawn:

6 Filtered venting does not affect other safety functions, to any
appreciable extent.

7 Venting prevents pressure failure of the reactor containment for the
most probable event sequences that might lead to overpressure
failure in the absence of venting. These events include transients
and pipe breaks in combination with loss of decay heat removal.

8 Filtered venting reduces the consequences to the surrounding en-
vironment considerably for many severe but improbable accident
cases which, in the absence of pressure relief and filtration, could
lead to overpressure failure of the reactor containment followed by
the release of radioactive substances. These events include pipe
breaks in the containment in combination with some leakage be-
tween the dry well and the wetwell and loss of emergency pore
cooling and/or inadequate decay heat removal.

9 The installation of this system for filtered venting does not mean
that the risks of radioactive releases have been completely eli-
minated. Certain event sequences with very low probability are not
affected by such a system.

10 Analyses show that very rapid pressure transients caused by

o steam explosions
o hydrogen bums
o rapid steam formation (flashing1)

do not constitute a threat to the type' of containment studied. Only
sequences that entail a relatively slow pressure build-up can lead to
high pressure in the containment. This means that a relatively
moderately-sized venting area will be sufficient for pressure relief.

In summary, the venting function appears to entail a not insignificant
reduction of risks for boiling water reactors of the BarsehSck type. The
additional risk reduction that is obtained through the advanced filter
function appears to be of relatively less importance due to, among other
things,, the fact that a number of types of severe core accident
sequences, including core meltdowns, do not appear to lead to very large
releases from a containment of the type studied. Very severe core
accident sequences in combination with overpressurization of the con
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talnment would therefore appear to have lower probability according to
this study of the BarsebSck reactor than was indicated by e.g. WASH-
1400 for an American boiling water reactor. For a number of types of
such very severe core accident cases, the filter design studied ensures a
substantial reduction of the releases. However, i t has not been possible
within the scope of this study to carry out a total optimization of the
filter function with regard to risk reduction.
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coolant accident.
STUDSVIK/NR-82/J41. .1982-06-30.

MENON, S
Project FILTRA Nucledyne passive containment system.
STUDSVIK/K2-80/377.

NORINDER, O
Projekt FILTRA. Resa i USA 1980-10-13 - J4 for konsultationer om
Sngexplosioner vid stora reaktorhaverier.
("FILTRA project Trip to USA 1980-30-]3 - 14 for consultations con-
cerning steam explosions in connection with major reactor accidents").
STUDSVIK/K2-80/440. 1980-12-03.

NORINDER, O
Projekt FILTRA. Slutrapport om risken for angexplosioner.
("FILTRA project. Final report on risk of steam explosions").
STUDSVIK/K2--81/473. 1981-02-27.

NORMANN, B et al.
Stenfilter, avskiljning med avseende p9 en DOP-aerosol.
("Gravel filter, retention with regard to a DOP aerosol.")
STUDSVIK/K2-80/270. 1980-02-12.

NORMANN, B et al.
Crushed rock filters, separation with respect to a DOP aerosol.
STUDSVIK/K2-80/332. 1980-05-29. English edition.

NORMANN, B
The FILTRA experimental crushed rock bed for deposition studies.
STUDSVIK AR NW-216. ] 982-03-17.

PEKKARINEN, E (VTT)
FILTRA - Barseback. Containment pressure and temperature histories
during an accident initiated by failure of the reactor protection system.
STUDSVIK/NR-82/98. 1982-02-15.
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PEKKARINEN, E
FILTRA. Approximate evaluations of the temperatures in the drywell
atmosphere of the Barseback Nuclear Power Plant during an accident
initiated by loss of AC power. •
STUDSVIK NR-82/144.

PEKKARINEN, E
FILTRA. Approximate evaulations of the temperatures in the drywell
atmosphere of the Barseback Nuclear Power Plant during an accident
initiated by loss of AC power. Complement to NR-82/144.
STUDSVIK NR-82/157. 3982-08-23.

STROM, L
Partikeldeponering i stenbadd.
("Particle deposition in gravel bed").
STUDSVIK/K2-80/282. 3980-02-14.

STROM, L
Retention of airborne particles in granular bed filters.
STUDSVIK/K2-80/442. 1980-12-23.

STROM, L
Uppskattning av partikelavskiljning i sten- och sandbaddar vid haveri-
fallet AER-351.
("Estimate of particle retention in gravel and sand beds in connection
with AER-351 accident case.")
STUDSVIK/K2-81/487. 1981-04-07.

STROM, L, CHYSSLER, J
Experimental investigation of the retention of airborne particles in a bed
of crushed rock.
STUDSVIK/NW-81/86. .1981-09-07.

STROM, L, GEBERT, G
Experimental investigation of the retention of airborne particles in
sandbeds.
STUDSVIK/NW-81/94. 1981-09-18.

STROM, L, CHYSSLER, J
Experimental investigation of the retention of airborne particles in a bed
of crushed rock, under conditions of condensing steam.
STUDSVIK/NW-81/141. .1982-02-17.

STROM, L, ChYSSLER, J, GEBERT, G
Particle retention in a bed of crushed rock, under conditions of condens-
ing steam.
STUDSVIK/NW-82/313. 1982-09.

SUNDBLAD, B, STENQUIST, C
Radioactive waterborne releases from the filtration construction -
FILTRA.
STUDSVIK/NW-81/148. 1 981 -11 -03.

VIEIDER, G, CARLSON, F
Core melt analysis up to vessel failure for a BWR after loss of
AC-power.
STUDSVIK/NR-82/140. 1982-06-30.
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VIEIDER, G
Diskussion med K Hassmann (KWU) betraffande analys av LWR härd-
smältförlopp.
("Discussion with K Hassman (KWU) regarding analysis of LWR core
meltdown sequence").
STUDSVIK NR-82/189.

ASEA-ATOM

ANDERSSON, T
FILTRA - säkerhetsanalys.
f'FILTRA - safety analysis").
ASEA-ATOM TQB 80-193. J980-J1-27.

ANDERSSON, T
Projektförslag t i l l säkerhetsanalys av FILTRA.
("Project proposal for safety analysis of FILTRA").
ASEA-ATOM PM TQB 81-96. 1981-08-18.

ANDERSSON, T
FILTRA - Säkerhetsanalys. FILTRAs pâverkan pa övriga säkerhets-
system.
("FILTRA - Safety analysis. Effect of FILTRA on other safety system").
ASEA-ATOM TQB 81-195. 398]-] 1-16.

ANDERSSON, T, JOHANSSON, A
Ninth water reactor safety research information meeting J981-10-26
- 30. (Safeguarding of FILTRA interests).
ASEA-ATOM TQB 81-203.

ANDERSSON, T
FILTRA - Säkerhetsanalys av FILTRA.
("FILTRA - Safety analysis of FILTRA").
ASEA-ATOM PM TQB 82-55. 1982-04-30.

ELKERT, 3
FILTRA - Strâlningsnivâer efter en LOCA med obefogad öppning av
sprängblecket.
("FILTRA - Radiation levels after a LOCA with unwarranted opening of
rupture disk").
ASEA-ATOM RF 81-105. 1981-02-24.

FREDELL, 3
FILTRA - Stenkondensorexperiment. Experimentprogram.
("FILTRA - Gravel condenser experiments. Experimental program").
ASEA-ATOM KVB 81 - 68. 1981-08-24.

FREDELL, J
FILTRA - Stenkondensorexperiment. Preliminär resultatrapport frSn
försöken.
("FILTRA - Gravel condenser experiments. Preliminary report on results
of experiments").
ASEA-ATOM KVB 81 - 388. 1981-1]-05.
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FREDELL, J
FILTRA - Stenkondensorexperiment. Experimentprogram.
("FILTRA - Gravel condenser experiments. Experimental program").
ASEA-ATOM PM KVB 82-41. 1982-02-01.

FREDELL, J
FILTRA - Steam and gas flow in a stone condenser.
ASEA-ATOM KVB 82-154. 1982-03-16.

FREDELL, J
FILTRA - Stenkondensorexperiment. Preliminar resultatrapport frSn för-
söken.
("FILTRA - Gravel condenser experiments. Preliminary report on results
of experiments").
ASEA-ATOM KVB 82-197. 1982-04-20.
(supersedes KVB 82-10).

FREDELL, J
FILTRA - Underlag for konstruktion av stenkondensorn i Barseback.
("FILTRA - Basis for design of gravel condenser at Barseback").
ASEA-ATOM KVB 82-198. 1982-04-20.

FREDELL, 3
FILTRA - Stenkondensorexperiment i Karlshamn. Resultat fran ater-
strö mn ingsf örsö k.
("FILTRA - Gravel consenser experiments at Karlshamn. Results of
backflow tests").
ASEA-ATOM PM KVB 82-257. 1982-06-18.

GUSTAFSSON, B
Barseback 1 - Reaktortankens hallfasthet vid dngexplosioner.
("Barseback 1 - Strength of reactor vessel in connection with steam
explosions").
ASEA-ATOM RD 81-101. 1981-02-26.

H'ARNQVIST, B
Barseback 2. Förstarkninn av MCT-ramar.
("Barseback 2. Reinforcement of MCT frames").
ASEA-ATOM KVB 81 - 288. 1981-11-04.

JOHANSSON, K, TIREN, I
Modifierad reaktorinneslutning. Förslag t i l l utredningsprojekt for SKI:s
forskningsnamnd.
("Modified reactor containment. Suggestion for a research project to the
Swedish Nuclear Power Inspectorate Research Committee").
ASEA-ATOM T80-9.
STUDSVIK/K2-80/266.

JOHANSSON, K, TIREN, I
Travel report USA 1980, April 21-25. Discussions on vent filter contain-
ment conceptual designs.
STUDSVIK/K2-80/326. 1980-04-28.



B 2:10

JOHANSSON, K, TIREN, I
Modified reactor containment. Suggestion for a research project to the
Swedish Nuclear Power Inspectorate Research Committee (English edi-
tion).
STUDSVIK/K2-80/255 - ASEA-ATOM T80-9.

JOHANSSON, A
Barseback - FILTRA. Tryckavlastning av inneslutningen vid LOCA med
lackage over mellanbjalklaget.
("Barseback - FILTRA. Venting of containment durinq LOCA with
leakage through intermediate floor").
ASEA-ATOM RCC 81-26. 1981-02-12.

JOHANSSON, A
Barseback - FILTRA. Avlastningskanal.
("Barseback - FILTRA. Vent duct").
ASEA-ATOM RCC 81-46. ]981-03-30.

JOHANSSON, A
Barseback - FILTRA. Langd/areaförhallandets inverkan pa tryck och
flffden vid liten stenkondensor.
("Barseback - FILTRA. Length/area ratio's influence on pressures and
flows with small gravel condenser").
ASEA-ATOM RCC 81 - 17. 1981-02-22.

JOHANSSON, A
Barseback - FILTRA. LOCA med hardsmalta. Enerqimangder och er-
forderlig stenbaddsvolym for Sngkondensation.
("Barseback - FILTRA. LOCA with core melt. Energy quantities and
required gravel bed volume for steam condensation").
ASEA-ATOM RCC 81-48. 198] -04-01.

JOHANSSON, A
Barseback - FILTRA. Maxtryck i reaktorinneslutningen vid avlastning
ef ter bottenbrott med lackage over rnellanbjalklaget.
("Barseback - FILTRA. Maximum pressure in reactor containment during
venting after bottom failure with leakage through intermediate floor").
ASEA-ATOM PM RCC 81-64. 1981-05-05.

JOHANSSON, A
Barseback - FILTRA. Kort and lang avlastningskanal med förhöjt mot-
tryck.
(Barseback - FILTRA. Short and long vent duct with elevated back-
pressure").
ASEA-ATOM PM RCC 81-70. 1981-05-11.

JOHANSSON, A
Barseback - FILTRA. Max tryck i reaktorinneslutningen vid avlastning
fran wetwell efter bottenbrott med lackage over mellanbjalklaget.
("Barseback - FILTRA. Maximum pressure in reactor containment during
venting from wetwell after bottom failure with leakage through inter-
mediate floor").
ASEA-ATOM PM RCC 81-104. 1981-07-22.
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JOHANSSON, A
FILTRA. Stenstorlekens inverkan pa trycket i kondensorn.
("FILTRA. Influence of gravel particle size on pressure in condenser").
ASEA-ATOM RCC 81-164. 1981-11-02.

JOHANSSON, A
FILTRA - Undertryck i innesiutningen vid LOCA och obefogad öppning
av FILTRA och oppen vakuumventil.
("FILTRA - Vacuum in containment during LOCA and unwarranted
opening of FILTRA and open vacuum valve").
ASEA-ATOM RCC 81-171. 1981-11-17.

JOHANSSON, A
FILTRA - Jasning i kondensationsbassangen vid avlastning.
("FILTRA - Fermentation in condensation pool during venting").
ASEA-ATOM PM RCC 81-193. 1981-12-09.

JOHANSSON, A
FILTRA - Referensfall TB. Transient med totalt bortfall av all vaxel-
ström.
("FILTRA - Reference case TB. Transient with total loss of all AC
power").
ASEA-ATOM PM KPA 82-37. 1982-02-10.

JOHANSSON, A
FILTRA - Stenkondensorstorlek for ett dygns passiv funktion.
("Gravel condenser size for 24-hour passive function").
ASEA-ATOM PM KPA 82-30. 1982-02-05.

JOHANSSON, A
FILTRA - Undertryck vid sprinkling i reaktorinneslutningen efter 24 h.
("FILTRA - Vacuum during sprinkling in reactor containment after
24 h").
ASEA-ATOM KPA-82-72. 1982-03-10.

JOHANSSON, A
FILTRA - Avlastningsledning. Flödeskapacitet for nagra olika alternativ.
("FILTRA - Vent line. Flow capacity for several different alternatives").
ASEA-ATOM KPA 82-73. 1982-03-10.

JOHANSSON, A
FILTRA - Tryck i reaktorinneslutningen vid rörbrott med samtidigt
lackage over mellanbjalklag.
("FILTRA - Pressure in reactor containment following pipe rupture with
simultaneous leakage through intermediate floor").
ASEA-ATOM KPA 82-92. 1982-03-24.

JOHANSSON, A
FILTRA - Referensfall ADB. Stor LOCA med lackande mellanbjalklag,
oppet sprangbleck och bortfall av all vaxelström.
("FILTRA - Reference case ADB. Large LOCA with leaking intermediate
floor, open rupture disk and loss of all AC power").
ASEA-ATOM KPA 82-107. 1982-04-01.
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JOHANSSON, A
FILTRA - Referensfall ADB. Vatgaskoncentration i reaktorinneslut-
ningen efter start av inneslutningssprinklingen.
("FILTRA - Reference case ADB. Hydrogen concentration in reactor
containment after start of containment spray").
ASEA-ATOM PM KPA 82-294. 1982-09-15.

JONSSON, L
FILTRA - NSgra preliminara straiskarmsberakningar.
("FILTRA - Some preliminary radiation shielding calculations").
ASEA-ATOM KPC 82-25. 1982-04-19.

KVIST, L
FILTRA. Vatgas-detonation. Reaktionskrafter pa tryckavlastningsrör.
("FILTRA. Hydrogen detonation. Thrust forces on vent pipe").
ASEA-ATOM PM KVB 81-406. 1981-11-18.

KVIST, L
FILTRA - Vatgas-detonation i tryckavlastningsrör. Berakning av reak-
tionsk rafter.
("FILTRA - Hydrogen detonation in vent pipe. Calculation of thrust
forces").
ASEA-ATOM PM KVB 82-117. 1982-02-23.

LEJON, J
FILTRA - Rördimensioner pa avlastningsledningen med avseende pa
kavitation i 322- och 323-pumpar och maximalt tryck i PS.
("FILTRA - Sizes of vent pipe with respect to cavitation in 32? and 323
pumps and maximum pressure in PS").
ASEA-ATOM PM KVE 81-112. 1981-10-29.

LEJON, J
FILTRA - Natriumtiosulfatlösningars stabilitet vid syrgasexp oner ing och
bakteriell inverkan.
("FILTRA - Stability of sodium thiosulphate solutions under oxygen
exposure and bacterial action").
ASEA-ATOM PM KPB 82-33. 1982-03-30.

LEJON, J
FILTRA - Jodavskiljning i stenbaddar.
("FILTRA - Iodine retention in gravel beds").
ASEA-ATOM KPB 82-48. 1982-05-07.

LEJON, J
FILTRA - Vattenadhesion i stenbaddar.
("FILTRA - Water adhesion in gravel beds").
ASEA-ATOM KPB 82-50. 1982-05-26.

SV'ARD, A
FILTRA. Stenkondensor. Provanlaggning.
("FILTRA. Gravel condenser. Pilot plant").
ASEA-ATOM KVB 81-53. 1981-02-09.

SVA'RD, A
FILTRA - Barsebacksverket. Avlastningsledning, jamförelse.
("FILTRA - Barseback Station. Vent line, comparison").
ASEA-ATOM KVB 81-177. 1981-04-21.
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ULLBERG, M, and others
Hydrogen behaviour in the FILTRA filtered-vented containment system.
ASEA-ATOM. 1981-03-20.

ULLBERG, M
FILTRA - SammanstaJlning av konsekvenslindrande atgarder vid va'tgas-
förbranning.
("FILTRA - Summary of consequence-mitigating measures in connection
with hydrogen combustion").
ASEA-ATOM KVC 81-51. 1981-03-13.

FILTRA - O'versikt av knallgasproblematiken.
("FILTRA - Overview of air-hydrogen problems").
ASEA-ATOM PM KVC 80-367.

Modifierad reaktorinneslutning - sakerhetsanalys.
("Modified reactor containment - safety analysis").
ASEA-ATOM T80-39.

Modifierad reaktorinneslutning - förutsattnlngar for samt utformning av
filterdel.
("Modified reactor containment - requirements on and design of filter
unit").
ASEA-ATOM PM KVC 80-366.

Absorption av jod - vStavskiljare.
("Absorption of iodine - wet collector").
ASEA-ATOM PM KVC 80-374.

Swedish State Power Board

AHLSTRÖM, P-E (Swedish State Power Board) et al.
FILTRA - Reserapport frSn besök vid SANDIA, IDCOR, Ans conf och FAI
under tiden 1982-08-23 - 09-03. Rev .1.
(FILTRA - Travel report from visit to SANDIA, IDCOR, Ans conf. and
FAI during the period 1982-08-23 - 09-03. Rev. 1.
STUDSVIK/NR-82/176. .1982-10-08.

ALSTERMARK, G
FILTRA - projektet. Luftflöde - motstSndsmatning i krossat sten-
material.
("FILTRA project. Air flow - resistance measurement in gravel mater-
ial").
Swedish State Power Board. Report BT, series No. 81:3.
1981-03-25.

ERIKSSON, H, LOOFT, H
Ringhals 2 - Sakerhetsstudie for FILTRA-R-projektets rakninq.
("Ringhals 3 - Safety study for FILTRA R project").
Swedish State Power Board PM EV-43/8]. 1981-09-07.

FRID, W
A study of hydrogen combustion and containment building response at
Ringhals nuclear power plant unit No. 3.
(Swedish State Power Board.)
Jan. 1981.
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FRID, W
Travel report from workshop on containment integrity for nuclear power
plants, Washington DC, 7-9 June 1982.
Swedish State Power Board EVP 3 - WF/MBR. 82-06-07 - 09.

FRID, W
FILTRA - Angexplosioner i Barseback's kondensationsbassang.
("FILTRA - Steam explosions in Barseback's condensation pool").
Swedish State Power Board PM BVK-3/82. 1982-08-25.

GUNSELL, L
FILTRA - Tryckavlastning av inneslutningen vid LOCA med lackage over
mellanbjalklaget. Kommentar t i l l ASEA-ATOM PM RCC 81-26.
("FILTRA - Venting of containment during LOCA with leakage through
intermediate floor. Comments on ASEA-ATOM PM RCC 81-26.
Swedish State Power Board. Report 1981-03-23.

Sweden

ALMSTRÖM, H, BERGLUND, S
Inverkan av stenfyllning pa explosionsförloppet av en luft-vatgasbland-
ning i ett slutet utrymme.
("Influence of gravel f i l l on course of explosion of an air-hydrogen
mixture in a closed space").
Swedish Defence Research Institute Report C 20408-D1. May 1981.

BECKER, K
An assessment of the vent area requirements for the Barseback nuclear
power station.
KTH-NEL-31. Dec. 23 1981.

FILEAS, G
FFOCUS: A computer program simulating the flow of a freezing
material with internal heat generation. The possibilities of predicting
complex flow phenomena.
CTH, Gothenburg, May 1982.

GRA'SLUND, C, JOHANSSON, K, NILSSON, L, TIREN, I
FILTRA. Filtered atmospheric venting of LWR containments. A status
report.
IAEA-CN-39/74. 1980-10-20 - 24.

McHUGH, B
Elementary study of the flow of a freezing material with internal heat
generation - a demonstration of the possibilities of calculating complex
flow phenomena.
R-81/01. January .1981.

NERETNIEKS, I, POSTMA, A K, SCHÖCK, W O
Summary of comments on Studsvik research on the FILTRA-project
meeting of March 22 - 24, 1.982.
June 1982.

NERETNIEKS, I, THEGERSTRÖM, T
Bedömning av vilka gasformiga föreningar som kan bildas vid en hard-
smalta och deras potential att passera FILTRA.
("Assessment of which gaseous compounds can be formed in connection
with a core me!tdown and their potential to pass FILTRA").
Department of Chemical Engineering, KTH. 1982-09-01.
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FILTRA
Filtrerad tryckavlastning av reaktorinneslutningar.
Lagesrapport mars 1982„
("Filtered atmospheric venting of LWR containments.
Progress report March 1981.

SWEDISH NUCLEAR POWER INSPECTORATE
Riktlinjer for sakerhetsredovisning avseende anordningar for filtrerad
ventilation av reaktorinneslutningarna i Barsebacksverket.
("Guidelines for safety accounting regarding devices for filtered venting
of reactor containment at the Barseback station").
Letter to Sydkraft. 1982-01-15.

Summary of the present Swedish licensing and regulatory position on
prevention and mitigation of radioactive releases in the case of severe
accidents. Statens karnkraftinspektion (Swedish Nuclear Power Inspec-
torate). Office of Regulation and Research. 1982-0.1-22.

A K Post ma

POSTMA, A K
TASK 1. Iodine sorption within a gravel bed filter.
BCT-LR-80-2 (encl. to letter). Aug. 25, l«JRn.

POSTMA, A K
Task 4. Iodine forms in containment for postulated core melt accidents.
BCT-LR-80-5 (encl. to letter). Nov. 14, 3980.

POSTMA, A K
TASK 5. Recent information on fission product release under core melt
conditions.
BCT-LR-80-6 (encl. to letter). Nov. 30, .1980.

POSTMA, A K
Summary report for period of June 1, ]980 - December 15, 1980
submitted to Studsvik Energiteknik AB. Work performed under contract
0-3968.
December 15, 1980.

POSTMA, A K
Studies of aerosol scrubbing in a containment venting air cleanino
system. (Sponsored by STUDSVIK).
BCT-104. Dec. 15, 1981.
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Fauske & associates

FAUSKE and ASS, INC
First status report on core melt phenomenology in Swedish BWR contain-
ment.
July 1981.

FAUSKE & ASSOCIATES, INC
Assessment of accident progression/regression for hypothetical core
damage scenarios for the Barseback nuclear power station.
January 1982.

HENRY, ROBERT E
Phenomenological evaluations for hypothetical accident scenarios.
March 1981.

HENRY, ROBERT, E, FAUSHE, HANS, K
Vent area requirements for a rapid quench of core debris. Fauske and
associates, Inc.
FAI-KB/81.

HENRY, R E
Core melt phenomenology.
Fauske & associates 198].

KFK and KWU

EYINK, J, HASSMANN, K, THIESSIS, G, RE1MANN, M, ALBRECHT, H,
BUNZ, H, SCHÖCK, W
Kernschmelzanalyse fur den 1700 MW., - Siedewasserreaktor Barseback.
KFK and KWU. 1982 - May.

HASSMANN, K, SCHWARZOTT, W, THIESSIES, G
Ringhals 3. Core melt accident analysis with complete loss of secondary
system as initiating event.
KWU Departments R 921/R 113 Reactor division. Febr. 1981.

HASSMANN, K, REIMANN, N et al
Analyses of hypothetical core meltdown accidents.
KWU and KFK 1981.

Germany

MAYINGER, F
Boiling heat transfer from core debris and condensation of steam in the
wetwell of the Barseback Reactor. 1981.
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B i l l ! 980/81:90 Appendix! Ministry of Industry

As far as consequence-mitigating systems and re-
lease-limiting measures are concerned the Reactor
Safety Committee's point of departure in formulating
its recommendations was the possibility that an acci-
dent can lead to such a pressure buildup in the reactor
containment that the containment fails, leading to
large, uncontrolled releases of radioactivity. As a
possible countermeasure, the Committee suggested
controlled depressurization ("venting") through a safe-
ty relief valve connected to a filter system that
retains the radioactive substances. A number of alter-
native systems were sketched. The Committee found,
however, that the available information did not permit
any final decisions to be made as to which detailed
measures should be adopted. The Committee found
that further studies were required for this.

Since the Committee's finding, SKI (the Swedish
Nuclear Power Inspectorate) - in collaboration with
the nuclear power utilities, AB ASEA-ATOM and
Studsvik Energiteknik AB - has started a project,
FILTRA, aimed at a safety evaluation of filtered
venting of the reactor containments. To my knowl-
edge, nothing has yet emerged from this study to
indicate that the risks of large releases would not be
reduced by the proposed modification of the reactor
containment.

Even though the risks of uncontrolled releases of larqe
quantities of radioactive material, giving rise to radio-
active land contamination, are already extremely
small in the existing reactor plants, I believe that
every means should be exploited to further reduce the
risks of such releases. This applies in particular to the
reactors located close to areas of high population
density, such as those at the Barseback station. Such
measures should be adopted even if they entail a
considerable cost for the plant owner in relation to the
reduction of release risks they accomplish. Filtered
venting of the reactor containments at the Barseback
station should be ready to be put into service by no
later than 1985 or after the immediately following
refuelling periods. It is up to the Government to issue
further directives to this end.
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Filtered venting may also be of interest for the
reactor containments at Ringhals, Oskarshamn and
Forsmark. It is important, however, that experiences
from Barseback, as well as the results of current
technical development within the field, can be applied.
The guidelines currently under preparation by other
countries that utilize nuclear power, including the
United States, as regards measures to reduce the risks
of radioactive land contamination should also, if poss-
ible, be taken into consideration in formulating the
requirements on the latter reactors. If the continued
investigation work shows that methods other than
filtered venting of the reactor containments provide a
comparable reduction of the risks of large release^ of
radioactive material or if the risk picture as regards
accidents that lead to large releases of radioactive
material differs significantly from the current one,
the safety stipulations for the nuclear power stations
at Ringhals, Oskarshamn and Forsmark should be
accordingly modified. A decision should be made on
these matters in time to permit measures to be imple-
mented before 1989.
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Sydsvenska Varmekraftaktiebolaget
Fack
S-200 70 MALMÖ
Sweden

Stipulations for continued permission pursuant to article 2 of the Nuclear
Energy Act (1956:306) to operate a nuclear reactor

Permission pursuant to article 2 of the Nuclear Energy Act (1956:306)
to erect, own and operate a nuclear reactor has been granted by the Govern-
ment to Sydsvenska Varmekraft AB on 6 February ]970 with respect
to the Barseback 1 nuclear power unit and on 16 June 1972 with respect
to the Barseback 2 nuclear power unit.

In the Bill concerning guidelines for national energy policy (Bill 39Bn/8.7:9n
App. 1), the Government put forth a proposal concerning, amonq other
things guidelines for the nuclear safety work within the framework of
the Swedish nuclear power program. Certain consequence-mitigating
and release-limiting measures intended to be adopted at the Swedish
nuclear power stations were thereby described,, It was stated in the Bill
that even though the risks of uncontrolled releases of large quantities
of radioactive material are already extremely small in the existing reactor
plants, all available means should be exploited to further reduce the risks
of such releases. This applies in particular to the reactors located close
to areas of high population density, for example those at the Barseback
station. According to a parliamentary communication dated 27 May 1981,
the Swedish Parliament has approved the guidelines laid down in the Bill
(NU 1980/81:60, rskr 1980/8] :38l).

One method to reduce the risks of large releases of radioactive material
in connection with severe accidents in a nuclear power reactor is to introduce
"filtered venting" of the reactor containment.

The Swedish Nuclear Power Inspectorate, AB ASEA-ATOM and Studsvik
Energiteknik AB, in collaboration with the nuclear power plant owners,
have recently concluded the first stage of a project designated FILTRA
that aims at a safety evaluation of filtered venting of a reactor contain-
ment. It is clear from the first progress report from the project that
filtered venting of a reactor containment contributes towards reducing
the risks of large releases of radioactive material.



The Government finds that plants for filtered venting should be installed
in order to reduce the risks of large releases of radioactive material.
The nuclear power station of primary interest in this respect is Barseback,
in view of the location of the Barseback station in proximity to major
population centres.

On the authority of article 4 of the Nuclear Energy Act (1956:306), the
Government prescribes that, in addition to what has been prescribed
in previous resolutions, the licences pursuant to article 2 of the Nuclear
Energy Act to operate the Barseback 1 and 2 nuclear power units shall
be contingent on the following conditions.

Measures for filtered venting of the reactor containments shall be adopted
at the nuclear power station at Barseback.

The equipment should be designed so that it is activated when the pressure
in the reactor containment exceeds the design pressure, 0.5 MPa, given
in the current safety analysis report. The pressure at which the equipment
is designed to be activated may not, however, be so high that leakage
is expected from the reactor containment. The equipment shall be built
in such a manner that at least 99.9% of the reactor core inventory of
every radioactive isotope, not including noble gases, is retained in the
reactor containment and the filter plant when venting occurs via the
filter plant in connection with a severe reactor accident.

Before any measures are adopted at the reactor facility, a technical
description of the plant equipment, as well as an account of its function,
shall be submitted to the Swedish Nuclear Power Inspectorate. The extent
to which the proposed measures may have a negative effect on reactor
safety in other respects shall thereby be particularly elaborated upon.
It is then up to the Inspectorate to grant permission for these measures
after reviewing the submitted documents.

The measures shall be adopted and the equipment put into service by
the end of 1985 or by a later deadline determined by the Nuclear Power
Inspectorate, but no later than by 1 September 3986.

The Government authorizes the Swedish Nuclear Power Inspectorate
to prescribe any additional stipulations for continued operating permission
that are warranted by safety reasons or otherwise in the public interest.

On behalf of the Government

Ingemar Eliasson

Go'sta Lindh

Attested ex officio
(Signature)

Copy to
Swedish National Institute of Radiation Protection
Swedish Nuclear Power Inspectorate
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A.l.1/1456/81

Guidelines for safety account regarding devices for filtered ventinq
of the reactor containment at the Barseback nuclear power station

In a communication dated 1981-10-15, the Government, acting
on the authority of 4 of the Nuclear Energy Act, has prescribed
that measures for filtered venting of the reactor containments
be adopted at the nuclear power station at Barseback as a condition
for continued operation of the Barseback 1 and 2 nuclear power
units. In the aforesaid communication, the Government further
authorizes the Swedish Nuclear Power Inspectorate (SKI) to grant
permission for these measures after review of a technical description
of the plant equipment and an account of its function, and to prescibe
any additional conditions for the continued operating permission
that are warranted by safety reasons or otherwise in the public
interest. The Government letter further defines certain premises
for the Inspectorate's review, such as requirements on retention
efficiencies etc.

SKI finds that, in addition to the conditions laid down by the Govern-
ment, the Inspectorate should, acting on the authority thus granted
it, stipulate certain more detailed technical directives that define
more closely the principles according to which the Inspectorate
intends to judge the plant owner's (Sydkraft's) safety analysis report
for the plant. In this context, i t should be borne in mind that the
equipment for filtered venting of the reactor containments at
Barseback will be the first of its kind. It is therefore not possible
to refer to previous installations and review principles. Hence,
such more detailed technical directives from SKI are to be based
primarily on the preliminary documents mentioned in the Government
letter, namely Bill 1980/81:90 App. 1 and the progress report from
the FILTRA research project published in March 3 98], The Bill
and the progress report refer in turn primarily to the Reactor
Safety Committee's report SOU 1979:86. For the sake of complete-
ness, some statements from these preliminary documents that
SKI feels should be taken into consideration in formulating technical
directives concerning devices for filtered venting of the reactor
containments at Barseback are cited in the following.
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The Government Committee on Reactor Safety made the following
statement in the matter (SOU 1979:86, page 47):

"Particularly with respect to consequence-mitigating or release-
limiting measures, the Committee finds that existing reactor
containments provide considerable protection against even major
accidents. The risk of extensive environmental consequences
can nevertheless be further reduced. It is therefore proposed

- that a decision in principle be taken to adopt further release-
limiting measures.

- that these measures be primarily oriented towards further
reducing the risks of releases that can lead to high radiation
doses through e.g. extensive radioactive land contamination,

- that the measures be adopted in the first instance for those
reactors that are situated in the proximity of large population
centres".

This statement became one of the points of departure for the
FILTRA research project. In a progress report from this project
dated March 1981, the project steering group stated the following
with respect to fundamental guidelines for the design of devices
for filtered venting in the event that such devices should be required
by the Government authorities:

"The work during phase 1 has shown that the following principles
should guide the technical design of filtered venting systems:

The goal is a considerable reduction of the risk for the release
of radioactive substances which can cause long-term ground
contamination assuming that a severe reactor accident has
occurred.

There should be a minimum of interaction with existing safety
systems and their functions during accident sequences covered
by current design basis accidents.

- The system should function passively during the first 24
hours or more of the accident sequence - then more credit
can successively be taken for preplanned active measures.

- The required removal efficiency should not be set higher
than corresponding to the risk for leakage of radioactive
substances in less severe accident sequences which do not
necessarily trigger venting of the containment.

- Diversified solutions to the condenser and filtration functions
should be studied, partly in order to be able to take advantage
of different types of removal processes."
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The progress report goes on to note that several different types
of event sequences have been identified with assumed multiple
faults in different safety systems, in the event of which sequences
a filtered venting of the reactor containment could reduce the
risk of large releases resulting from overpressure failure of the
containment.

In Bill 1980/81:90 Appendix 1, Minister Petri stated the following:

As far as consequence-mitigating systems and release-limiting
measures are concerned the Reactor Safety Committee's point
of departure in formulating its recommendations was the possibility
that an accident can lead to such a pressure buildup in the reactor
containment that the containment fails, leading to large, uncon-
trolled releases of radioactivity. As a possible countermeasure,
the Committee suggested controlled depressurization ("venting")
through a safety relief valve connected to a filter system that
retains the radioactive substances. A number of alternative
systems were sketched. The Committee found, however, that
the available information did not permit any final decisions
to be made as to which detailed measures should be adopted.
The Committee found that further studies were required for
this.

Since the Committee's finding, SKI (the Swedish Nuclear Power
Inspectorate) - in collaboration with the nuclear power utilities,
AB ASEA- ATOM and Studsvik Energiteknik AB - has started
a project, FTLTRA, aimed at a safety evaluation of filtered
venting of the reactor containments. To my knowledge, nothing
has yet emerged from this study to indicate that the risks of
large releases would not be reduced by the proposed modification
of the reactor containment.

Even though the risks of uncontrolled releases of large quantities
of radioactive material, giving rise to radioactive land contamina-
tion, are already extremely small in the existing reactor plants,
I believe that every means should be exploited to further reduce
the risks of such releases. This applies in particular to the reactors
located close to areas of high population density, such as those
at the Barseback station. Such measures should be adopted even
if they entail a considerable cost for the plant owner in relation
to the reduction of release risks they accomplish. Filtered venting
of the reactor containments at the Barseback station should
be ready to be put into service by no later than 1985 or after
the immediately following refuelling periods. It is up to the
Government to issue further directives to this end.

Filtered venting may also be of interest for the reactor contain-
ments at Ringhals, Oskarshamn and Forsmark. It is important,
however, that experiences from Barseback, as well as the results
of current technical development with the field, can be applied.
The guidelines currently under preparation by other countries
that utilize nuclear power, including the United States, as regards
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measures to reduce the risks of radioactive land contamination
should also, if possible, be taken into consideration in formulating
the requirements on the latter reactors. If the continued investiga-
tion work shows that methods other than filtered venting of
the reactor containments provide a comparable reduction of
the risks of large releases of radioactive material, or if the
risk picture as regards accidents that lead to large releases
of radioactive material differs significantly from the current
one, the safety stipulations for the nuclear power stations at
Ringhals, Oskarshamn and Forsmark should be accordingly modi-
fied. A decision should be made on these matters in time to
permit measures to be implemented before J989.

In reference to the above and by virtue of the authority vested
in it by the Government, SKI has found it suitable to set forth
the following guidelines for the initial work on a safety analysis
report describing devices for filtered venting of the reactor contain-
ments at Barseback:

1. Choice of design basis parameters for venting and filtration capacity
etc.

A point of departure for the choice of design basis parameters
for venting and filtration capacity, as well as for sizing of the
plant as a whole, should be an analysis of a number of typical cases
chosen in such a way that they can he judged to cover the sequences
that, based on a safety analysis of the reactor plant, represent
the dominant contributors to the risks of overpressure failure
of the containment in connection with very severe reactor accidents.
The devices for filtered venting should further be designed so
that they are activated passively in the event of a severe accident
and can then function passively for about 24 hours. After this,
credit can be taken for preplanned active measures.

2. Account of retention efficiency for different isotopes

The following premises should apply for the safety analysis report
as regards the retention of radioactive isotopes in the filter plant:

- Special emphasis shall be accorded in the analysis to the isotopes
and their chemical compounds that can cause land contamination
of importance from a radiological viewpoint. The analysis shall
otherwise deal with those isotopes in the core inventory, noble
gases excepted, that are considered important from a radiological
viewpoint in the reference literature (see Appendix 1 \

- In determining the retention efficiency of the chosen design
solution, the point of departure should be a "best estimate"
- e.g. an estimate based on the best available technical and
scientific information, with allowance for a reasonable margin
of safety, owing to, among other things, the uncertainty in the
technical data. In determining what can be considered to be
a reasonable margin of safety, account shall be taken of the
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degree to which the substance contributes to land contamination
of radiological importance and otherwise to the risk picture
in connection with accidents where the venting system is triggered
so that noble gas releases can be expected.

SKI foresees that a progressive detailing and supplementing of
the above guidelines may be necessary, for example in connection
with the reporting and review of preliminary safety analyses submitted
by Sydkraft for different parts of the plant.

Per Bystedt has been appointed project leader for SKI's review
work in this matter.

The above directives have been discussed in the liaison group establish-
ed fov the purpose between SKI and SSI (the Swedish National
Institute of Radiation Protection).

In the final preparation of this case, in which the undersigned
Director General has arrived at a decision, Mr. Larsson, Mr. Hakansson
and Mr. Bystedt have been present and Mr. Högberg has read the
case.

SWEDISH NUCLEAR POWER INSPECTORATE

(Signatures)

Copies to;

Ministry of Industry
Swedish National Institute of Radiation Protection



1 (2)

Appendix 1. Core inventory of radionuclides (source NUREG-0771)

Radionuclides Half-life (days)

Activity inventory (in millions
of Ci) after a reactor trip
from full power in a typical
reactor core of 3560 MWt,
i.e. twice the size of cores
of the Barseback units

Noble gases

Krypton-85
Krypton-85m
Krypton-87
Krypton-88
Xenon-133
Xenon-135

3,950
0.183
0.0528
0.117
5.28
0.384

0.60
26
51
73

183
37

Iodine

Iodine-131
Iodine-132
Iodine-133
Iodine-134
Iodine-135

8.05
0.0958
0.875
0.0366
0.280

91
]29
183
204
161

Alkali metals

Rubidium-86
Cesium-134
Cesium-136
Cesium-137

18.7
750
13.0

11,000

0.028
8.1
3.2
5.1

Tellurium-antimony

Tellurium-127
Tellurium-127m
Tellerium-129
Tellurium-129m
Tellurium-131m
Tellurium-132
Antimony-127
Antimony-129

0.391
109

0.048
34.0

1.25
3.25
3.88
0.179

6.3
1.2

33
5.7

14
129

6.6
35
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Radionuclides Half- l i fe (days)

Activity inventory (in millions
of Ci) after a reactor trip
from full power in a typical
reactor core of 3560 MWt,
i.e. twice the size of cores
of the Barseback units

Alkaline-earth
metals

Strontium-89
Stront ium-90
Strontium-91
Barium-140

52.1
11,030

0.403
12.8

101
4.0

118
172

Other metals

Cobalt-58
Cobalt-60
Molybdenum-99
Technetium
Ruthenium
Ruthenium
Ruthenium
Rhodium-105
Yttrium-90
Yttrium-91
Zirconium-95
Zircon ium-97
Niobium-95

71.0
.1,920

2.8
0.25

39.5
0.185

366
1.50
2.67

59.0
65.2

0.71
35.0

0.84
0.31

172
151
1.18

77
27
53

4.2
129
161

161

Lanthanides

Lanthanum-140
Cerium-141
Cerium-143
Cerium-144
Praseodynium
Neodynium

1.67
32.3

.1.38
284

13.7
1.1.1

172
161
140
91

140
65

Actinides

Neptunium-239
Plutonium-238
Plutonium-239
Plutonium-240
Plutonium-241
Americium-241
Curium-242
Curium-244

2.35
32,500 A
8.9 x 10r
2.4 x 10
5,350 5
1.5 x 10
163

6,630

1800
0.061
0.023
0.023
3.7
0.0018
0.54
0.025
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REACTOR TECHNOLOGY BACKGROUND

The discussion of different accident sequences and release-limiting mea-
sures in this report assumes a certain knowledge of the construction of the
types of reactors in question. This appendix therefore provides a brief
general description of the most important technical features of the Swedish
reactor plants.

There are two types of light water reactors (LWRs) in Sweden: boiling water
reactors (BWRs) made by ASEA-ATOM and pressurized water reactors
(PWRs) made by Westinghouse. The two reactor types have certain basic
features in common, but their principles of function and design solutions
exhibit considerable differences.

The fuel in the reactor core in both reactor types consists of cylindrical
pellets of uranium dioxide. The pellets are stacked on top of each other in
long tubes made of zirconium alloy, zircaloy. These tubes are clustered
together in bundles called fuel assemblies. In BWRs, the fuel bundles are
surrounded by square fuel channels called boxes in order to prevent the
cross-flow of reactor water in the core. The reactor core is enclosed in a
steel pressure vessel, the reactor vessel. The reactor vessels for BWRs and
PWRs are shown in cutaway views in figures B 6-1 and B 6-2.

The reactor vessel and certain parts of the connected piping systems for
circulation of steam and coolant are surrounded by the reactor containment,
whose construction differs between BWRs and PWRs.

A weak but persistent heat flux remains in the reactor even after it has
been shut down due to the decay of the radioactive elements. A number of
cooling systems are provided to remove this heat from the reactor vessel
and containment under different conditions, see figure B 6-6.

Pressurized water reactors. In PWRs, the reactor vessel is approximately
12 m high with a diameter of about A m, and the vessel wall is about 20 cm
thick. The control rods enter the core from above. The drive mechanisms for
the control rods are located in the upper part of the vessel.

The pressure in the reactor vessel in a PWR is about 15.5 MPa and the
temperature is about 305 C. The hot water is circulated in a closed piping
system, the primary circuit, from the core to steam generators, where the
water is vaporized in an external steam circuit, the secondary circuit. In
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the PWR, the entire primary circuit is located inside the reactor contain-
ment.

The reactor containment in a PWR is about 60 m high with a diameter of
40 m am is designed for a pressure of about 0.5 MPa and a temperature of
about 150°C. During normal operation, the containment is filled with air
and the pressure in the containment is 0.1 MPa and the temperature about
50°C. The construction of the containment is illustrated schematically in
figure BJ5-5. The free internal volume of the containment is about
50 000 m .

Boiling water reactors. The reactor vessel in BWRs is about 20 m high
with a diameter of about 6 m. The vessel wall is about 13 cm thick. Steam
separators and steam dryers are located in the upper part of the vessel,
where the steam is separated from the water. The control rods enter the
core from below. The drives for the control rods ars located below the
bottom of the vessel.

In a BWR, the pressure in the vessel is 7 MPa and the temperature is
285°C. The steam, which is generated in the primary system in a RWR,
passes the steam separators and steam dryers and then goes to the
turbine. In BWRs, the reactor vessel and some auxiliary systems are
situated inside the reactor containment while the turbine is situated
outside. The containment is enclosed in a reactor building that constitutes
an additional barrier against releases to the environment.

A boiling water reactor containment is 40-50 m high with a diameter of
20-25 m. It has an internal volume of about 8 000 m , making it much
smaller than a pressurized water reactor containment. This is because a
BWR containment is built according to the principle that the steam
liberated during an accident is blown down through special pipes to a
water pool in the bottom of the containment. Here, the steam is
condensed, limiting the pressure rise in the containment. Furthermore,
the containment has water sprays that can be used to condense steam.
During operation, the containment is filled with nitrogen in order to
prevent an air-hydrogen explosion in the event of an accident.

The containment for the early BWRs is divided into two parts, the lower
of which consists of a large water pool that covers the entire bottom cf
the containment (figure B 6-3). In more recent boiling water reactors, the
reactor containments are of a slightly different design, as illustrated by
figure 6-4. The pool is in the shape of a ring (annulus) around the wall of
the containment. The space below the reactor vessel is not filled with
water during normal operation.

In the pressurized water reactor containments, there is no pressure
suppression through blowdown to the condensation pool. Instead, the
larger volume of the containment reduces the pressure rise that occurs
during an accident. The PWR containment is also equipped with water
sprays in the roof, which are activated in the event of an accident,
causing the steam in the containment to condense and thereby reducing
the pressure. The reactor containments for the Swedish PWRs do not
differ appreciably in design from one reactor to the next f figure B 6-5).
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Figure B6-2. Boiling water reactor (BWR) in cutaway view.
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Figure B6-3. Reactor containment for a boiling water reactor with external circulation pumps.
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Figure B6-4. Reactor containment for a boiling water reactor with internal circulation pumps.
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Figure B6-5. Reactor containment for a pressurized water reactor.
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Figure B6-6. Cooling systems and heat sinks.




