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1 . SUMMARY

The purpose of the RAMA research project has

been to study the methods of analysing severe

accidents in nuclear power stations, utilizing

the most up-to-date information from current

international research and development work.

The project may be seen as a follow-up of the

FILTRA study, which was carried out by the

Swedish Nuclear Power Inspectorate in co-

operation with Swedish nuclear power industries

during the period 1980 - 82. This study pro-

vided the technical basis for the containment

filtered venting system, which is being installed

in the Barsebäck power station.

The government resolution which directed that

this system should be installed at the Barse-

bäck station also called for an investigation

into the other Swedish nuclear power stations,

to find out whether there was a need for equiv-

alent safety measures in order to minimize the

risks to the surroundings in the event of a

severe accident occurring. The deadline for

the introduction of such measures was set at

1989 in order to enable further studies to

be carried out concerning technical develop-

ments in this field and changes in the risk

picture resulting from current research.

The RAMA project is a step in the investigations

which are necessary in order to fulfil these

government directives. The aim of the project

has been to evolve a methodology for safety

analysis which is in agreement with the latest

scientific findings and is suited to Swedish

power stations. This includes the evaluation
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of uncertainties which arise in different parts

of the analysis and differences between expert

opinions.

Both the authorities and the utilities have a

common interest in developing the best possible

analytical techniques. The RAMA project has

therefore been carried out in cooperation between

the Swedish Nuclear Power Inspectorate, the

Swedish Radiation Protection Institute, OKG AB,

the Swedish State Power Board and the Southern

Sweden Power Supply. The total cost of the

project has amounted to 11 million SEK.

On the basis of the RAMA analysis methodology,

the power companies will carry out studies of

each power station, show the effect of the

different measures on the risk picture, and

propose a program for the authorities to

consider.

RAMA has been in action during 1983 and 1984. On

the international level, an intensive R & D

effort has been going on during this period in

technical fields of interest to the project,

which has made it possible to achieve rapid

results. At an early stage, RAMA elected to

become a member of the IDCOR project [8], which

had similar aims and a suitable level of ambition

and schedule. A further advantage was that the

IDCOR analyses were to be the subject of intensive

investigation by the USA authorities. However,

the most important factor was that as a member,

RAMA obtained access to computer programs and

background material which had been produced

within IDCOR. An important section of the RAMA

project has been to adapt and test
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these programs at Swedish nuclear power stations.

The analysis of an accident sequence is

normally divided into one thermohydraulic

part and another which describes the trans-

port of radioactive substances.

The thermohydraulic models describe the entire

accident sequence in the power plant; the final

result consists of the pressure and temperature

stresses to which the containment is subjected,

which are crucial for the vital safety question

of whether the integrity of the containment will

be maintained.

Models for the transport of radioactive substances

describe how the substances are released, trans-

ported and retained under the conditions which

apply during the accident. The models also

specify the release of activity to the sur-

roundings, which will result from a contain-

ment rupure during the accident.

From IDCOR, RAMA has obtained the computer pro-

grams MAAP for thermohydraulic analyses and

RETAIN for calculations of activity transport.

Extensive work has been carried out within

RAMA in order to adapt and test these programs

in analyses of selected accident sequences at

Swedish nuclear power stations. As regards MAAP,

our conclusions from this work are as follows:

Taken as a whole, MAAP is a program
that works well and is suitable for
the tasks within RAMA.

The modular structure means that it
is possible to introduce new models
based on future research.
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There are some imperfections which lead
to limitations in the usefulness. Analy-
sis with this program calls for a de-
tailed knowledge of these limitations
and the properties of the plant under
analysis.

In conclusion, it may be said that MAAP is at

present a useful analytical tool which is also

suitable for further development.

The IDCOR computer programs FPRAT and RETAIN

for calculation of the release, transport and

retention of fission products have been pro-

cessed and added to within RAMA. Thus instead

of RETAIN, an improved version denoted RETAIN-S

has been developed and used in the demonstration

calculations. RETAIN-S has also been shown to

have a number of weakneses, which have to be

taken into account when the code is being used.

For example, RETAIN-S utilizes a particle size

distribution which in some situations overesti-

mates the activity retention.

There is also a less than perfect fit between

RETAIN-S and MAAP, which necessitates manual

control and leads to practical difficulties

when data are being transferred from one pro-

gram to the other. The revaporization of de-

posited activity due to decay heat is not

treated satisfactorily.

However, we consider that RETAIN-S with its

subsidiary programs is a useful analytical

tool under the following conditions:

With the right values of volume flows
and temperatures, calculated with MAAP,
the fraction of air-borne activity can
be determined to the correct order of
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magnitude, provied that the calculated
aerosol retention does not exceed 99.0 %.

It is assumed that the user has full
knowledge of the physical and chemical
models which form the basis of the
program, and carries out the necessary
manual controls.

In view of the weakneses detected in the present

calculation programs, further work on program

development is desirable. This work should for

example aim at:

linking up the present calculation
models to obtain an integrated pro-
gram package,

better modeling of the particle size
distribution of the aerosols,

a better description of chemical
reactions.

The use of RAMA's calculation programs for

detailed station-specific analyses may reveal

the need for further development of the soft-

ware.

There is also a basic need for better experi-

mental testing of many of the models in the

computer programs. This need is more difficult

to fulfil, since the experiments required are

usually expensive and difficult to carry out.

A number of interesting experiments of this

type are at present being carried out under

international cooperation and are expected to

be concluded during the next few years. The

following experimental programs are examples

of research which is of major interest for

the work covered by RAMA:
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The SFD (Severe Fuel Damage) program
in the USA: A joint name which includes
a number of studies of the phenomena
that occur when uranium fuel becomes
overheated and melts. The project will
be concluded in 1987.

The MARVIKEN-V project is an experi-
mental program on a large scale for
finding out about the transport of
aerosols through the reactor tank
and connected piping systems. The
project will be concluded in 1985.

DEMONA is a West-German large-scale
experiment to demonstrate the retention
of aerosols in the containment building.
The project will be concluded during
1985.

LACE is an experimental program in
the USA, which aims to describe the
leakage of aerosols out of the contain-
ment and reactor buildings. It is
expected to be concluded in Dec 1986.

The BETA project is a West German
experimental series which is planned
to provide a better knowledge of the
interaction between molten fuel
(corium) and concrete; this is a
process which can threaten the
containment partly through the
pressure build-up due to the gases
evolved, and partly if the molten
corium penetrates the floor of the
containment. The program will be
concluded during 1985.

Chapter 8 gives a thorough account of the cur-

rent research on severe accident sequences.

This research should be followed actively,

and the results evaluated with regard to the

Swedish conditions.

The work within RAMA has provided an oppor-

tunity to assess the general development

which has taken place in the analysis of severe

accidents, as a result of the purposeful research

and development work during recent years.
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The analytical tools developed utilize a better

knowledge of all the individual processes which

take place during a core accident, and provide

a systematic treatment of their combined effects.

Thus present-day analytical tools give much

more realistic and detailed descriptions of

the severe accident sequences than have previously

been available. The increased realism of the

analytical methods means that the detailed

construction of a nuclear power station has

significance for the results. Consequently,

safety assessments must be based on plant-

specific studies.

The power companies are now carrying out such

studies for each individual power plant, making

use of the analytical tools developed within

RAMA.
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2. BACKGROUND

The RAMA research project (Reactor Accident

Mitigation Analyses) was set up as part of

the effort to analyse the need for safety

engineering measures in the event of severe

reactor accidents at the nuclear power stations

in Ringhals, Oskarshamn and Forsmark. The RAMA

project can be seen as a follow-up of the re-

search project which was carried out by the

Swedish Nuclear Power Inspectorate in co-

operation with the nuclear power industry

in the period 1980-82, designated FILTRA [l'J.

The purpose of the latter research project

was to study the safety-enhancing effect of

systems for filtered atmospheric venting

applied to a reactor containment of the

type found in, for example, the Barsebäck

plant (see Figure 2-1).

While the FILTRA project was in progress,

the Swedish government decided (1981-10-15)

that a condition for continued operation of

the Barsebäck plant after 1 Sept 1986 would be

that the reactor containments should be equipped

with arrangements for filtered atmospheric

venting. A filter plant is at present under

construction at Barsebäck, and is expected

to be completed by the end of 1985.

The above mentioned government proposition

(Appendix 4) also states the following:

"There may also be a question of filtered

venting for the reactor containments at

Ringhals, Oskarshamn and Forsmark. However,

it is important that use should be made of

the experience gained from Barsebäck, and
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similarly of the technical developments

currently taking place. Likewise, the guide-

lines which are currently the subject of

research in other countries which use nu-

clear power, for example the USA, concerning

measures to reduce the risks of radioactive

fallout, should if possible be taken into

account when formulating the requirements

for the latter reactors. If the continued

investigations demonstrate that methods

other than filtered venting of the reactor

containments give a reduction in the risks

of large-scale releases of radioactive

material which is comparable to that ob-

tained with this method, or if the risk

picture as regards accidents that lead to

large-scale releases of radioactive material

should deviate radically from the present one,

then the safety requirements for the nuclear

power plants at Ringhals, Oskarshamn and

Forsmark should be adjusted accordingly.

Decisions on these questions should be taken

at such a point in time that the measures

to be carried out are completed before 1989."

It is the responsibility of the nuclear plant

owners to propose measures with this aim, on

the basis of studies specific to their own

plants. Having regard to the statement from

the Swedish government quoted above (see also

Appendix 4), the Swedish Nuclear Power Inspec-

torate and the National Institute of Radiation

Protection, plus the nuclear power companies

Vattenfallsverket (the State Power Board) and

OKG, decided in February 1983 that they would

cooperate in carrying out and financing the

RAMA research project. The technical work of

planning a working program had then been in
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progress since the beginning of 1983. At a

later stage, the Sydkraft power company

decided to join in the project.

The principal tasks of the RAMA project have

been to summarize the knowledge of and develop

calculation methods for determining both the

functioning of the reactor containment under

the influence of severe accident sequences

and the release, transport and retention of

radioactive substances within the plant. Thus

the project has not had the task of studying

the effect of severe accidents in nuclear

power stations on the surroundings.
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SWEDEN'S
NUCLEAR POWER PLANTS

Figure 2-1
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3.i

AIMS AND ORGANIZATION

The aims of RAMA

The aim of the RAMA project has been to collect

and apply the knowledge and methods which are at

present available for describing and evaluating

the event chains in severe core accidents. It is

intended that the results of the project should

be used both to support the power companies'

studies of their own plants, and to prepare

up-to-date material on which the authorities can

base their future decisions.

The task of the project has been to collect

results of completed and ongoing research in

both Sweden and other countries, principally the

USA. Such new knowledge and methods have then

been used ac the starting point for describing

and evaluating the event chains for some different

hypothetical severe core accidents in Swedish

nuclear power plants.

For the purposes of planning the work within the

RAMA project, the following specific aims have

been set:

To acquire and test computer programs for
the analysis of severe accidents, having
regard to both the thermohydraulic
phenomena and the behaviour of the radio-
active substances.

To make station-specific versions of the
computer programs for each type of nuclear
power plant, and to use these to calculate
some examples of accident sequences. The
calculation results and user instructions
should be documented in progress reports.

To evaluate the sensitivity of the cal-
culation results obtained to assumptions
made in the phenomenological models used.
On the basis of these analyses, to assess
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the need for further studies during the
next few years. (This task could not be
completed witin the RAMA project).

To follow up the current international
research which is relevant to the analysis
of severe reactor accidents.

To carry out limited verification cal-
culations where the computer programs
are applied to experiments already
carried out.

To compile a final report with conclusions
about the applicability of the calculation
results obtained, evaluate the existing
information and recommend further research
work.

The material produced by RAMA consists of computer

programs adapted to Swedish reactor designs,

with operating instructions and demonstration

examples plus working reports presenting studies

performed by use of the programs. It should be

emphasized that when selecting examples for

calculation, the aim has been solely to demon-

strate the usefulness of the computer programs

for Swedish reactor designs and not to compare

the results obtained with other safety studies.

This final report summarizes the results obtained,

gives an account of current information on the

subject, and discusses its usefulness and limita-

tions. In addition, an account is given of the

attitude of the authorities to severe reactor

accidents in some other countries which have

nuclear power, and of ongoing research programs

in other parts of the world.

3.2 Working forms within RAMA

The RAMA project has been managed by a steering

group with representatives from the funders.
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The task of day-to-day management of the work

has been given to a project leader, who is a

member of the steering group and reports to it.

Two working teams have been given the tasks of

studying the functioning of the reactor contain-

ment under the influence of events during severe

accidents, and of studying the release, transport

and retention of radioactive substances within

the plant in this connection.

Each of the working teams has produced a detailed

program for its work, which has been submitted

to the steering group for approval.

The group working on containment function has

had as its aim to develop methods and computer

programs for the calculation of event chains and

their effect on the functioning of the containment

in severe accidents, for application to nuclear

power stations in Sweden. The work has been

carried out principally by utilizing the MAAP

program, developed within IDCOR (see below).

Useable versions for relevant Swedish types of

reactor have been developed, and calculations

have been done for testing and demonstrating

their usefulness.

The group working on source term calculations

has had as its aim to develop methods and computer

programs for the calculaton of release, transport

and retention of radioactive substances in the

reactor's cooling systems and containment, for

application to nuclear power stations in Sweden.

The starting point has consisted of HAARM,

RETAIN, NAUA and other computer programs which

were available to the project. The usefulness of

methods and programs has been demonstrated by

utilizing available information about the results

of relevant experiments
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3.3 Schedule

The work on the RAMA project was begun early in

1983, with the aim of producing a final report

in January 1985. A description of the progress

of the project is given in Appendix 3.

3.4 Costs and financing

The cost of the project has amounted to c.

11 million SEK, divided roughly as follows:

Administration and overheads

Source term group

Containment group

Contracts with IDCOR, FAI etc

Millions
Swedish

1

of
crowns

2

2

3

4_

11

Sydkraft AB have contributed 0.3 million SEK to

the budget. The remaining costs have been allo-

cated as follows:

The Nuclear Power Inspectorate

The State Power Board

OKG AB

The Institute of Radiation Protection

50 %

30 %

15 %

2 100 %

These organizations have also carried out work

at their own expense within and in association

with the project.
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4. SEVERE ACCIDENTS

This chapter gives brief descriptions of the

possible sequence in a core meltdown and how it

may affect the reactor containment. Descriptions

are also given of how the radioactive substances

may be released from the fuel and retained in

the containment.

A more detailed account of the core meltdown and

retention processes is given in Appendix 7.

4.1 Core meltdown

In a nuclear power station, large amounts of

radioactive substances are present in the fuel

in the reactor core after a period of operation.

During normal operation these are largely bound

up with the fuel material and contained inside

the ctn of zirconium alloy which surrounds the

fuel material.

As a result of the radioactive decay of the

active elements, known as the decay power, the

fuel temperature will begin to rise even when

the reactor is shut down if the core cooling is

inadequate. Safety engineering systems are

therefore provided in case the ordinary cooling

systems should fail. Those accidents where the

causes and processes fall within the scope of

the safety engineering systems will always

proceed without any overheating of the fuel, and

thus without any extensive fuel damage and

release of activity. In the case of hypothetical

more severe accidents, where it is anticipated

that the safety engineering systems will malfunc-

tion to such a degree that the core loses its

cooling, the core will be damaged by overheating
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and the radioactive substances will be released,

principally to the primary system of the reactor.

At temperatures around 900°C the zirconium in

the fuel cladding will begin to react with steam

giving off hydrogen and heat. At temperatures

above 1 300°C the reaction becomes powerful,

thus accelerating the heating-up of the fuel.

The extent to which hydrogen is evolved depends

not only on the temperature of the zirconium in

the core but also, above all, on the amount of

steam available.

The heating-up of the fuel as a result of the

decay heat and the reaction between zirconium

and steam means that within about one hour of

the fuel being uncovered, the temperature at the

centre of the core will reach such high values,

c. 2 000 - 2 600°C, that the fuel will begin to

melt. Drops of molten material will flow slowly

down the fuel pins to their lower, cooler regions,

where they will re-solidify and block the channels

between the fuel pins.

By this mechanism a bowl-shaped block of solidi-

fied core material (corium) is formed, in which

the molten material running down from above

collects. When a sufficient amount of molten

material has collected, the bowl will be emptied

and the material will run down to the bottom of

the reactor vessel. The amount of molten corium

which has run down to the bottom of the vessel

after about half an hour can correspond to about

two thirds of the fuel material in the core. The

remainder of the fuel material is heated up more

slowly and can take several hours to melt.
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The assumption that the molten corium is delayed

in a bowl of solidified corium has a significance

for the subsequent process. A large flow of

molten material displaces any remaining water,

so that the molten material spreads out into a

pool on the bottom of the reactor vessel. The

amount of steam formed from the residual water

will be only moderate.

The following are of major significance for the

melt-through of the reactor vessel:

the occurence of thin-walled penetrations
in the tank bottom

the pressure in the reactor tank.

A boiling water reactor contains some hundred

pipe sockets in the tank bottom, through which

the control rod activators are inserted, plus

some forty pipe sockets for the core instrument-

ation. A pressurized water reactor, whose control

rods are manoeuvred from above, has like the

boiling water reactor pipe sockets for the core

instrumentation in the tank bottom. When a pool

of molten corium collects on the bottom of the

reactor tank, the corium will begin to ablate at

the weakest point, i.e. at the pipe penetrations.

The process of ablation takes place in a matter

of minutes.

4.2 The effect on the reactor containment

The flow of molten corium out of the reactor

tank is dependent upon the pressure in it. In

BWRs the pressure will probably be low, 0.5 MPa

or lower, since at an earlier stage in the

accident seguence the pressure is vented through
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the blowdown valves. The molten corium will then

flow out through a hole in the bottom of the

reactor tank by reason of its own weight. Some

of the corium will solidify onto the closely-packed

mass of bottom plates and activator casings

underneath the tank. However, the greater part

of the corium will flow past these obstacles and

fall into the reactor containment. In the earlier

BWRs (01, 02, Bl, B2, Rl) the corium collects on

the pedestal floor and after a relatively short

time drains out into the wetwell water pool

below (see Appendix 6, Figure B6-3). During the

time that the corium is on the concrete pedestal

floor, it will react with the concrete. Steam

released from the concrete will react wihth the

corium and produce hydrogen. There is no risk of

hydrogen combustion in the containment since the

BWR containments are filled with nitrogen. Some

of the corium will also solidify on the concrete

floor. When the corium enters the wetwell pool

it will fragment and cool down. Both the build-up

of pressure and the increase of temperature in

the reactor containment will take place slowly

(over a matter of 24 hours).

The newer BWRs (Fl, F2, F3, 03) differ from the

older ones in that the space below the reactor

tank is normally dry and the pedestal is not

drained into an underlying pool. When the corium

drains out of the reactor tank it will land on a

concrete floor, and if no measures are taken the

corium can attack the penetrations in this

floor.

The PWRs (R2, R3, R4) have a containment geometry

that differs from that of the BWRs. The molten

corium can be drained out of the reactor tank at
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a high pressure, and impinge on the concrete

floor below with a high velocity. The PWR contain-

ments are filled with air. Combustion of the

hydrogen evolved can contribute significantly to

the pressure increase. However, the large contain-

ment volume (c. 8 times larger than in a BWR

containment) means that the build-up of pressure

will be slow (a matter of days).

4.3 Release, transport and retention of

radioactive substances

Radioactive substances are created in the fuel

by the fission of heavy atomic nuclei, principally

uranium (U235) and plutonium (Pu239). During

normal operation the radioactive elements are

bound to the fuel material and enclosed in the

can which surrounds the fuel.

In accidents, the fuel can may be damaged and

radioactive substances released from the fuel

material as a result of overheating of cladding

and fuel. The extent and timing of the release

varies according to the volatility of the substan-

ces. In a core meltdown, 100 % of the noble

gases are released plus the greater part of the

other volatile fission products. Less volatile

substances are released to a lesser extent from

the melt. A fraction of the radioactive substances

which are liberated from the core when it melts

can be expected to deposit on cold surfaces

inside the reactor tank. Due to their radioactive

decay these have a heating-up effect, which can

lead to revaporization. At the present time, the

deposition and revaporization processes are not

completely understood.
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Radioactive substances in the form of noble

gases, iodine and particles which have not

deposited in the reactor tank will be carried

out into the reactor containment.

During the attack of molten corium on the concrete,

gas bubbles through the corium and causes a

release of vapor and particles. Particles of

concrete are also released into the containment

atmosphere.

To begin with, gas-borne particles will be

suspended in the containment atmosphere. They

increase in size, because they stick together

upon collision, i.e. they agglomerate. In the

presence of steam the particles also grow because

of the steam which condenses on them.

The particle retaining mechanisms operate in

different ways and at different velocities,

depending upon the particle size. The degree of

retention depends principally upon the residence

time during which retention proceeds. In those

sequences where the particles have a long residence

time, the retention of particles in the reactor

containment can be considerable.

In most accident cases, the time in the contain-

ment will contribute effectively to the retention

of particles and iodine. Similarly, an effective

retention will occur during flow through the wet-

well pool in the BWRs.

The chemical processes are important for the

retention, but there is still some uncertainty

about these.
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DESCRIPTION OF ANALYTICAL METHODS USED

5.1 General

The primary task of the RAMA project was to

develop analytical tools for plant-specific

studies of severe accident sequences, on the

basis of available methods, and to demonstrate

and evaluate the usefulness of these tools. The

aim has been to get computer programs for the

analyses which are flexible, user-oriented and

with reasonable operating costs; they should

also give a physical description of the various

phenomena which is as correct as possible,

without a greater degree of detail than necessary.

This aim plus the limited time available meant

that a major development project as regards the

basic software was out of the question.

5.2 Computer programs previously used

During the last twenty years, a number of calcu-

lation models have been developed for the analysis

of core meltdown and the release, transport and

retention of fission products. Extensive experi-

ments which aim to verify the usefulness of the

calculation models have been done or are in

progress around the world.

For calculating the thermohydraulic history, the

program MARCH was developed for NRC by Battellt

Columbus in the USA, and this was used for the

first analyses in the FILTRA research project.

The results demonstrated shortcomings in the

description of certain physical sequences as

given in MARCH, and this program was therefore

not used to any great extent for the FILTRA

analyses. Since then improvements have been made

in the models used in MARCH.
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Within the IDCOR project in the USA (see below

Chapter 8), which began in 1982, there has been

development of analytical programs. Thus the

program MAAP was developed for calculating the

pressure and temperature histories in the primary

system and containment. This program is described

in greater detail in the following.

Both MAAP and MARCH can deal with all thermohydrau-

lic processes in the primary system and reactor

containment, including the attack of molten

corium on concrete. A number of special calculation

programs have been developed for the latter

process, e.g. CORCON and WECHSL.

There are still no realistic models for the

release of fission products and other material

from an overheated core, in spite of the extensive

research work which has been done in this field.

The models used at present, e.g. FPRAT, include

over-simplified assumptions. They are only

useful for estimating the input data for transport

models.

For calculating the transport and retention of

fission products there are a number of calculation

models available:

CORRAL

HAARM

NAUA

which is the oldest computer program, was used
for the calculations in the Rasmussen report [5].

is the computer program which has had the greatest
importance within the FILTRA reserach program. The
original American version has been further developed
by STUDSVIK (HAARM-S).

which has been developed by the Kernforsungszentrum,
Karlsruhe, has been used in the German risk study
(the Birkhofer study) and also in the FILTRA
research project.
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RETAIN - which was developed within IDCOR, and TRAP-MELT
have major similarities. Both these computer
programs, unlike the others, can calculate both
the retention of particles and the transport
of iodide and cesium, not only in the form
of particles but also as vapours of e.g. cesium
iodide and cesium hydroxide.

5.3 IDCOR's computer programs

A review of all possible alternatives scon

showed that the analytical tools developed

within IDCOR (MAAP, FPRAT, RETAIN) were those

that best suited RAMA's needs, as regards level

of ambition and time schedule. In addition,

IDCOR was a collective project with a well

structured program, which inspired confidence

regarding the possibility of keeping to the aims

and schedule. There was also much of interest in

the IDCOR work, besides the computer programs.

The decision was therefore taken to become a

participant in the IDCOR technical program and

to base further work within RAMA upon IDCOR's

analytical tools. Since then the IDCOR project

hes been expanded and certain additions have

been made to the original computer programs.

However, these additions are not included in

RAMA's agreement with IDCOR.

To date, the analysis of accident sequences has

been divided into one thermohydraulic part and

one part dealing with the release, transport and

retention of radioactive substances. This also

applied to the analytical tools developed within

IDCOR, and the following description is therefore

divided in accordance with this scheme. However,

as is shown below, the links between the phenomena

in the two fields are in many cases significant,

and account must be taken of this when interpreting

and evaluating the results of analyses.
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5.4 Thermohydraulic processes

The thermohydraulic models are designed to

describe the sequence of events in the primary

system, -from the initial malfunction until the

core is uncovered. In addition, they should

describe the melting sequence which results in a

pool of molten corium on the bottom of the

reactor vessel and the meltthrough of the vessel,

and finally the pressure and temperature histories

in the reactor containment either until there is

a stable cooling of the solidified fragments of

corium, or until pressure venting due to a break

in the reactor containment. The analytical

program used within RAMA to describe these

processes is MAAP (Modular Accident Analysis

Program), which has been developed by Fauske &

Associates for IDCOR. The program includes the

following features:

MAAP has a modular construction, which
means that the models of different
physical phenomena are interchangable.

The aim has been to use simple engineering
models. These simple models have in many
cases been verified against more detailed
programs or against experiments. This has
been done both within and outside the
IDCOR work.

Operator actions which may affect the
processes can be simulated.

Calculation techniques which give rela-
tively short calculation times have been
used.

Large sections of MAAP are of a general nature,

but for certain sections it is necessary to include

an adaptation to the character of a specific plant.

This applies for example to the models of various

station-specific process systems, and
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the effect of the containment geometry. Within

RAMA, MAAP versions have been evolved and tested

for all the Swedish BWR plants. Of the PWR

plants, a MAAP version of Ringhals 2 has been

evolved by the Swedish State Power Board, and

this has been tested within RAMA. Besides demon-

stration runs with MAAP, RAMA has also carried

out examination and evaluation of the models

used. This work is described in detail in RAMA

85/4 [4]. The most important conclusions drawn

from this work can be summarized as follows:

MAAP is a program that functions we]l,
taken as a whole, and is well suited
for use within RAMA.

The models included cover all the important
phenomena in an accident sequence, from
the initiating malfunction to a possible
containment break. In addition to the core
meltdown process, the program can also be
used for general calculations of other
thermohydraulic processes (e.g. LOCA with
emergency cooling).

The program and its input data lists are
well structured and easy to use. The
calculation times are moderate.

The modular arrangement means that new
models based on future research and
development can be incorporated and
replace earlier models.

There are certain imperfections in the
program which involve limitations in its
usefulness. Thus analyses with the program
and the interpretation of their results
demand a good understanding of the pro-
perties of the program, the sequences
involved and the plant being analysed.

While it is estimated that important
thermohydraulic variables such as pressure
and temperature are presented with a
satisfactory reliability in MAAP calcu-
lations, there are other variables such
as the gas flow between different parts
of the plant where the accuracy is less
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good, due in part to numerical problems.
Consequently special methods must be used
in order to give satisfactory values for
these flows, which constitute the input
data for the aerosol transport calculations.

One drawback in the analytical method used
at present is that the connection between
thermohydraulic calculations and source
term calculations is neglected. Since the
radioactive fission products constitute
a significant source of energy, their
transport and retention is of importance
for the thermohydraulics, and the present
separation of the analyses is unsatisfactory
(see below, section 5.6).

Verification is incomplete at present,
but is proceeding as fast as new results
become available (see Chapter 8).

To summarize, the MAAP program provides an

analytical tool which is useful at the present

time, and which is well suited for further

development thanks to its construction. MAAP has

been supplemented in some special cases by using

the program COPTA, previously used in the FILTRA

project, for analyses in the containment and

reactor buildings.

5.5 The release, transport and retention

of radioactive substances

The analysis of the processes which govern the

behaviour of the radioactive substances aims to

determine the magnitude of the release to the

surroundings of certain radiologically important

isotopes, known as the source term, for various

accident sequences. These analyses comprise both

the liberation of fission products from the

melting fuel, where the programs FPRAT and

AEROREL have been used, and the transport and

retention of the radioactive substances in the

form of vapors and aerosols in the primary
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system and containment. Fission products are

also liberated in connection with the reaction

between molten corium and concrete following

vessel meltthrough. The contiibution from the

reaction with concrete has been estimated, and

is assumed to be equally large in all the calcu-

lated accident sequences.

For calculating the transport and retention, use

has been made of the program RETAIN which was

developed within IDCOR, but in the modified

version RETAIN-S which was developed within

RAMA. The interplay between the programs used

(incl. MAAP) and the input data is shown in

Figure 5-1 below.

Geometry
Etc.

Station
Specific
Data

J_
_L

Core
Source Term
AEROREL,

FPRAT

MAAP

Station
Specific

RETAIN-S

Containment
Response

Source Terms

Figure 5-1

A detailed discussion of the different phenomena

and processes which affect the source term

analysis is given in RAMA 85/3 [3]. In the

following, a summary is given of the most important



REACTOR ACCIDENT MITIGATION ANALYSIS R A M A - 8 5 / 2 3 1

1985-03-20

conclusions drawn in the former report as regards

the analytical tools and their usefulness.

The two programs FPRAT and AEROREL describe how

the fission products are liberated from the fuel

during the melting process. Considerable difficul-

ties are encountered when trying to model this

process at the high temperatures involved, and

major uncertainties result. The two programs

quoted are rather different from each other,

e.g. as regards the modeling of the liberation

process and the effect of materials other than

fission products (uranium oxide, construction

and control rod materials). They are judged to

be of approximately equal merit as regards the

reliability of calculation results. In test runs

with the same cases, the two programs have shown

satisfactory agreement for important nuclides

such as I and Cs, while the results for e.g. Te

exhibit differences. Further devlopments which

are judged to be desirable include better

modeling of the chemical processes and models

for the generation of particles (aerosol formation)

The program for the transport and retention of

fission products, RETAIN-S, is based on an

American program, TRAPMELT, and has been augmented

by the addition of models both within IDCOR and

within RAMA. The program considers 8 groups of

radioactive substances in the form of gases,

vapors and aerosols. The transport of these

between different sub-volumes in the reactor

cooling system and containment is calculated

taking account of the physical and chemical

processes that operate, e.g. agglomeration and

deposition of aerosols, condensation of gaseous

substances, heating of walls and any revapori-

zation of condensed substances, scrubbing due to

sprinkling etc.
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With the help of the improved models in RETAIN-S

introduced through RAMA, which largely originate

from the HAARM-S program utilized earlier in

FILTRA, a number of problems have been eliminated.

These problems have caused difficulties when

RETAIN was used within IDCOR. The transfer of

data from the MAAP calculations to the input for

RETAIN-S has also called for special measures,

and an auxiliary program called MATORET has been

evolved for this purpose. Even so, the transfer

of data has involved problems because of the

lack of correspondence between MAAP and RETAIN-S.

This means that manual control and in many cases

modifications and additions to the input data

are necessary.

All the models included in RETAIN-S have been

examined. Certain comparisons with the Marviken

data have been done. However, the verification

of the program can only be regarded as limited.

Of the models in RETAIN-S, the one that appears

most debatable in the light of present-day know-

ledge is the assumption of a log-normal distri~

bution of aerosol particle size. The advantage

of this model is that it gives considerably

shorter calculation times than a more accurate

model based on a division of the particles into

groups according to their size. The accuracy of

the calculation results produced by this approxi-

mation is judged to lie within an uncertainty

factor of c. 10 for calculations of aerosol

retention corresponding to a reduction of the

aerosol concentration down to approximately one

thousandth of the initial value.



REACTOR ACCIDENT MITIGATION ANALYSIS R A M A - 8 5 / 2 33

1985-03-20

The limited accuracy for the log-normal concen-

tration was first discovered when the aerosol

experiments were expanded to take account of

high concentrations [3]. This indicates that the

accuracy is concentration-dependent. Other

calculations indicate that aerosol distributions

with a small statistical spread are calculated

more accurately with this approximation than

distributions with a large spread.

The assessment of the analytical tools FPRAT/AEROREL

and RETAIN-S can be summarized as follows:

With the correct values of for example
volume flows and temperatures (from MAAP)
and utilizing knowledge of the physical
and chemical processes involved, the
fraction of airborne activity can be
calculated to the correct order of magni-
tude for retentions down to a concen-
tration corresponding to one thousandth
of the initial value. The need for correct
input data means that manual control and
treatment of the resulting values from
MAAP/MATORET is necessary.

An improved modeling is desirable, in
particular for the formation of particles
and the distribution of their numbers
according to size, and also for the
chemical conditions during the accident
sequence.

In order to obtain a correct calculation
of the release of activity via the reva-
porization process, particularly in the
reactor cooling system, it is necessary
to establish the connection between the
thermohydraulic calculations and the
aerosol transport model.

The models for the release of fission
products at high temperatures are very
uncertain. The programs FPRAT and AEROREL
can be used, but a sensitivity analysis
should be carried out for those cases
where the time history for the release is
judged to be of importance for the results
of the analysis.
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5.6 The need for further work

As is apparent from the foregoing, a reliable

analysis of the accident sequence requires that

the connection between the various physical and

chemical processes which affect it should be

described correctly. The most important connection

is that between the thermohydraulic calculation

and the transport and retention of radioactive

substances due to the movements of the heat

developed by them. Thus any future analytical

program should include models for the thermohy-

draulics corresponding to the present MAAP

program, plus models for the liberation of

fission products from melting corium, the formation

and condensation of vapors, and particle formation

and aerosol physics. The models used should be

as simple as possible within the framework of

specificed accuracy requirements, and they

should be verified as far as possible.

The development of an integrated analytical tool

as specified above has not been possible within

the schedule alloted to the RAMA project. A

limited effort has been made to study, the signifi-

cance of modeling the natural circulation in the

primary system of a BWR in order to analyse the

revaporization of deposited fission products

[3]. This has resulted in the program NUKLEIDS,

which can be used together with data from MAAP

to estimate the effect of the internal circulation

and the associated condensation/ vaporization of

radioactive substances in the reactor.
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6. DEMONSTRATION CALCULATIONS

6.1 Introduction

Within the RAMA project, a number of demonstra-

tion calculations have been carried out with the

calculation chain MAAP, FPRAT, RETAIN-S. The

particular cases treated have been selected in

order to demonstrate the usefulness of the

calculation chain over its entire field of

application. In addition, the cases have been

chosen so that comparisons can be made between

different power stations and between more recent

and earlier calculations.

The cases calculated have not been chosen with

regard to their probability. The selection has

instead been made so as to test the different

calculation programs and the calculation chain

as a whole. This means that many of the sequences

which have been calculated by the project are

very improbable. Furthermore, no probability

study has been carried out within the project.

The MAAP program is available in a version for

every type of reactor. The versions are fairly

similar. For this reason a large number of

calculations were done for the reactors 02 and

Rl, in order to be able to assess the quality of

the MAAP program and its usefulness in further

analyses. The results of these calculations are

described in [4]. In addition, a number of

calculations have been done with the different

versions for each station.

After the first series of test calculations with

the whole calculation chain for Oskarshamn 2 and
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Ringhals 1, it was found that FPRAT-RETAIN could

be considered to be sufficiently tested, since

no station-specific alterations were required.

For further details, reference should be made to

[3, 4].

The sequences which were calculated with MAAP-

FPRAT-RETAIN for Oskarshamn 2 are as follows:

TB Total loss of electricity

ADB Large pipe fracture inside the reactor contain-
ment, with simultaneous leakage in the floor
between drywell and wetwell, and also combined
with a total loss of electricity.

AB Large pipe break inside the reactor containment
combined with total loss of electricity.

AV-6 Large pipe break, loss of core cooling and
leakage from containment. The containment
sprinkling is assumed to operate.

For Ringhals 1, the following sequences have

been run with the whole calculation chain:

TB Total loss of electricity

AV-6 Large pipe break inside the reactor containment,
leaking containment and loss of core cooling.
The containment sprinkling is assumed to operate.

Sy Break in one of the pipes connected to the bottom
of the reactor vessel, the break being outside
the reactor containment; simultaneous non-closure
of the isolation valves on the damaged line.
The sequence is often denoted V-LOCA. For this
sequence, thermohydraulic calculations with
COPTA and RETAIN-S have also been done for the
sequence in th^ reactor building.

In addition to these sequences with the whole

MAAP/FPRAT/RETAIN-S calculation chain, a large

number of calculations have been done with MAAP

only. Further information can be obtained from

ref [41.
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In order to be able to compare the different

station-specific versions with each other, a

sequence with total loss of electricity for a

sufficiently long time has been analysed for all

the stations.

The sequences described in this report are:

Oskarshamn 2

O2/TB Total loss of electricity up to and including
containment fracture

O2/AV-6 Large pipe break without emergency core cooling
but with containment sprinkling, combined with
a leaking containment.

Forsmark 3

F3/TB Total loss of electricity

Ringhals 2

R2/TB Total loss of electricity with sealing LOCA in
the circulation pumps.

In the case of Oskarshamn 2, the RETAIN-S calcula-

tions are also described. A summary of the most

interesting results of the MAAP calculations is

given in Table 6-1. Figures 6-1 and 6-2 show the

pressure and temperature respectively in the

reactor containment. In these calculations it

has been assumed that an overpressure break in

the containment occurs at a nominal value of

1.0 MPa.
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6.2 MAAP results

6.2.1 Calculations for Oskarshamn 2

Oskarshamn 2 is a BWR with an early type of

ASEA-ATOM design (see Appendix 6, Figure B6-3),

with external circulation pumps. The containment

has a sunken drive chamber or pedestal underneath

the reactor vessel. In the pedestal there are

one or more drainage paths for the molten corium

to pass to the pool area. There is a cylindrical

condensation pool directly underneath the pedestal,

Table 6-1

List of MAAP results

Reactor scram

Core uncovered

Automatic pressure reduc-
tion in the reactor
vessel

Start of core meltdown

Meltthrough of reactor
vessel

Containment break

Highest temperature in
drywell °C

02
TB

1.5s

34m

42m

2.5h

2.9h

54h

247

F3
TB

12.7s

28m

2.5h

3. Oh

42h

767

R2
TB

0

1.7h

2.5h

3. Oh

70hJ

2301

Amount of hydrogen
evolved, kg 53

Penetration of molten
corium into concrete
floor, m °_iJ2_L

1 Extrapolated value

1460

1.12

1000:
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02/TB _ _Oskarshamn 2 = total loss_of electricity

The assumptions during the whole period calculated

have been:

loss of external electricity supply, and

stoppage of gas turbine and reserve power
diesels

After 34 minutes the core begins to be uncovered

and after 42 minutes the water level has boiled

off to half way down the core and emergency

blowdown o.r the reactor pressure begins. The

fuel begins to melt after 2.5 hours. When 20 %

of the core has melted, it is assumed that the

core support plates are melted through and that

the molten corium runs down onto the bottom of

the reactor vessel. Vessel meltthrough occurs

after 2.9 hours. The melt then runs down into

the pedestal and from there into the condensation

pool. In the pool the melt is fragmented and

begins to heat up the pool water. The entire

core has left the reactor vessel after 12 hours.

The reactor containment breaks after c. 54 hours.



REACTOR ACCIDENT MITIGATION ANALYSIS RAMA-85/2

1985-03-20

40

1.0

S.

3 0.5

Containment pressure
Nominal failure threshold 1.0 MPa

R2 (TB) ^ . - -

..v......?->- i

Figure 6-1
Time, days

u
o

v

2
I

800

600

= 400

200

Gas Temperatures in the
Containment

\
O3/F3 (TB)

R2 (TB)

*

- r—•

0.5 1.0
Time, days

1.5

Figure 6-2



REACTOR ACCIDENT MITIGATION ANALYSIS RAMA-85/2

1985-03-20

41

In this transient the time until overpressurizing

of the reactor containment is very long, clearly

longer than the 24 hours which were the require-

ment for passive function in FILTRA. The calcu-

lated sequence is very long drawn-out, and

without any sudden pressure spikes or over-high

temperatures which could threaten the integrity

of the containment before it finally breaks

after 54 hours due to the gradual overpressurizing

[4]-

The greater part (c. 2/3) of the hydrogen evolved is

formed during the attack of molten corium on the

concrete, due to steam from the concrete oxidizing

metals in the corium. Only a minor part of the

hydrogen is formed as a result of oxidation of

the zirconium in the core by steam during the

meltdown sequence in the reactor vessel.

O2/AV-6 Lar2e_LOCA_in_Oskarshamn_2

The calculation begins with a break on a large

pipe at the bottom of the reactor vessel (break

flow c. 16 000 kg/s). It is assumed that the

reactor containment also breaks at the same

time. The core sprinkling and other feedwater

systems are assumed to fail. However, cooling of

the reactor containment by containment sprinkling

is assumed to operate. It has been assumed that

the containment break has an area of 0.1 m2 and

is situated in the primary area.

Since the calculation begins with a large bottom

break, the core is uncovered almost immediately.

The core begins to melt after 1.1 hours. After

1.4 hours 20 % of the core has melted, resulting

in meltthrough of the bottom of the reactor
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vessel. The last remnants of the core have

melted after 12 hours. The calculations are

shown in [4].

The reason why the pressure and temperature in

drywell do not increase is of course the leakage

in the containment, plus the fact that the

containment sprinkling is assumed to be functioning

during the whole calculation. It can also be

shown that the calculated quantity of hydrogen

evolved is very small. The flow of gas out of

the containment is very small except during

vessel melt-through. The oscillations in the

calculated gas flow are probably not due to the

physical conditions, but rather the result of

numerical instabilities in the MAAP program.

Instabilities of this type have caused problems

in the RETAIN calculations.

6.2.2 Forsmark 3

Forsmark 3 is a BWR of ASEA-ATOM's latest type.

The reactor has internal circulation pumps in

the reactor vessel (Appendix 6, Figure 6-4).

A ring-shaped condensation pool surrounds the

pedestal under the reactor vessel. There are no

drainage routes from the latter to the condensa-

tion pool. At the bottom of the pedestal there

are a number of pipe and cable penetrations and

a manhole. In the calculations these have been

assumed to be protected against attack by molten

corium, so that they will not cause any leakage.

The calculation example described here is initi-

ated with loss of external electricity supply

and non-start of the reserve povver diesel. The
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external electricity supply is absent during the

whole period analysed in the calculation.

The core is uncovered 28 minutes after the be-

ginning of the calculation. It is assumed that

there will be no blowdown of the pressure in the

reactor vessel. Melt-through of the reactor

vessel is assumed to take place at full reactor

pressure. After meltthrough it is assumed that

the molten corium will collect on the floor in

the pedestal; since there is no cooling, the

corium will begin to ablate the concrete. The

containment has been assumed to break at a

pressure of 10 bar, which is attained after

41 hours [4].

The calculated sequence applies on condition

that the penetrations in the pedestal are shielded.

If they were to be exposed directly to molten

corium without any shielding, the break in the

reactor containment would take place almost

simultaneously with vessel meltthrough.

As is shown in Figure 6-2, the gas temperatures

are high in both lower and upper drywell. The

reason for this is that the melt on the floor

under the reactor supplies heat to the containment.

The temperatures are so high that it is possible

that they may cause a containment fracture

before the pressure has reached 10 bar. It

should be noted that the greater part of the

hydrogen evolved does not originate from the

meltdown sequence in the reactor vessel, but

from the oxidation of metals in connection with

the ablation of concrete.
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Ringhals 2 is a PWR designed by Westinghouse

(see Appendix 6, Figure 6-5). The reactor has a

large dry containment and resembles one of

IDCOR's reference reactors, ZION.

The calculation example described here starts

with loss of external electricity supply and all

other electric power. In addition it is assumed

that there is a leak in the sealing of the

circulation pumps.

In the initial stages of the calculation, the

water on the secondary side in the steam genera-

tors functions as a heat sink. The water there

has boiled off ater c. 50 minutes. Thereafter

the water on the primary side is heated to

17.2 MPa. This results in a pressure increase

and venting through the blowdown valves. As a

result of the water loss, the core begins to be

uncovered. Two hours into the transient, the

seals on the circulation pumps are calculated to

fail. The result of this is a leakage which also

means that the reactor pressure drops.. After

2.5 hours the core begins to melt. The pressure

is then c. 8 MPa in the reactor vessel. Vessel

melt-through occurs after c. 3 hours. When this

happens, the water in the accumulator holders is

emptied into the space under the reactor vessel

due to the pressure drop. Vaporization of this

water leads to an increased pressure in the

containment (Figure 6-1). When the water in the

pedestal has been vaporized, after 16 hours, the

melt begins to heat up again and attacks the

concrete; gases are then evolved and heated up,

causing the pressure in the containment to rise
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slowly. The containment fractures after c. 70 hours,

when the 3 m thick concrete in the bottom plate

under the reactor vessel is estimated to have

been melted through.

6 .3 RETAIN-S calculations

A number of calculations have been done with the

calculation programs FPRAT and RETAIN-S. In this

section we discuss two cases for Oskarshamn 2:

total loss of electricity, TB, and large pipe

fracture with leaking reactor containment and

loss of core sprinkling, AV-6 [3]. The results

of the MAAP calculations for the two cases are

described in 6.2.1.

In these calculations, the pressure, temperature

and flow values used have been calculated with

the MAAP program for each transient. The substances

liberated from the core as a function of time

have been calculated with FPRAT, starting from

the temperature data for the core from MAAP. The

RETAIN-S calculations have then been carried out

using these values.

The pressure, temperature and flow values obtained

from MAAP have been reduced to values at 20 time

points for each variable using the program

MATORET, developed at Studsvik. This has been

done because the RETAIN-S program works with this

type of input format.

The RETAIN-S calculations have then been carried

out for the two cases. The transients for the

calculation examples are those described for the

MAAP calculations.
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The calculated amounts of aerosols deposited as

a function of time are given in Figure 6-3. The

curves give the amounts of aerosols deposited

separately for each volume. It can be seen from

these that the greater part is deposited in

wetwell. This is because of scrubbing of the gas

in the condensation pool.

The gas-borne substances in the containment

atmosphere at the calculation time of 1.7 days

are given in Table 6-2.

Table 6-2

O2/TB Oskarshamn 2, total loss of electricity.
Gas-borne substances in the contianment and
their fractions of the core content at the cal-
culation time of 1.7 days (150 000 s).

Material

Cesium and
iodine

Tellurium

Strontium

Ruthenium

Gas-borne
mass
g

2.2

0.85

0.061

0.061

Gas-borne mass
Fraction of
core content

1.4xlO"5

2..8xlO"5

1.2xlO"6

5.5X10"7

Since in this case containment fracture occurs

only after at least two days, the mechanisms

which retain aerosols have a long time to operate.

This results in low amounts of gas-borne substances.

However, the calculated values given in Table 6-2

are very uncertain and probably too low. Some of

the uncertainty lies in MATORET's selection of

values for pressure, temperatures and flow from



REACTOR ACCIDENT MITIGATION ANALYSIS R A M A - 8 5 / 2 47

1985-03-20

MAAP. The flow from the reactor vessel to wetwell,

represented by one calculation point, is probably

too high. Similar calculations for Ringhals 1

[3] also indicate this. The over-high flow for

Oskarshamn 2 means that a smaller fraction of

the radioactivity is deposited on the reactor

vessel wall. If only a small fraction of the

fission products is deposited on the reactor

vessel wall, the heating effect which leads to

revaporization will be underestimated. Since it

can be assumed that revaporization will occur in

connection with, or after a containment break,

the result for Oskarshamn 2 involves an underestima-

tion of the amount of gas-borne radioactivity.
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O2/TB

Deposition of aerosols in reactor vessel and
containment. Total amount of aerosols c. 1580 kg.

kg

Wetwell

Reactor Pressure Vessel

Drywell

I
0,5 Time, days 1,0

Figure 6-3
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6.3.2 Oskarshamn 2 AV-6

In this case, as above, it has been assumed that

there is a large pipe fracture with leaking

reactor containment, no core sprinkling, but

with the containment sprinkling functioning

during the whole calculation.

The amounts of radioactive material deposited in

the different areas are given in Figure 6-4. The

curves give the amount of aerosol deposited as a

function of time, separately for each area. The

curves show that the greater part of the fission

products is deposited in the reactor vessel.

This also applies to cesium and iodine. The

table below shows the amounts of fission products

for the four most important groups. The releases

in the table are calculated values after 0.6 days.

Table 6-3

O2/AV-6 Oskarshamn 2, pipe fracture with leaking
containment. Amounts of fission products in the
reactor building and release expressed as a
fraction of the core content at a calculation time
of 0.6 days (50 000 s).

Substance Mass
kg

Release
fraction

Cesium and
iodine

Tellurium

Strontium

Ruthenium

1.6

0.32

0.20

0.13

l.OxlO""2

l.lxio"2

4.0xl0"3

1.2xlO"3

In this case also the release will be fairly

moderate, particularly considering that the

reactor containment is leaking during the whole

transient. The reason is the scrubbing effect of

the sprinkling and its cooling influence on gas and

water. Consequently the net outflow of gas from the

reactor containment will be moderate even after the

core has begun to melt.
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O2/AV-6

Deposition of aerosols in the reactor vessel and

containment. Total amount of aerosols c 1520 kg

kg

Reactor Pressure Vessel

Drywell

J

Wetwell

1.0

0,5 Time, days 1,0

Figure 6-4
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The large fraction of fission products deposited

in the reactor vessel means that the tendency

for revaporization of fission products is great.

It is difficult to say how this affects the

release figures, taking into account the effect

of containment sprinkling.

It must also be pointed out that in this type of

accident, where for some reason the containment

leaks during the whole transient, release-limiting

measures of the type exemplified by filtered

venting have no effect.

In both the calculated examples described here,

and also in many other calculations with RETAIN-S,

the oscillating flow from MAAP gave rise to

considerable problems. They did not have any

appreciable effect on the calcu1ated pressure

and temperature, but in the RETAIN-S calculations

they are constantly transporting quantities of

material between the different areas.

6.4 Discussion of results

The demonstration examples show that in the case

of total loss of electricity, which was analysed

for all the stations, it takes a very long time

before the reactor containments break. The

calculated case is very general and probably

covers a large number of similar sequences. The

long time which elapses before the containment

breaks means that the operator has plenty of

time to take manual action so as to change the

course of the accident. In the majority of these

core meltdown sequences, such manual action will

prevent an overpressure break in the reactor

containment.
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In the demonstration examples there are no

pressure or temperature spikes which are suffici-

ently powerful to threaten the integrity of the

containment. For the integrity to be lost at an

early stage, there must be some event which

overpressurizes the containment right at the

beginning of the accident sequence. One such

event is for example the very improbable case

with a large pipe break combined with leakage in

the floor between drywell and wetwell inside the

containment.

Since the time to containment break in these

cases is long, the releases will also be very

small. However, one uncertainty which must be

investigated further is how the revaporization

of fission products affects the release figures.

In those cases where the molten corium falls into

a large quantity of water, e.g. the condensation

pool, when it has left the reactor vessel, the

overpressurization of the reactor containment is

a very slow process. Since the water cools the

melt during the whole transient, the gas tempera-

ture in the containment is so low that it never

threatens the integrity of the containment. If

the water depth and floor area are sufficiently

large, the melt will form coolable fragments

with a temperature in the neighbourhood of the

water temperature. This is an effective way of

stopping the ablation of concrete by the melt.

The calculations demonstrate throughout a lower

amount of hydrogen from the zirconium reaction

than was given by earlier calculations. This is

partly due to the fact that in many cases blow-

down was achieved without the temperature having
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risen sufficiently in the core. Even in those

cases where there is no blowdown, the fuel will

not be sufficiently hot before the core is com-

pletely uncovered and the flow of steam through

the core decreases. Parts of the models which

control the evolution of hydrogen have been

strongly criticized by NRC when they were investi-

gating IDCOR's calculation models (see 8.7). The

containments in the Swedish BWRs are filled with

nitrogen. In this case the amount of hydrogen

evolved has only a small effect on the time to

containment break.

A containment sprinkler which operates during a

meltdown gives low releases, even in those cases

where the containment is leaking right at the

beginning of the transient. For events of this

type, containment sprinkling is a more effective

release-limiting measure than filtered pressure

venting which does not have any effect in these

cases.

The poor accuracy of the RETAIN-S program for

particle concentrations below 0.1 % is a problem.

The sequences which are probable have a long

time to containment break and thus give low

concentrations. As is shown in the RETAIN-S calcula-

tions of the cases with total loss of electricity,

revaporization is also a problem. It begins to

contribute to the release at the same time as

the containment breaks, and thus makes the

RETAIN-S calculations of the release uncertain.
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7. FOREIGN LICENSING REQUIREMENTS RELATING

TO SEVERE ACCIDENTS

7.1 Developments in the USA

Since the American safety regulations are utilized

for the formulation of standards in many countries,

the development of safety work in the USA is of

particular interest.

The accident at the Three Mile Island 2 nuclear

power station (TMI-2) in 1979 has not only had a

major political effect, but it has also had a

decisive influence on the technical level,

affecting research, analysis and the development

of safety regulations.

The TMI accient was more severe than the model

accidents which form the design basis for nuclear

power stations. The question therefore arose as

to whether the existing basic safety reguirements

were inadequate. However, some observations made

in the TMI accidents also indicated that assump-

tions which had been made during the standardizing

safety analyses were too pessimistic. It was not

possible, with the knowledge availabe at that

stage, to determine whether radical alterations

in the safety requirements were motivated.

The American Nuclear Regulatory Commission

therefore decided to carry out an extensive

research program in order to improve knowledge

of the risks in connection with severe accidents,

and how they can be influenced. The program was

to include the study of:
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the probability of different accident
sequences which lead to core failure

the phenomena which arise when molten
corium comes into contact with water
or construction materials

the forces acting on the containment, and

how the fission products are released from
the fuel and transported within and out
of the damaged plant.

The program includes laboratory investigations,

experiments on a large scale and the development

of computer programs.

The various studies can be divided into two

categories, according to whether they are aimed

at the determination of the containment function

or what are known as source terms. The tightness

of the containment building is a decisive factor

in the risk analysis, since if it is not threatened

by the accident there will be no danger to the

surroundings. The extent to which personnel can

influence the course of an accident (accident

management) is also a factor which must be taken

account of in the containment study.

Source term is an expression for the release of

activity to the surroundings, defined as to its

quantity, composition and time sequence, which

will result from an accident where the containment

is damaged; the magnitude of the source term

will decide how seriously the environment is

affected.

According to the plan, the above research program

was to be carried out in the period 1982—1986,

but it was assumed that results which were of
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importance for NRC's work in an authoritative

rapacity could be utilized while the work was

still in progress.

At the time when this research program was being

planned, NRC assumed that it would prove essential

to carry out a far-reaching reappraisal of the

safety regulations for nuclear power stations,

so as to have a better coverage of severe accidents,

At the end of 1980, NRC announced its intention

to carry out such a reappraisal in accordance

with the procedures that apply in the USA (131•

As a result of this initiative from NRC, the

American industries started a joint study program,

IDCOR (Industrial Degraded Core Rulemaking

program) in order to acquire the necessary

competence so that they would be able to make

an effective contribution to the rulemaking

process. IDCOR was to study severe core accidents

in existing types of nuclear power station,

their progress, the extent to which they could

be controlled, the function of the containment

etc. The project was to be limited in both time

and extent by the use of existing research

results, and by giving priority to particularly

important phenomena and processes.

The present state of affairs in the USA is

briefly as follows.

The IDCOR project has recently been completed

(Nov 1984). The results consist of analyses of

dominating accident sequences in four reference

types of American nuclear power stations, and an

assessment of the conditions and uncertainties.
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The IDCOR project claims that the results demon-

strate that no further constructive safety

requirements related to severe accients are

motivated. A detailed account of the IDCOR

project and its results is given in Chapter 8.

NRC now has access to a large number of studies

on severe accidents, carried out under commission

from NRC by various research organizations.

These include analyses which are analogous to

that done by IDCOR. NRC has reviewed IDCOR's

results at a number of seminars during 1984

(RAMA has been represented at most of these).

NRC has put forward criticisms of some points,

and claimed that its own studies lead to other

conclusions.

However, the NRC is deferring a final judgement

on the results which have now been obtained from

the extensive analysis and research work financed

by the NRC. The American Physical Society, APS,

which is an independent organization, has been

commissioned by NRC to carry out a general

assessment of the results from the last years'

safety research. The APS report is expected to

be ready in April 1985, and an official NRC

ruling can be expected in the summer of 1985. In

the present somewhat nebulous situation, the NRC

has so far refrained from stating its position

over the crucial question as to whether new

safety regulations related to severe core accidents

will be introduced. Information so far available

about the treatment of this question indicates

that no new general requirements are to be

expected which would involve major alterations

in nuclear power stations already in operation

or in process of construction.
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7.2 France

The French nuclear power program is characterized

by a far-reaching standardization. In modern

French nuclear power stations there are PWRs of

two different sizes, and containment buildings

of two types. The French studies of severe core

accidents, which were also initiated as a result

of the TMI accident, have benefited from the

standardization of the plants. The studies have

concentrated on the question of how personnel

should act in accident situations. The instructions

for operating personnel have as their principal

aim to maintain the integrity of the containment

as far as possible. For certain accident sequences,

a need for pressure venting of the containment

has been identified. A decision has therefore

been taken in principle to for all French nuclear

power stations with PWRs study a system which

makes it possible for personnel to initiate

pressure venting of the containment through a

filter which reduces the activity in the released

air. The French system, which has not yet been

installed, follows the same principle as the

system for filtered pressure venting.which is

being built at Barsebäck, but it is on a much

smaller scale.

A more basic type of research is being carried

out in various different fields which are of

importance for the understanding of severe

accidents.

7.3 The German Federal Republic

As early as 1972, extensive studies of core

meltdown phenomena were begun in West Germany;

this research has since continued and has been
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developed so that today it occupies a leading

position beside the American effort. The German

research is aimed at obtaining a basis for

quantitative assessment of the risk (probability

and consequences of accidents) associated with

the German nuclear power program.

The attitude of the German authorities is that

the risk studies initiated by them demonstrated

that the current German design requirements are

adequate for a satisfactory degree of safety.

They are therefore of the opinion that there is

no reason to introduce any additional safety

regulations which would limit the consequences

of a core accident. Further safety work will, as

hitherto, be aimed at the prevention of severe

accidents. However, German experts note that

risk analyses are strongly plant-specific and

that their conclusions only apply to the type of

plant studied.

7.4 Other OECD countries

In most countries having nuclear power programs,

the TMI accident and subsequent investigations

in the USA have stimulated both new research and

a testing of previous safety regulations. Within

the NEA, which is the OECD's nuclear energy

body, work has started on the promotion of an

exchange of information about research and

planned regulatory changes. One effective form

of information exchange is a comparison between

the different national calculation programs for

safety analysis. The results of the large-scale

research projects currently being carried out in

cooperation between different countries are

awaited with great interest; these projects are

described in Chapter 8.
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7.5 Summary

It is at this stage difficult to predict the

outcome of the present very intensive research

and analysis work on core accidents. Many people

are of the opinion that the greatest value lies

in the opportunities for improved "accident

management" afforded by the new information. By

this is meant all the measures which can be

taken to get control over an accident sequence.

Most countries have adopted a "wait and see"

attitude to new design requirements. In Finland,

new regulations have been introduced which

require severe core accidents to be analysed in

connection with the granting of permission for

new nuclear power stations. A system for pressure

venting is studied in France, see above.

Seen against the international background described

above, the safety requirements which led to the

filter plant at Barsebäck appear far-reaching.

The above account has only dealt with safety

work related to safety engineering measures. For

the sake of completeness, it should be pointed

out that this constitutes only a small part of

the total work on safety matters, which includes

a broad spectrum of measures aimed at the preven-

tion of all types of accident.
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8. CURRENT STUDIES, RESEARCH AND DEVELOPMENT

8.1 Introduction and summary

The purpose of Chapter 8 is to give a review of

the current status and changes therein which

have resulted from the experience and development

during the last ten years, as regards the calcula-

tion of source terms for severe accidents in

nuclear power plants. A review is also given of

the research programs planned for the next few

years in Sweden, Scandinavia and the rest of the

world. The starting point for this account is the

knowledge of source terms which was available to

the compilers of the Rasmussen report.

Experience gained from the accident at TMI-2 led

to new insight and gave rise to the source term

debate, which is still proceeding. This debate

resulted in a reconsideration by the American

nuclear regulatory authority, NRC, of the bases

for calculating source terms [6); NRC also put

the question of whether severe accidents should

be considered among the licensing requirements

(see Chapter 7) and began a comprehensive program

of research in order to produce bases for decision-

making.

When NRC announced that there would be a discussion

about new licensing requirements |13], this

induced the American power companies to start

the IDCOR project [8] so as to formulate a

standpoint for participating in NRC's decision-

making processes. The recently published results

of IDCOR's source term studies are discussed

below, together with the preliminary results so

far available from the studies financed by NRC.
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The similarities and differences between these

studies have been discussed by IDCOR and NRC; a

summary of this debate is given.

In addition, NRC has carried out special studies

to examine the uncertainties in the results, and

has found that these can to a great extent be

ascribed to insufficient knowledge about important

physical and chemical processes [19]. Experimental

and theoretical studies have therefore been

started in order to obtain more information

about these processes. These studies are expected

to yield results during the next few years. A

review is given of some research programs and

their schedules.

Within the American Physical Society, a scientific

investigation of the technical basis for the

source term studies is in progress. Their report

is expected during 1985 [14]. Only when this

report is available can NRC be expected to

formulate its position as regards the question

of altered licensing requirements.

8.2 The Rasmussen report, WASH-1400

The debate on source terms originates from the

Rasmussen study. This was carried out in the

period 1972 - 75 by order of NRC, by a group led

by Prof. Norman C. Rasmussen at the Massachusetts

Institute of Technology. The results were published

in a report denoted WASH-1400 [5].

The report gives the first systematic estimates

of the magnitude and probability of radioactive

releases - source terms - resulting from severe

accidents in existing nuclear power plants with
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light-water reactors in the USA. The study

applies and systematizes the knowledge of source

terms which was available when it was written,

i.e. in 1972 - 75.

The study makes use of a new method, probabilistic

risk analysis, applying it to two existing

nuclear power plants and letting these represent

the whole family of 100 nuclear power plants in

the USA.

The two nuclear power plants studied are:

the Peach Bottom 2 boiling water reactor (BWR)

the Surry 1 pressurized water reactor (PWR).

For these reactors, the Rasmussen report gives

the source terms for certain groups of accident

sequences, which are listed according to their

release categories, see Table 1 in Appendix 8.

Within each category there are figures for the

species, amounts and time during which the

radioactive substances are released. It is

assumed that the release will be the same for

all the accident sequences in a given category.

This is one of the reasons why the Rasmussen

report tends to give high release values for

certain specific accident sequences. Another

reason is that the report assumes that iodine is

transported and released in the form of gaseous

elementary iodine, while in later studies it has

been assumed that iodine is transported in the

form of cesium iodide. Similarly, the Rasmussen

report assumes that cesium is transported as

metallic cesium while later studies specify

cesium hydroxide.
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The Rasmussen report considers mainly the liber-

ation of radioactive substances from the fuel

core during meltdown and the attack of concrete

by molten corium. The transport and retention of

the substances is mainly considered inside the

reactor containment, and in certain cases in the

reactor building.

Later studies also take account of the retention

of radioactive substances inside the reactor

vessel and its cooling system, the scrubbing

effect of pools and other volumes of water, and

pays greater attention to the retention in the

reactor building. Consequently, later studies

have in many cases yielded lower calculated

releases then those given in the Rasmussen

report, often reduced to a tenth or less. However,

the uncertainties in the calculated values are

still great (see 8.7 and the tables in Appendix 8)

The conclusions reached in the Rasmussen report

were -hat operational disturbances and small

pipe-break accidents are important contributory

causes towards the risk of core meltdown, that

the actions and possible wrong actions of opera-

tional staff are of major importance for the

progress and consequences of an accident, and

that the integrity of the reactor containment in

severe accidents is of very great importance for

reducing source terms.

All these predictions in the Rasmussen report

were confirmed by subsequent experience from the

accident in TMI-2.
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8.3 Experience from the accident in the pres-

surized water reactor at Three Mile Island,

TMI-2

The accident on March 28 1979 in the reactor

TMI-2 led to overheating of the fuel core and

the liberation of large fractions of its content

of radioactive substances (see Table 2, Appendix 8).

However, the release to the surroundings comprised

only fractions of the core content. The reason

was that the reactor containment remained largely

sealed and unaffected during the entire accident

sequence.

The releases mentioned above arose principally

through the circulation of cooling water from

the reactor vessel to the auxiliary systems

building. Small leakages in pump stuffing boxes

and valves meant that noble gases and a very

small amount of iodine in a gasborne form could

leak out to the surroundings [11].

The release of iodine was small by comparison

with that of noble gases because the leakage

route consisted of a water-filled pipe system.

As a result of this observation, quite soon

after the events in TMI-2 the question was taken

up of whether the Rasmussen report had overesti-

mated the magnitude of possible releases in the

accident sequences studied. Experience from

TMI-2 pointed to the existence of natural physical

and chemical retention processes, which it was

felt had not been adequately considered in the

Rasmussen report. In particular it was pointed

out that iodine and cesium combine to form

cesium iodide during the transport process.
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Cesium iodide is hygroscopic and water-soluble,

and at moderate temperatures (<_ 600°C) it is

only gas-borne in the form of small particles or

aerosols.

The debate on these questions resulted in NRC

beginning the work of gathering more information

and developing methods for a realistic assessment

of source terms, i.e. the magnitude of possible

radioactive releases from severe accidents. This

is dealt with in section 8.5.

8.4 The results from IDCOR

8.4.1 The background and aims of IDCOR

IDCOR stands for Industry Degraded Core Rulemaking

program. This program is a joint project organized

by the American nuclear power companies in order

to study severe accidents in present-day American

nuclear power plants. Degraded Core denotes

severe core damage or core meltdown in severe

accidents. Rulemaking refers to the NRC's published

[13] intention to decide whether present or

future nuclear power plants or safety requirements

need to be altered, having regard to the possi-

bility of severe accidents similar to that which

occurred in TMI.

The aim of IDCOR was to develop a comprehensive,

combined, well documented and technically justi-

fied standpoint on questions concerning severe

accidents, and hence to provide a basis for the

nuclear power industry to participate in NRC's

decision-making process.
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IDCOR has dealt with the important processes in

connection with severe accidents: the formation

and combustion of hydrogen, steam explosions,

the rapid evolution of steam, the coolability of

core fragments, the attack of molten corium on

concrete and the leakage of radioactive substances

to the surroundings. Representative computer

models for these processes have been developed

and combined to give the program package MAAP-

FPRAT-RETAIN for systems analysis. This program

package has also been used within the RAMA

project (see Chapters 5 and 6).

8.4.2 IDCOR1s results

IDCOR has selected four representative nuclear

power plants for detailed analysis. Of these

Peach Bottom 2 (BWR) and Zion (PWR) are of

interest here, for comparison with the results

obtained when RAMA applied IDCOR's program

package to similar Swedish nuclear power plants

(see Chapter 6). IDCOR's results are given in

the form of a table in Appendix 8.

IDCOR has studied the PWR Zion, which is somewhat

larger than Surry 1. For the former reactor

IDCOR is studying cases where the release route

from the containment passes directly to the sur-

roundings. Containment leakage arises as a result

of overpressurizing or incomplete valve closure.

One special case is a pipe break in the low-pressure

system outside the containment (V-LOCA). The

releases of radioactivity in the four accident

sequences studied are given in Table 3, Appendix 8.

The releases of iodine given by IDCOR's results

for Zion (Table 3, Appendix 8) are lower than,
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and in certain cases (V-LOCA) much lower than

the results for Surry 1 which are most nearly

comparable, according to the more recent NRC

studies and the Rasmussen study (Table 7, Appen-

dix 8).

The principal reasons for the differences are

that IDCOR is studying another reactor and other

accident sequences with different computational

methods. For a better understanding of the

differences it is necessary to go in for a

systematic comparison of the computational

methods, which is discussed in section 8.6.

In the case of Peach Bottom 2, IDCOR is studying

accident sequences which are very similar to

those studied in the Rasmussen report. IDCOR

assumes in all cases that the release route from

the containment passes via the reactor building

to the surroundings. Containment leakage arises

as a result of overpressurizing or over-high

temperature inside the containment.

IDCOR is also studying the effect of operator

actions, e.g. pressure venting of the containment

wetwell. (Sequence TC cases 2 and 4, see Table 4,

Appendix 8). Not only is the containment pressure

released by this action, but it also means that

the release is considerably reduced because of

the scrubbing effect of the pool. In addition,

it has been possible to take advantage of consider-

able retention in the reactor building.

§^4^3 SummarY_of_IDCOR's results

The technical work has involved clarification of

the way in which severe accidents can arise.
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proceed and affect the surroundings. Within this

program, IDCOR has concentrated 0:1 the central

questions: how severe accidents can be prevented

and forestalled, an understanding of the basic

physical and chemical processes, development of

calculation models for these, the application of

knowledge gained to a realistic analysis of

accident sequences in some representative types

of present-day nuclear power plants, and creating

a basis for extrapolation of the results to all

present-day nuclear power plants with light-water

reactors.

IDCOR summarizes its work in three conclusions

[8] and one overall plan of action:

The probabilities of severe accidents
occuring are extremely low.

The source terms, i.e. the quantities and
species of radioactive material which are
released to the surroundings in severe
accidents, are expected to be much smaller
than those calculated in earlier studies.

The risks and consequences to the general
public from severe accidents are consider-
ably lower than had been predicted in
earlier studies, and much lower than the
levels given in NRC's interim safety aims.

IDCOR has drawn the conclusion that no
further major alterations of the design
or operation of present-day nuclear
power plants are called for. This conclusion
is drawn on the basis of three years' work
comprising 50 technical tasks.

8.5 Preliminary results of BCL's study for NRC

At the request of NRC, the Battelle Columbus

Laboratories (BCL) have carried out an extensive

study in which they have calculated source terms

for five main types of nuclear power plant with
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light-water reactors in the USA. The results are

given in the report DRAFT BMI-2104, which has

recently been made available in seven volumes

[7]. For purposes of comparison with IDCOR's

results and the Rasmussen report, reference

should be made to the results in:

Vol II Peach Bottom 2
General Electric BWR with pressure-reducing
containment of Mark I type

Vol V Surry 1
Westinghouse PWR with large dry pressure-
bearing containment.

The aim of BCL's study was to provide NRC with

access to source terms that had been calculated

applying the more recent information and the

calculational methods which were available at

the beginning of the 1980s, i.e. about 10 years

after the Rasmussen report. The newer computer

programs include MARCH, MERGE, CORSOR, TRAP MELT

and NAUA. The source terms apply to specific

accident sequences in specific nuclear power

plants, and they are calculated using a step-by-

step application of the computer programs which

were available to BCL for describing the different

phenomena and processes in the accident sequences.

By selecting cases for calculation over a wide

range of accident sequences in different types

of nuclear power plant, an idea was obtained of

the significance of different reactor types and

accident sequences, and their effect on the

magnitude of the calculated source terms.

The calculations were done on the basis of new

information about the liberation of radioactive

substances from overheated fuel [6] and the

effect of chemical reactions on transport conditions;
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for example, it is now known that cesium (Cs)

and iodine (I) combine to form cesium iodide,

Csl, which is transported in the form of a

vapour or particles depending upon the tempera

ture.

8.5.2 BCL's preliminary results for the PWR

In this report, BCL studies nuclear power plants

and accident sequences similar to those studied

in the Rasmussen report. It is therefore possible

to make a qualitative comparison of the results;

the basis for such a comparison is given in the

form of a table in Appendix 8.

A comparison of the iodine releases (Table 7)

shows source terms for the BCL study that are

lower than those in the Rasmussen report, being

one tenth or less for the accident sequences

where the containment remains tight for several

hours or more after core meltdown. For those

accident sequences where the containment cannot

affect the magitude of the release, because of

bypass routes or leakage, the results are similar

in the two studies.

However, BCl emphasizes in many ways, for example

by denoting the report DRAFT, that any qualitative

comparison such as that given above is only

preliminary, pending further processing of the

calculational method. Thus retention of radioactive

substances in the reactor vessel and its cooling

system were not considered in the Rasmussen

report. In [7] Vol V, however, it has been taken

into consideration, and in many cases it has

been found to be considerable. Nevertheless the
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uncertainty is great concerning what happens in

the long run with this radioactivity which is

deposited in the reactor vessel. Further calcu-

lations are to be done at a later stage to

determine the revaporization of these substances

as a result of the heating of the reactor vessel

caused by decay heat.

8.5.3 BCL's preliminary results for the BWR

Peach_Bcttom_2_

In the case of the BWR Peach Bottom 2, Vol II of

[7] contains studies of three accident sequences

which are very similar to those studied in the

Rasmussen report. A common feature of the three

accident sequences studied is that they lead to

core meltdown and containment failure due to

overpressure, and that the resulting leakage of

radioactive substances passes either through the

reactor building to the surroundings or directly

from the containment to the surroundings (see

Tables 5 and 6 in Appendix 8).

Reference [7] gives release values which are

similar to those in the Rasmussen study. However,

small differences in the calculation assumptions

could have led to markedly reduced values. This

is because the uncertainties in the assumptions

about the containment's thermal, hydraulic and

fracturing properties are great. The tables are

given in order to demonstrate the results of the

calculational metods, rather than for assessing

the magnitude of the release in a given American

reactor design.
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8.6 The debate between IDCOR and NRC

In a series of meetings during 1983 and 1984,

IDCOR has presented its results to NRC. At these

meetings IDCOR's results have been studied,

debated and compared with NRC's corresponding

results, for example considering [7].

The debate demonstrates that to a great extent,

IDCOR and NRC are in agreement concerning the

methods and results when calculating source

terms. The following differences of opinion are

the subject of continued discussion.

IDCOR discovered that the deposition of for

example cesium iodide and cesium hydroxide

in the reactor vessel and its cooling system

leads in many cases to heating up and revapori-

zation of these compounds. NRC accepts that

these are important physical and chemical processes,

which can have a major impact on the calculation

of source terms. As a result, NRC intends to

revise its calculations in the light of this

(see 8.5).

Other important factors are the extent of hydrogen

evolution during the meltdown sequence in the

core, and the release of radioactive substances

in connection with the ablation of concrete by

molten corium.

The sequence when the molten corium leaves the

reactor vessel can affect the time, magnitude and

position of any leakage which may occur from the

reactor contaiment. It also affects the fragment-

ation, dispersal and cooling of the molten corium

in the form of fragments, and the final coolability

of the solidified fragments.
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NRC queries whether IDCOR's four reference

plants studied are sufficiently representative

of all the nuclear power plants in the USA. NRC

would like IDCOR to carry out more comprehensive

sensitivity and uncertainty analyses. Next in

line is a systematic comparison of the programs

MAAP and MARCH.

NRC and IDCOR agree that the actions taken by

operating personnel are of crucial significance

for the course of accidents. NRC would like

IDCOR co do more extensive work on the measures

to be taken by operating personnel, to formulate

and add to instructions, and to train operating

personnel in their use.

IDCOR and NRC intend to continue work, at least

during 1985, to reduce their remaining differen-

ces of opinion and draw conclusions from the

debate.

8.7 The uncertainty bands around BCL's preli-

minary results

An estimate of the uncertainty bands around the

magnitude of the calculated source terms for

Surry 1 and the accident sequence with total

loss of electricity has been done in [10] . In

the following an account is given of the conclu-

sions in this report.

The first step in estimating the uncertainties

was to identify important input values to the

calculation codes and fix uncertainty bands for

these. The second step was to identify physical

and chemical phenomena and processes of major

importance for the magnitude of the source

terms, and to fix uncertainty bands for modelling

these (Table 8, Appendix 8).



REACTOR ACCIDENT MITIGATION ANALYSIS R A M A - 8 5 / 2 75

1985-03-20

A measure of the combined effect of the uncertain-

ties of all the variables is given by the amount

of gas-borne radioactivity inside the containment.

The uncertainty factor in the magnitude of the

quantity of gas-borne radioactivity is given in

Table 9, Appendix 8 for three time points, 3, 10

and 20 hours after the core meltdown. This table

shows that lack of knowledge about physical and

chemical processes is the dominant contribution

to the uncertainties, and that the uncertainty

factor is c. 100.

At an early stage, near the time for vessel

meltthrough, the uncertainty band is dominated

by the uncertainty in the temperature history of

the fuel, the rate of liberation of radioactive

and other Substances from the fuel, the natural

convection in the reactor cooling system, and

the net retention of radioactive fission products

in the reactor cooling system (after considering

the revaporization and resuspension from deposited

material).

At later stages (c. 15 hours), the uncertainty

band is dominated by for example the uncertainty

in the temperatures of the molten corium while

attacking concrete, the form of aerosols under

low-steam conditions, the rate of turbulent

agglomeration, and the possible extent of resus-

pension if the pressure blowdown from the reactor

containment is violent.

The principal conclusions are as follows:

The general working method demonstrated in

ÖMI-2104 for calculating specific source terms

for specific accident sequences in specific

nuclear powey plants has been found to be useable.

The uncertainty bands and alternative calculation

models could relatively easily be incorporated

into the calculation sequence. In this way it

was possible to include even th-: most recent
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research findings in the calculation. It is only

with the help of the working method demonstrated

in BMI-2104 that the assessment of uncertainty

bands described here has been able to be carried

out within a reasonable time schedule.

All the radioactive substances must be taken

into consideration in the source terms. In the

early stages iodine and cesium dominate, but

substances that are less easily vaporized can

also be significant. At times several hours

after vessel meltthrough, the less volatile

fission products plus tellurium are the dominant

radioactive substances in the gas-borne aerosols.

These also contribute appreciably to the estimated

upper limit for the amount of gas-borne radioactive

aerosols at vessel meltthrough.

The amount of aerosol which leaks out of the

containment can be much less than the gas-borne

quantity at the moment of leakage, if the leakage

area is small. For leakages occurring at a later

stage, the amount leaKing out can be much greater

than the g^.s-borne quantity if the leakage area

is great enough to cause resuspension.

8.8 Work program and schedules for reducing

uncertainties in calculated source terms

The results of the studies described above and

the estimation of the uncertainties in these

provide a basis for describing the need for

further experimental and theoretical research

and development, with the aim of improving the

results by reducing the uncertainties. Schedules

and comments for a number of completed, current

and planned programs of major interest for the
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Swedish standpoint are given in Figure 8-1 below

(see 8.11). The figure shows that research is

planned to continue with great intensity during

1985 and the following two years.

The major experimental programs planned are de-

scribed in greater detail in the following

section, 8.9. After this a description is given

of planned summarized studies in section 8.10.

8.9 Experimental research on accident sequences

and source terms

One of the results of the accident in the Three

Mile Island 2 nuclear power plant was a greatly

increased research effort as regards reactor

accidents, not only in the USA but also in other

countries. The experimental projects in particular

are very expensive, so that these are often

carried out with international cooperation. It

is not possible within the scope of this report

to make a complete inventory of international

activities. Only those efforts which are expected

to have an immediate effect on the Swedish

asessment of severe accidents will be mentioned.

The results of the international experimental

work are expected to have a major significance

for Swedish assessments of the need for safeguard

engineering measures in severe reactor accidents.

The computer programs used in RAMA can be evalu-

ated and validitated by comparison with these

experiments. However, the majority of the projects

will not be completed before 1985 at the earliest,

so that until then the decision basis for the

Swedish considerations will be incomplete.
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The international cooperative project denoted

MX-V:ATT has been in progress since the beginning

of 1982 at the Marviken plant. This project

comprises experimental studies of aerosol transport

in a large-scale model of a reactor primary

system. Two types of substance are to be studied,

namely:

Simulated fission products, denoted fissium
(cesium, tellurium and iodine). These
include the elements which are liberated
first in a reactor accident.

Simulated core elements, denoted corium
(silver and manganese for a PWR; tin,
manganese and perhaps borium for a BWR).
Corium simulates the elements which are
expected to be liberated at a later
stage in a reactor accident.

The project has the following aims:

The production of measurement data for
verifying computer programs.

Demonstration on a large scale.

Tests with high aerosol concentrations.

The study of aerosol transport for fissiuui
with and without corium.

Realistic chemistry.

The simulation of cooling systems in both
BWRs and PWRs, including internal compo-
nents in the former case.

In the initial experiments, fissium was vaporized

in a simulated pressurizer vessel with subsequent

piping system for a PWR. The first experiment

with low temperature was carried out in May of

1983, and repeated with improved accuracy in
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January of 1984. The second experiment, with a

higher temperature, was done in October 1983.

The later tests involve vaporization of fissium

and corium in a special aerosol generator placed

in a model of the reactor vessel so that both

the reactor vessel, the pressurizer and the

piping system are simulated. In November 1984 a

test was carried out with vaporization of fissium

in this experimental setup. During 1985 one

further experiment is planned, in which fissium

will be vaporized simultaneously with corium.

It is estimated that the experiments with aerosol

transport in the Marviken plant will be completed

and reported by November 1985. It is calculated

that the total project costs will then have

amounted to 80 million SEK. This sum is shared

by Sweden, USA, Japan, Canada, Great Britain,

the Netherlands, France and Finland.

The Nuclear Regulatory Commission in the USA has

been conducting the SFD project since 1982; this

project is intended to form an important part of

the authority's Severe Accident Research Program

(SARP), which was established after the accident

in the Three Mile Island 2 reactor. The SFD

project aims to provide an experimental basis

for the development of computer programs which

analyse physical, and to some extent also chemical,

processes in severe reactor accidents that lead

to core meltdown. In particular the following

are studied:
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The magnitude and time schedule for the
liberation of hydrogen from the core.

The magnitude, time schedule and chemical
form when liberated from the core of
fission products and aerosols.

The transport and deposition of fission
products and aerosols in the reactor
primary system.

The behaviour of the overheated fuel, up
to and including vessel fracture and the
resultant load on the reactor containment.

The coolability of a fragmented core.

PBF

An important part of the SFD project is the

experimental series with four integral tests

which is being carried out in the Power Burst

Facility experimental reactor (PBF) outside

Idaho Falls in the USA. A bundle with 32 fuel

rods, 0.9 meters long, is subjected to a tempera-

ture increase up to 2 500°K. This corresponds

to the conditions in cases of loss of coolant

when the core is uncovered. In i'.he experiments

measurements are made of the liberation of

fission products, generation of hydrogen and the

temperature distribution in the fuel and the gas

phase. In the three tests so far carried out, a

rapid temperature increase has been observed as

a result of the oxidation of the cladding. The

changes in the geometry of the damaged fuel due

to melting of the cladding have also been studied,

NRU

Four verifying experiments with full-length fuel

rods äie to be carried out during 1985 and 1986 in

the National Reactor Universal (NRU) reactor at

Chalk River in Canada. In these experiments the

fuel temperature will lie between 2 100°K and

2 500°K. Special attention will be paid to the

maximum cladding oxidation that can be achieved

and the resultant generation of hydrogen.



REACTOR ACCIDENT MITIGATION ANALYSIS RAMA-85/2

1985-03-20

81

ACRR

A series of four small-scale integral experiments

for the study of fuel breakdown and the resultant

liberation of fission products is being carried

out in the Annular Core Research Reactor at

Sandia National Laboratories in the USA. In this

case the test bundles consist of 9 or 12 fuel

rods having a length of 0.5 meters. Both irradi-

ated and non-irradiated fuel is being studied.

The construction of the experimental setup

permits direct observation of the geometrical

changes in the fuel. In addition, the liberation

of fission products and the generation of aerosols

are measured. Particular attention will be given

to the coolability of a demolished core, for

comparison with the conditions in the Three Mile

Island 2 reactor.

As a complement to the integral experiments,

studies of special pheonmena will be carried

out in different laboratories. In the Annular

Core Research Reactor, two of these types of

experiment will be done.

Studies of the liberation rate and chemi-
cal state of fission products, and studies
of aerosol formation.

Investigations of the coolability of a
bed of core fragments.

KfK

At the Kernforschungszentrum Kalrsruhe in West

Germany, and other places, there are thermodynamic,

kinetic and metallurgical studies of the reactions

between uranium dioxide, zircalloy and steam.

Verifying laboratory investigations of the

properties of fission products and aerosols are

also carried out.
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TMI-2

The investigation of the demolished core in

Three Mile Island 2 forms an important part of

the SFD project. This can yield valuable informa-

tion about a real case of severe damage. The

experimental results are used for developing and

validitating the two mechanistic computer programs

Severe Core Damage Analysis Package (SCDAP) and

Melt Progression Model (MELPROG).

SCDAP

SCDAP deals with the conditions in the core

after uncovering, so long as the geometry is

more or less intact. Oxidation and hydrogen

generation, melting of the cladding, fission

product liberation and fragmentation and coolabi-

lity after reflooding are included in the calcul-

ations .

MELPROG

MELPROG is used to calculate the melting and

behaviour of the core inside the vessel, including

tank rupture. The liberation and transport of

fission products can also be analysed with this

computer code.

The SFD project has been in progress since 1982,

and the major part of the program has been

carried out. Several of the planned large-scale

tests in the experimental raactors PBF, ACRR and

NRU have been completed. In addition there are

working versions of the computer programs SCDAP

and MELPROG. When the work is completed in 1987

it is estimated that it will have cost over 30

million USD. The countries participating in the

project besides the USA are: Belgium, Canada,

West Germany, Italy, Korea, the Netherlands and

Great Britain.
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In West Germany, the Projekt Nukleare Sicherheit

(PNS) at the Kernforschungszentrum Karlsruhe

(KfK) has carried out a series of experiments

for the study of the liberation of fission products

from overheated fuel. Computer codes have been

developed for describing the behaviour of the

radioactive aerosols in the reactor containment,

and these codes have been made available to

Sweden through an information exchange agreement

made in connection with the FILTRA project. In

order to obtain experimental verification of in

particular the NAUA calculation code, PNS/KfK in

cooperation with the Eidgenössische Institut fiir

Reaktorforschung in Switzerland is planning

experiments in a simulated reactor containment.

This project has been given the name DEMONA,

which stands for demonstration of the behaviour

of nuclear aerosols.

The experimental setup in the DEMONA project is

a model of the containment in the PWR Biblis-A,

scaled down by 1:4. The experimental arrangement

has a volume of 640m3, and is situated at Battelle/

Frankfurt. The accident situation to be studied

comprises the period after 4-6 hours of an accident

sequence when the total pressure in the containment

is calculated to amount to between 0.2 and

0.3 MPa. The project has a threefold aim:

Large-scale demonstration under realistic
conditions of the efficiency with which
the natural processes can remove the aero-
sols that are formed in a core meltdown
accident.

Validation of the NAUA code.
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Validation of the COCMEL code for calcu-
lating the thertnodynamic conditions in
a reactor containment.

A total of seven experiments are included in the

project. These are carried out to a great extent

under quasi-stationary conditions. The introductory

experiments have already begun and the whole

project is estimated to be completed by the end

of 1985. The total cost is estimated to amount

to over 10 million DM.

The Electric Power Research Institute in the USA

has begun a research project comprising studies

of the leakage of aerosols out of a containment.

The work has the following aims:

The production of a database for validation
of calculation programs, principally for
the calculation of aerosol transport in a
containment under transient conditions.

Experimental studies on a large scale of
the inherent retention mechanisms for
aerosols which apply under such accident
sequences with potential consequences that
the containment function becomes degraded.

The principal component in the experimental

plant in Hanford, USA, where the LACE program is

to be carried out is a container <~ T 852 m3 . The

aerosols, which are generated outside the container,

are led into it via a pipe system. Both the

thermohydraulic conditions and the airborne and

deposited aerosols are studied, in the pipe

system and the container. Three types of experi-

ments are planned at present; these correspond

to:
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Accident sequences where the radioactive
subst" ves bypass the containment.

Ac ...snt sequences where either the iso-
Z -,,Lon of the containment fails or a
.eakage occurs at an early stage.

Accident sequences with delayed contain-
ment leakage.

Three preparatory tests with application of

containment bypass have been carried out. The

results of these tests have been made available

to the presumptive participants. The following

qualitative conclusions can be drawn:

A large fraction of the aerosols is re-
tained in the pipe that leads to the
vessel.

The particles which are enclosed in the
tank are so large that to a great extent
they deposit on the opposite wall.

Insoluble aerosols have not deposited
to such an extent as soluble aerosols.

An important feature of the LACE project is the

validation of computer programs for calculating

the behaviour of aerosols and thermohydraulic

conditions. This will be achieved partly by

comparison with different codes, and partly by

comparison with data from other projects for

studying processes in severe accidents.

The total costs lie in the region of F0 million SEK.

According to the preliminary schedule, the

experiments will be completed and reported by

December 1986.
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8;9^5 Loss_of_Fluid_Tests_(^LOFT]

The current LOFT project is being carried out as

an international project in Idaho Falls, USA,

within the framework of OECD/NEA. It has so far

been concentrated on thermal and flow histories

in a PWR under different accident sequences. Six

such experiments have been carried out sinco the

beginning of 1983. The two final tests, LP-FP-1

and 2, comprise studies of the liberation of

fission products when the fuel is heated to the

point where it is damaged. By this means informa-

tion can be obtained about the liberation of

gaseous fission products in an accident situation.

The LP-FP-1 experiment is planned for the beginning

of 1985; it corresponds to a guillotine break in

the inlet pipe followed by emergency injection

of water in the inlet pipe and upper plenum in

the vessel. By this means the cladding temperature

in the central test bundle is limited to 1300°K,

which is 100-200°K above the fracture limit of

the cladding. It is only the central part which

will be damaged, though not more than that it

can be lifted out and investigated after the

experiment. The following specific aims can be

assumed to be fulfilled:

Determination of the retention of volatile
fission products on surfaces in the upper
plenum in the vessel during the heating-
up phase.

Determination of the amounts of gaseous
and volatile fission products which are
released from the break area during the
heating-up phase.

Determination of the amounts of volatile
fission products rfhich are transported in
liquid and steam to the blowdown tank.
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Determination of the amounts of fission
products which remain in and are tran-
sported to the primary system as a
function of the time after reflooding of
the core. By this means the effect of
emergency cooling on the leakage from
the damaged fuel rods can be studied.

Determination of the approximate mass
balance and distribution of volatile
fission products in the fuel, the primary
system and the blowdown system.

Qualitative determination of the different
chemical forms of iodine during the heating-
up and reflooding phases.

Determinaton of the thermohydraulic condi-
tions and the thermal response of the
core.

Determination of the effect of the emer-
gency cooling system on the retention
of fission products.

The concluding experiment, LP-FP-2, is planned

for July 1985. The accident sequence to be simu-

lated (a break in the low-pressure emergency

cooling system) involves a direct release from

the primary system to the area outside the

containment (V-LOCA). This sequence has been

identified as being risk-dominant in PWRs.

During the experiment the central part of the

core will be subjected to a temperature that

exceeds 2100°K for at least 3 minutes. This will

produce a violent reaction between the zircaloy

cladding and the water, resulting in the liberation

of 20-40 % of the fuel content of fission products

such as iodine and cesium. However, it is estimated

that the structural integrity of the central rod

bundle will not be lost. The experimental aims

which are expected to be fulfilled are:
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Determination of the fraction of volatile
fission products and aerosols which are
transported out of the primary system.

Determination of the retention of vola-
tile fission products on surfaces in
the primary system.

Determination of the mass balance for
volatile fission products in the fuel,
the primary system and the blowdown
tank.

Investigation of the thermohydraulic
conditions during the first part of an
accident sequence with loss of coolant
via the emergency cooling system for
low pressure.

Measurement of the transient fuel temper-
ature in the central rod bundle during a
violent reaction between metal and water,
and determination of the resultant gene-
ration of aerosols of silver, indium and
cadmium from the control rods.

In a severe reactor accident it is assumed that

the molten corium will penetrate the bottom of

the reactor vessel and fall onto the concrete

floor of the containment. In a PWR, where there

is no wetwell pool, the melt will be layered so

that the oxides float above the metallic component.

The fissicn products are dissolved in both

phases and are heated up by the decay heat.

Because of the heat, the concrete will be decom-

posed with the formation of in the first place

steam and carbon dioxide, and after a time also

hydrogen. In addition new aerosols are produced.

After a time the formation of gas can lead to a

pressure break in the containment.

The German research project BETA has as its aim

to provide a basis for calculations of the inter-
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action between molten corium and concrete. The

results are therefore to be used in order to

validate computer programs such as CORCON, which

was developed at Sandia in the USA, KAVERN,

which was developed by KWU, and WECHSL, which

originates from KfK in West Germany. These codes

calculate the time sequence, the products formed

and the energy balance for the interaction

between concrete and molten corium.

The experimental setup consists of a concrete

crucible into which the melt is to be poured.

This is heated indirectly during the experiment.

Two types of test are to be carried out, one

when the melt has a high temperature of c. 2 300 °C,

corresponding to the beginning of sequences and

one when che melt is near to solidifying at

about 1 500°C, corresponding to a more lengthy

sequence. A total of five experiments are to be

carried out. Measurements will be made of the

penetration velocity in the axial and radial

directions, the emission and composition of

gaseous products, the development of aerosols

and the temperature at different places in the

sytem. The experimental program began in the

first part of 1984 and is estimated to be comple-

ted towards the end of 1985.

8.9.7 Hydrogen studies at the Electric Power

Research_Institute

The accident in Three Mile Island 2 showed that

the hydrogen formed can threaten the integrity

of the containment due to the pressure increase

when it burns or explodes. Hydrogen is formed

principally in the reaction between the zircaloy

cladding and steam, but also in connection with
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the interaction between molten corium and concrete.

In order to study these questions, the Electric

Power Research Institute started in 1981 a

project which comprised the investigation of

combustion limits, deflagration, controlled

combustion, flame acceleration, the effect on

equipment and hydrogen mixtures. The project has

now been completed. Participants have been the

USA, Canada, Sweden, West Germany, France, Japan

and Taiwan. EPRI's hydrogen program has comprised

the following sub-projects:

1. The combustion of hydrogen in air in the
presence of steam or mist, carried out
in test rigs in Manitoba, Canada and
Massachussetts, USA. The test volumes
have varied between 0.01 and 17 m3.

2. Controlled hydrogen combustion, carried
out in California, USA, in an 18 m3 vessel.

3. Mixing and distribution of hydrogen in a
250 m3 volume, at Hanford in Washington,
USA.

4. Large-scale experiments have taken place
in a 2 100 m3 vessel at the Nevada Test
Site, USA. Controlled hydrogen combustion
and the effect on equipment have been
studied.

5. Computer programs which predict the gene-
ration of hydrogen and analyse the com-
bustion of hydrogen have been developed
and validated.

Nine large-scale experiments have been carried

out where a mixture of steam, hydrogen and air

has been ignited. These experiments have shown

that:

1. A mixture with a low hydrogen content
burns more violently than in small-
scale tests.

The pressure and temperature
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4.

increases are small. The temp-
erature is not even but greatest
towards the top of the vessel.

The combustion is more complete
than in the small-scale tests.

The presence of steam reduces
the rate of pressure increase.

The position of ignition arrangements is
not significant, but periferal ignition
can initially give rise to deflagration.

Sprinkling with water and fanning give the
following effects

Surfaces are cooled.

Turbulence arises and ignition
is easier in mixtures with low
hydrogen content.

They contribute to a more complete
combustion.

They do not affect the size of the
flame.

Diffusion flames are quenched by a high
hydrogen velocity in the source or by steam.

In order to test different ignition arrangements,

12 large-scale experiments have also been carried

out with continuous infeed of hydrogen. These

tests show that:

1.

2.

3.

4.

The flame velocity has not exhibited
any dependence on the scale of the expe-
riment. No acceleration or changeover
to detonation has been observed.

Mixtures with low hydrogen contents
burn strongly but give low pressures.

The position of ignition arrangements is
of minor importance, at least if there
is turbulence.

Water sprinkling increases the combustion
rate without cooling the ignition device.
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5. Diffusion flames have been observed, but
these become unstable when the gas
velocity in the source increases.

A total of 15 tests were carried out where

different types of equipment were subjected to

hydrogen combustion. The damage which occurred

had only a minor effect on the functioning of

the component under test.

The experiments carried out show that the pres-

sure and temperature increases in connection

with hydrogen combustion are moderate. Hydrogen

detonations can only occur at high hydrogen

concentrations in special geometries. In Sweden

the BWR containments are filled with nitrogen,

so that hydrogen explosions would only be possible

in special cases. The PWR containments are so

large that the effect of hydrogen explosions is

unlikely to be critical, unless local concentra-

tions of hydrogen can be formed.

8.9.8 Other research projects of potential

interest

As has been pointed out earlier, there is exten-

sive research that is relevant to severe accidents

Some more research projects which are of interest

for Swedish considerations should be mentioned:

1.

2.

3.

4.

Studies of loadings on containments, at
Sandia National Laboratories in the USA.

Experimental investigations into pressure
increases due to steam explosions and
steam generation from contact between
melt and water, being carried out at Sandia.

Studies of hydrogen questions at Sandia.

Investigations of scrubbing of aerosols in
the wetwell pool.
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Experiments to study core meltdown pheno-
mena at Sandia.

Studies of the liberation of fission
products in the SASCHA plant at KfK in
West Germany.

Analysis of fracture mechanisms for PWR
containments, in France.

Experiments concerning the behaviour of
aerosols are being carried out in the
PITEÅS plant in France.

8.10 Planned comprehensive studies of results

obtained

IDCOR aims to continue work at least during

1985, in order to develop its results further

and present its views to NRC.

The American Physical Society, APS, will be

carrying out a scientific review of the basis

for and results of source term calculations.

Their report is expected to be ready in the

first half of 1985. On the basis of this report

and other material, NRC is expected to announce

its standpoint on the question of altering

licensing requirements during 1985.

In the German Federal Republic, phase B of the

German risk study is in progress, and this is

expected to be made public during 1986.

In England the Sizewell Inquiry has just been com-

pleted; this is a public report on the estimated

safety of a planned nuclear power plant of modern

American type. A comprehensive final report is

expected during 1985.
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Within the European cooperative orqanization

OECD, international cooperation within the field

of nuclear power is carried out by the Nuclear

Energy Agency, NEA. A number of working groups

operate under the safety committee (Table 8-1,

points 32, 33 and 34).

One working groups is planning to study the

effect on a PWR containment during severe accident

sequences. Another will be studying the result

of calculation methods. A third will summarize

the results obtained, including the source term

calculations discussed above, with the aim of

determining the extent to which the results can

be assumed to be definite and which points can

require further work. They are also to estimate

the degree to which the conclusions can be

extended to apply to other nuclear power plants

with light-water reactors, other than those

studied.

A review of the programs mentioned above is

given in the following timetable, together with

comments.
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Severe Accident Source Terms

Time schedules for current and planned work
in Sweden and internationally

1984 1985 1986

Country, program
Agent / Sponsor

Sweden: 1 9 8 2

FILTRA (?)
RAMA
Util i t ies' studies
Nuclear Inspectorate's
review

Finland:
VARA

Nordic :
Cooperation

USA:
ANS
BMI 2104 /NRC
APS /NRC
NUREG 0956 /NRC
SFD /NRC
Hydrogen combustion/EPRI
LACE /EPRI
IDCOR final reports /AIF

Federal Republic
of Germany.

DEMONA
BETA /KfK
Risk study, phase B/GRS

France:
PITEÅS Filter studies
Accident management

UK:
Sizewell Inquiry

Internationally:
Mar viken
LOFT
CSNI PWG 4 CREST

PWG 2 Ex -vessel
PWG 4 STTF

» I ' M 1 1 !

-©
1988

1987

©

Figure 8-1
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8.11 Source terms for reactor accidents

Comments to the time schedule shown in Figure 8-1.

Sweden 1

Finland 8

Scandi- 9
navia

USA 10

11

12

13

14

IB

The FILTRA research project was carried out in 1980-82 to
provide a basis for the design of systems for filtered pressure
venting of the reactor containments at Barsebäck. According to
a government decree, the system is to be installed and brought
into operation before 1 Sept 1986.

The RAMA project was begun early in 1983 and is planned to be
completed in Jan 1985. The aim of RAMA is to collect all the
basic information and to develop calculation methods for stu-
dies of severe accidents in Swedish nuclear power plants.

Based on RAMA and other studies, the power companies are carrying
out studies of severe accidents in their own nuclear power
plants and plan to report the results to the Swedish Nuclear
Power Inspectorate during April 1985.

The Swedish Nuclear Power Inspectorate plans to give an account
of the situation to the government in May 1985.

In accordance with the demands of the Swedish authorities, such
measures as are decided on are to be ready for use during 1989.

A project denoted VARA is being carried out in Finland in
1983--85 for collecting basic information and developing calcu-
lation methods.

The Nordiska Kontaktorganet för Atomenergifrågor, NKA, proposes
a program in 1985--88, to be partially financed by the Scandinavian
Council.

The American Nuclear Society, ANS: its Source Term Committee
plans to publish its report at the end of 1984.

Battelle Columbus Laboratories have carried out a program
commissioned by NRC, and in July 1984 they published DRAFT
BMI-2104 for comments.

The American Physical Society, APS, is expected to publish an
investigation of the basis for source term calculations in
April 1985, commissioned by NRC.

On the basis of inter alia 11 and 12, NRC plans to publish
DRAFT NUREG-0956 for comments.

When comments have been received and studied, NRC plan to
publish NUREG-0956 in its final form in 1986, with a summary of
NRC's standpoint.

Using 14 as basis, NRC plans to determine "NRC Policy on future
reactor designs. Decisions on Severe Accident issues in Nuclear
Power Plant Regulations" during 1986.
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16 The "Severe Fuel Damage" program is a large-scale experimental
program which aims to provide more information about fuel
behaviour and the liberation of radioactivity in a core meltdown.

17 EPRI: a project dealing with the combustion of hydrogen has
been in progress during 1981--84.

18 "Light Water Reactor Aerosol Containment Experiments", LACE, is
a large-scale experimental program carried out by EPRI during
1984-86.

19 IDCOR Technical Summary Reports will be published towards the
end of 1984. The RAMA project is a participant in IDCOR.

The German
Federal Republic

20 The German Federal Republic and Switzerland are carrying out the
DEMONA project. Large aerosol experiments are carried out in a
model on a linear scale of 1:4 of a PWR reactor containment of
the Biblis B type. The work is proceeding during 1984-1985.

21 BETA = BETonAnlage is an experimental arrangement for large-scale
studies of the way in which a metal/oxide melt attacks concrete.

22 Phase fe of the German risk study is being carried out by Gesellschaft
fiir Reaktorsicherheit (timetable at present not known).

France 23 Aerosol physics experiments will be completed during 1984 in a
3 m3 vessel at PITEÅS.

24 Thereafter, filter experiments will be done for studies of the
performance of sand beds as filters in planned systems for
filtered pressure venting of

25 PWR containments.

26 The results will be used for working out instructions for
actions to be taken by operating personnel in specific cases of
possible sequences in severe accidents (timetable not known).

England 27 The Sizewell Inquiry is a public enquiry into safety assessments
for a planned nuclear power station with a PWR of modern American
type. The decision basis is expected to be ready during 1985,
after which the actual decision making will take place.

Inter- 30 In the Marviken-V project, aerosol transport in the primary
national cooling system of a reactor is being studied, under conditions

resembling severe accidents. The experiments are planned to be
completed by the middle of 1985.

31 Within the LOFT (Loss of Fluid Tests) project, large-scale
experiments are being carried out in the USA. Two experiments
with overheating of fuel rods and liberation of radioactive
substances are being carried out during 1984 and 1985, and will
be reported during 1986. Sweden is participating in these
experiments and will be informed of the results.
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32 An international comparison of the results of calculation methods
as regards the retention of radioactive substances in a reactor
containment will be done during the first half of 1985 under
the auspices of GREST (Group of Experts on the Source Term),
within the framework of OECD/NEA.

33 An international comparison of the results of calculation
methods as regards inter alia pressure, temperature and flow
histories in a PWR containment during severe accidents will be
done during 1985 by a working group (Ex-Vessel) within the
framwork of OECD/NEA.

34 An international group denoted STTF (Source Term Task Force)
will be studying the results obtained in 10, 11, 12 and 19
above and compiling a summary of the conclusions which can be
drawn. This work will be carried out within the framework of
CSNI PWG-4.
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9. CONCLUSIONS AND RECOMMENDATIONS

As has been mentioned earlier, the RAMA project

h is had as its principal aim the collection,

evaluation and translation of current international

research and development. The project was intended

to lead to a common understanding of the phenome-

nology for severe accident sequences and to

provide the tools needed in order to be able to

analyse severe reactor accidents in a meaningful

way. The following gives an account of the

conclusions drawn by the steering group from the

work carried out during 1983 and 1984.

9.1 Calculation of thermohydraulic conditions

inside the reactor contanment

RAMA has acquired the MAAP program (Modular

Accident Analysis Program) from the American

IDCOR work. This program calculates the thermo-

hydraulic conditions in the reactor containment

and the primary system. One of the greatest

advantages of MAAP is that it functions in a

strictly modular way.

The MAAP program is basically a general description,

and it has therefore been adapted to Swedish

conditions so that there is one version for each

type of reactor.

In the MAAP program, the history (e.g. pressure,

temperature) is described with simple empirical

and analytical equations. This gives short

calculation times. The modules have to some

extent been validated against both experiments

and more complete calculation programs. A large

part of the Swedish work has consisted in adapting

the underlying calculation models to Swedish

conditions.
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Thanks to the modular construction, new models

based on future research findings can be integrated

into the MAAP program in a simple way.

In connection with the work on station-specific

analyses, actions which normally come under the

heading of Accident Management, i.e. those

which can be taken in order to overcome accident

situations, can be studied and evaluated; the

calculation results can constitute a valuable

tool for formulating malfunction instructions.

9.2 Calculation of aerosol transport in the

primary system and the reactor containment

The aerosol transport calculations carried out

within the RAMA project have largely been done

with a Swedish modification of the American

program RETAIN. The modification involves an

application of the HAARM program which was

previously used in connection with calculations

of aerosol transport in the FILTRA project.

RETAIN-S, by contrast with HAARM, can also deal

with cesium iodide, cesium hydroxide .and tellurium

in the steam phase. In principle, RETAIN-S

obtains its input data from the MAAP program. In

addition, for purposes of analysis use is made

of a special program, FPRAT, for calculating the

liberation of activity from an overheated core.

The pre ;rams RETAIN-S and FPRAT, like MAAP, are

tools which can be used in future station-specific

analyses. The programs deal with the sequences

which have been found to govern the liberation

of activity and the transport and retention of

aerosols within the reactor containment.
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9.3 Demonstration calculations

In order to demonstrate the usefulness of the

programs, station-specific analyses have been

done with MAAP for all the Swedish types of

reactor and with RETAIN-S for the reactors 0-2

and R-l.

The demonstration calculations indicate that the

pressure and temperature rises in the containment

in the examples studied are slow, i.e. proceed

over a matter of days. For example, with a loss

of electricity the pressure in a reactor of the

0-2 type increases to the theoretical break

pressure for the reactor containment over a

period of c. 50 hours.

The RETAIN-S calculations have in general given

very low values for the release of radioactivity.

Due to certain simplifications in the RETAIN-S

calculations, these results must be treated with

some reservation, see further Section 4, Evaluation.

The demonstration calculations carried out have

also shown that operator actions are significant,

and in some cases crucial, for the development

of a particular accident sequence.

9.4 Evaluation

In demonstration calculations the programs MAAP

and RETAIN-S have been found to be useful tools

for the analysis of accident sequences. However,

this only applies if the user is well acquainted

with the physical and chemical models in these

tools.



REACTOR ACCIDENT MITIGATION ANALYSIS RAMA-85/2

1985-03-20

102

MAAP, in its present form, is considered to give

a satisfactory description of the thermohydraulic

history in the different reactor containments.

The analyses with RETAIN-S are dependent upon

the input data from MAAP. Within IDCOR the

programs have been independently developed, and

insufficient attention has been paid to the

problems connected with coupling of the programs

to each other. As a result, MAAP cannot generate

input data for RETAIN-S in the form required.

However, the thermohydraulic sequences are not

vitally affected; on the other hand the aerosol

calculations do suffer.

Another problem is that the combination of MAAP

and RETAIN does not take account of the fact

that aerosol transport also involves a redistri-

bution of the decay heat that has developed.

Consequently the revaporization of deposited

aerosols cannot be described.

The models in RETAIN-S are somwhat uneven.

Certain aerosol-physics sequences are described

in a more comprehensive way, while in other

places there are simplifications. For example,

the uncertainty as regards the chemical environment

in containments is great.

When aerosol transport calculations are carried

out with RETAIN-S the accuracy is acceptable up

to the point where the concentration has dropped

to about 1 %. With higher degrees of retention,

RETAIN-S overestimates the retention because of

the fact that it works with a log-norrcal distri-

bution of the particle sizes.
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In the complete MAAP-RETAIN program package

there are a number of uncertainties in the

models. This means that calculations with the

program package have to be done in the light of

knowledge about the underlying phenomena. Consequ-

ently future station-specific calculations will

have to be supplemented with sensitivity analyses.

A general conclusion to be drawn from the demon-

stration calculations is that the source terms

are highly station-specific. This is because the

specific construction of a given station has

been found to have a great significance for the

accident sequence.

9. 5 The need for further work

From the work hitherto carred out within RAMA it

is possible to draw conclusions about the improve-

ments and supplements to the analytical tools

which are needed in those cases where information

is at present incomplete.

It has been shown that the coupling between

thermohydraulic and aerosol transport calculations

is important for the analysis results, but at

present it is unsatisfactorily modelled. A

link-up of the calculation models to give an

integrated program package is an important task

for the future.

The calculational tools which are developed in

future work must be adapted to the types of ana-

lysis which are expected to be used. Even if

this falls to some extent outside RAMA's field,

two such areas have been identified:
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The analysis of operator actions during
accident sequences (accident management).

Release calculations that take into
account the possible consequences for the
environment. This requires e.g. that the
releases should be quantified with respect
to, for example, nuclide composition and
activity.

Further evaluation of the models used is desirable,

and should aim at improving the models which are

important and where shortcomings are detected.

One such improvement which has already been seen

to be desirable is the exchange of the log-normal

distribution in the aerosol transport for a

discrete distribution.

On an international level there is widespread

research and development work going on that is

angled towards severe accidents. The results of

this work, which is both theoretical and experi-

mental, will be emerging successively during the

next few years. This work should be followed

actively and the results that arise should be

evaluated with regard to Swedish conditions. In

this way the models used in MAAP-RETAIN can be

given a better phenomenological background.

The work within RAMA has provided an opportunity

to assess the general development that has taken

place in the attitude to severe accidents, as a

result of the purposeful research and development

work over the last few years.

The analytical tools developed utilize the

improved knowledge about ail the individual

processes which are involved in core accidents,

and provide a systematic treatment of their
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interaction. Thus present-day analytical tools

give much more realistic and detailed descriptions

of severe accident sequences than were previously

available. The increased realism of the analytical

methods means that the detailed construction of

a nuclear power plant has a significant effect

on the result. Consequently, safety assessments

have to be based upon plant-specific studies.
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PROGRESS SUMMARY FOR RAMA PROJECT

An agreement covering cooperation and funding

was reached between the parties in the RAMA

project at a constituent meeting of the steering

group on 15 February 1983.

The technical work has then been in progress

since the beginning of 1983, including planning

of the schedule and preliminary conversations

with IDCOR.

At an early stage, the RAMA project elected to

join the corresponding project in the American

power supply industry, denoted IDCOR (Industry

Degraded Core Rulemaking program), on the same

terms and with the same rights as for an American

power company. By this means RAMA gained access

to the computer program MAAP, and was able to

begin a cooperative effort with its inventors

Fauske and Associates for the development of

station-specific MAAP models for all the Swedish

nuclear power stations.

Thus as early as March 1983, RAMA was able to

acquire information about the computer program

MAAP, which was introduced and tested in a

preliminary version.

The work on a station-specific MAAP model for

Oskarshamn 2 was begun immediately, and an

agreement was reached with Fauske and Associates

for the construction of specific models for the

nuclear power reactors Oskarshamn 2 and Ringhals 1

At the same time, work in the source term group

could begin with studies of earlier versions of

RETAIN- These studies indicated that certain
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alterations in the calculation strategy and

numerical methods in RETAIN would be needed.

Thus from the beginning, RAMA's version RETAIN-S

differed from the versions RETAIN-1, -2 and -2B,

which had not been used within IDCOR. Towards

the end of 1983 the MAAP models of Oskarshamn 2

and Ringhals 1 had been completed and tested. In

a status report from December 1983, the containment

group recommended continued use of MAAP for the

analysis of containment response to severe

accident sequences.

Similarly towards the end of 1983, RETAIN had

been tested on data from the descriptions of

pressure, temperature and flow histories in the

containment obtained with MAAP. In its status

report of December 1983, the source term group

noted that it was necessary to develop models

for calculating the release of radioactive and

other substances from the core during meltdown

(AEROREL and FPRAT), and the reaction between

molten corium and concrete. Attention was called

to the importance of steam condensation on

particles, which leads to a more rapid retention

by sedimentation particulary in connection with

the highly hygroscopic (water absorbing) properties

of certain chemical compounds (cesium hydroxide

and cesium iodide); this is of major importance

for the assessment of radioactive transport.

Resuspension in piping, the effect of ionizing

radiation on chemical reactions and the retention

of radioactive and other substances in water

pools were other items where the source term

group felt that further work was needed.

A problem that was common to both the working

groups was also noted in the status reports;



REACTOR ACCIDENT MITIGA1ION ANALYSIS

RAMA-85/2 Appendix 3.3 (8)

1985-03-20

this was the fact that the release and transport

of radioactive substances from the core involve

a movement of the heat evolved as a result of

radioactivity (decay heat). This in turn affects

the temperature and pressure in the surrounding

container, which may be the reactor tank or some

other area inside the reactor containment, or

the containment itself.

This and similar types of connection between the

fields of work for the containment and source

term groups (connections between MAAP and RETAIN)

were discussed in detail in the project at the

beginning of 1984, including a meeting on 2 February.

At this meeting various possible methods were

discussed for bringing about such a link-up.

However, all the methods were found to be so

time-consuming and costly that they were judged

to involve a significant delay and increase in

cost for the whole RAMA project.

The project's steering group therefore decided

to carry through the project largely in accordance

with the original schedule, with the addition of

the supplementary investigations which could be

carried out within the framework of the project

in order to illustrate the importance of the

connection for the final result.

Supplementary investigations of this type were

carried out during the spring and summer of

1984. They showed that for example if a large

part of the core contents of e.g. iodine and

cesium are deposited on the inside of the reactor

tank during the initial stages of an accident,

this can lead to heating up of the reactor tank

and revaporization of the iodine and cesium layer
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in the space of one to two days. If the reactor

containment ruptures at this stage as a result

of high pressure or high temperature and a

leakage route is opened, the iodine and cesium

from the reactor tank can be transported to the

surroundings in the flow of gas and steam.

The same probem was noted elsewhere, for example

within IDCOR, and was discussed at meetings

between IDCOR and NRC.

Within the RAMA project, the opinion was that

the linkage between thermohydraulics and source

terms (or lack of it) only has a small effect on

the pressure and temperature history in the

containment, and thus on the assessment of

containment integrity.

On the other hand, in certain special cases the

connection between thermohydraulics and source

terms can have a significant effect on the

assessment of the total release of radioactive

substances and its timing during the accident.

The opinion within the RAMA project was that the

computer program MAAP could be used to calculate

the pressure and temperature histories in the

reactor containment, and that the results of

these calculations could be used to assess the

state of the containment under the influence of

an accident with an acceptable degree of accuracy.

The computer program RETAIN could be used to

calculate the transport and retention of radio-

active substances in the reactor tank and contain-

ment. Simple models were included in RETAIN, so

as to give an initial assessment of the signifi-

cance of revaporization of cesium and iodine for
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the estimation of the total release of radio-

activity. These simple models could be used for

estimating the need for and effect of different

possible measures, e.g. containment sprinkling,

for improving the function of the containment.

The significance of revaporization was also

noted in other parts of the world, as can be

seen from the accounts of their results given by

several research groups at the fifth inter-

national conference on safety in thermal light-

water reactors in Karlsruhe, 10 - 13 September 1984.

Following this conference, RAMA aimed its work

during the autumn of 1984 at completion of the

MAAP models of all Swedish nuclear power stations,

which had already been begun. Using the computer

models MAAP- FPRAT - RETAIN, the calculation

exmples that had already been begun were completed

to demonstrate the results given by the models

for a number of types of accident sequences. The

results are given together with comments, conclu-

sions and recommendations in the material on

which this final report is based.

The cooperation with IDCOR has meant that RAMA

could follow the corresponding work being carried

out by the American nuclear power companies, and

be present at meetings between IDCOR and NRC.

Thus RAMA has been able to follow closely the

debate on source terms for severe accidents in

the USA.

The FILTRA project had a close cooperation with

the Projekt Nucleare Sicherheit at Kernforschungs-

zentrum in Karlsruhe. These contacts have been

continued in the RAMA project, which has thus
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had access to the computer program NAUA-4 and

its latest development stage NAUA-5. NAUA is

generally used for calculating the transport and

retention of aerosols in the reactor containment.

The Kernforschungszentrum also organized the

large experiments BETA (Betonanlage) for studying

the attack of molten corium on concrete and

DEMONA (Demonstration of NAUA) for studying the

retention of aerosols in a model of a reactor

containment. The results of these experiments

are of great interest for verifying the working

methods used in RAMA.

The same applies for the Aerosol Transport Tests

project within Marviken, a major international

project being carried out in Sweden. RAMA has

been able to follow closely the work at Marviken

and study many new findings about the importance

of chemical and physical processes for the

transport of volatiles and aerosols in the

reactor cooling system.

The major experiments in the USA, namely:

LOFT (Loss of Fluid Tests)

LACE (Light Water Reactor Aerosol Containment
Experiments), and

SFD (Severe Fuel Damage)

are of great interest for verifying RAMA's

working methods. However, it has ;iot been possible

to discuss them in this final report, mainly

because their results were not available in time

to be processed within RAMA.
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In the USA, major experiments are being carried

out at SANDIA in Albuquerque, New Mexico for the

NRC. The Swedish Nuclear Power Inspectorate and

the Swedish power companies have jointly financed

the work of a Swedish researcher at SANDIA, and

by this means RAMA has been able to follow the

results of the work and experiments at SANDIA

through correspondence and visits; the experi-

ments include steam explosions, concrete meltdown,

high-pressure blowdown of molten corium from a

pressure vessel and the formation of aerosols

and heating of the gas atmosphere in connection

with this.

The American NRC are currently carrying out a study

of the source terms in some American nuclear power

stations, applying the latest research findings.

In this connection the NRC have invited researchers

to inspect their results (peer review of BMI - 2104

and Draft NUREG - 0956) at meetings, where RAMA

has been represented on a couple of occasions.

Every year there are reports at international

conferences on the results of experimental

programs and the theoretical processing of

these. The RAMA project has contributed accounts

of its results at the international reactor

safety conferences in Cambridge in 1983 and

Karlsruhe in 1984.

Within the European cooperative organization

OECD, there is a reactor safety committee which

organizes working groups where research results

are systematically collected, compared and

processed. RAMA has been represented on two of

these groups (OECD NEA PWG 2 Ex-vessel and PWG 4

GREST), where the events inside the reactor

containment and source terms respectively are

discussed.
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Through informal contacts, RAMA has maintained

contact with the corresponding project in Finland,

VARA.

The above account shows how RAMA has utilized a

network of national and international contacts

so as to keep well informed about the developments

in RAMA's sphere of interest during the years

1983 and 1984.

The information obtained has been incorporated

into this final report and is treated separately

in Chapters 7 and 8.
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Bill 1980/81:90 Appendix 1 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 formu-

lating 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, uncontrolled

releases of radioactivity. As a possible counter-

measure, 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 futher 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 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 contamination,

are already extremely small in the existing

reactor plants, I believe that every means
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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 Barsebäck

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 Barsebäck 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 containments at Ringhals, Oskarshamn and

Forsmark. It is important, however, that experience

from Barsebäck, as well as the results of current

technical development within the field, can be

applied. The guidelines currently under prepara-

tion 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 possible, be taken

into consideration in formulating the require-

ments 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 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

modified accordingly. A decision should be made

on these matters in time to permit measures to

be implemented before 1989.
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Appendix 5

Core material composition
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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 (L WRs) 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 ana
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 8 6-6.

Pressurized water reactors. In PWRs, the reactor vessel is approximately
12 m high with a diameter of about ä 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 and 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 B^-5. The free internal volume of the containment is about
50 000 m3.

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 stsam dryers are located in the upper part of the vessel,
where the steam is separated from the water. The control rods entei the
core from below. The drives for the control rods are 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 BWR,
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, m liting 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 of
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 9team in tha 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 (figure B 6-5).
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Figure B6-1. Pressurized water reactor (PWR) in cutaway view.
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Boiling water reactor
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Figure lih-2. Boiling water rrtieti» flih'R ' in ruiiiv. iv i lew
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Heactor contain-
ment dome

Reactor contain-
ment's concrete wall

Reactor vessel

Lower dry well

Dry well
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Figure B6-3. Reactor containment for a boiling water reactor with external circulation pumps.
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Reactor handling pool Fuel storage pool
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Figure B6-4. Rem tor containment for a koibny. witer reactor \^ilh internal circulation pumps.
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Reactor containment's
concrete wall

Reactor coolant pump

Reactor vessel

60 m

Figure BbS. Reactor containment fur a pressurized water reactor.
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CORE MELTDOWN SEQUENCES AND RETENTION OF RADIO-

ACTIVE SUBSTANCES IN THE REACTOR CONTAINMENT

Introduction

This appendix gives a description of core meltdown

and the way in which it can affect the reactor

containment. The manner in which the radioactive

substances are liberated from the fuel, transported

and retained in the containment is also described.

The lack of experimental results means that

there is a great uncertainty about the sequences.

Background

After a period of operation, the reactor core

fuel (80 - 90 tons UO2) in a nuclear power plant

contains large quantities of radioactive substances.

During normal operation, 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 overheating of cladding and

fuel.

Accidents can be caused by a malfunction, for

example a loss of power to one or more of the
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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 therefore held in

readiness to counteract this water loss by

supplying cooling water to the reactor vessel,

thereby preventing the fuel core from being

uncovered and overheated.

The functions and capacities of the safety

systems cr engineered safety functions are

dimensioned so as to cool the core in the event

of a nuir±>er 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 damage or leakage of radioactive

substances to the surroundings, since the safety

systems meet the requirements of cooling the

fuel core.

The safety systems are also judged to have good

capability to protect the fuel core against

overheating and to limit the leakage of radio-

active substances for a number of other accidents

as well, whose causes or sequences put them

completely or partially outside the framework of

the design of the safety systems. Such accidents

might conceivably occur as a result of, for

example, several simultaneous malfunctions in

the safety systems.
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In severe accident sequences, where the safety

systems are assumed to malfunction to such an

extent that the core loses its cooling water,

the core will 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 . The generation of heat, steam and

gases in connection with a core meltdown can

create such high pressures in the containment

that its leak-tightness is lost.

Core meltdown sequences and effects on the contain-

ment

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.

At temperatures around 900°C, the metallic

zirconium in the fuel cladding begins to react

with steam, forming hydrogen and heat. At tempera-

tures above c. 1 300°C the reaction becomes

rapid. This accelerates heating of th^ fuel. The

amount of hydrogen formed depends on the temperature

of the zirconium in the core, but principally

upon the supply of steam.
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Following certain pipe break accidents (bottom

break) the core is emptied so rapidly of cooling

water that the remaining steam only suffices

for hydrogen production corresponding to about

10 % of the 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 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 temperatures

in the core to as high as 2 000 - 2 600°C within

aboout 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
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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.

It appears probable that the molten material

will start to be emptied from the core when

10-20 % of the core has melted, i.e. about

10 minutes after the start of melting. The

molten material 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 correspond to 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 • actor 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.
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Meltthrough of_the reactor_yessel

The retardation of the molten corium in a bowl

of solidified material affects the subsequent

events.

A large flow of molten material to the bottom of

the reactor vessel displaces any remaining water

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 steam

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 of molten material

can therefore transfer heat from its .internal

portions to the bottom of the vessel via convection

currents.

If the unexpected happens and the flow of molten

material becomes small without being delayed in a

bowl, it will be cooled rapidly in the water and

a bed of solidified fragments will be formed on

the bottom of the reactor vessel. The water is

vapourized as heat is given off by the bed,

which is cooled to the boiling point of the

water.
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Fragmentation could also be caused by a steam

explosion. However, this is also unlikely to

occur since the energy available for mixing the

molten material with water is much too small.

Only insignificant steam reactions resulting in

limited fragmentation are to be expected.

When all the remaining water has been vapourized,

the solidified fragments start to heat up again

towards their melting point.

The following factors are of great importance

for the continued run-out of core material from

the reactor vessel:

the pressure in the reactor vessel

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

In the boilinc[_water_reactors the pressure in

the reactor vessel will be low, 0.5 MPa or

lower, owing to the fact that blow-off valves

have reduced the presssure earlier in the accident

sequence.

In gressurized water reactors core meltdowns can

occur in certain cases at high pressure.

The £^essurized_water_reactors have thin-walled

pipe sockets for the insertion of measuring

instruments. In addition to such instrument

penetrations, boilin2_water_reactors also contain

around 100 pipe sockets in the bottom of the

vessel for manoeuvering the positions of the

control rods in the core.
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If a puddle of molten core material forms in the

bottom of a reactor vessel with penetrations for

control rods or neutron detectors, the molten

material will first melt through the pipe penetra-

tions.

When an intitial 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 partly on the pressure in the reactor

vessel. At a low pressure in the reactor vessel,

molten material will run out under its own

weight within the space of about 2 minutes,

after which the diameter of the flow channel

will be about 30 cm. At a high pressure in the

reactor vessel, the molten material will be

forced out within the space of about 15 seconds.

During this time, the flow channel will widen to

the same diamter, about 30 cm.

Remaining water that has not yet vapourized then

escapes from the reactor vessel through the same

nöles in both cases.

Attack of_molten_corium on_concrfcte_structures

A jet of molten material forced out through a

hole in the bottom of. the reactor vessel under
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high pressure hits the concrete floor below the

vessel at a high velocity. The jet is thereby

split into fine fragments, which are carried

away by streams of steam and gas formed by the

concrete attack or by water present on the

concrete floor. These fragments contribute to

the heating up of the atmosphere in the reactor

containment.

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.

It has been assumed that meltthrough of the

bottom of the reactor vessel at high pressure

can occur under certain conditions in PWRs.

In the BWRs the pressure will probably be low at

meltthrough. Consequently the molten material

will flow out under its own weight through a

hole in the bottom of the reactor vessel onto

the concrete floor underneath. The same will

occur during certain accident sequences, e.g.

pipe ruptures, 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. Minor steam explosions can also occur with

similar effects.

The probable course of events, however, is that

the molten material will displace and vapourize
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water on the concrete floor. The resultant steam

contributes to a pressure increase in the reactor

containment. 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 the older

BWRs v/hen molten core material from the concrete

floor underneath the reactor vessel is drained

to the condesation 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 appreciable 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 actual concrete.

The attack proceeeds at a rate that at first can

amount to centimetres per minute, but slows 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

during the attack passes through the molten

material, is superheated and reacts with metals

(mainly zirconium) forming hydrogen. When all

the zirconium 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.

Even after the molten core material has solidi-

fied after a day or so, it can still sink slowly

through the concrete, since its solidification

temperature can be 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. Much research is

being conducted abroad, principally in West

Germany, and this can be expected to yield a

considerable improvement in the state of knowledge

in this area within the next few years.
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Leakage from the reactor containment through

The reactor containment has a number of pene-

trations for different purposes. 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, 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 imperfec-

tions and wear in these valves, some leakage

develops. This leakage is kept low in relation

to permissible values through periodic inspection,

maintenance and testing.

Significant leakage can therefore only occur if,

in connection with a severe accident and the

liberation of radioactive substances in the

containment, a pipe is not sealed due to failure

of valves to close or if the accident sequence

causes damage and leakage in the pipe or other

penetration.

A possible cause of damage to penetrations in

connection with the severe accidents involving

core meltdown could be heating of these penetra-

tions through direct heat radiation or indirectly

through high gas temperatures in the containment.
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The analyses carried out show that the penetra-

tions are capable of withstanding the temperatures

which occur, at least if they are slightly

modified.

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 containments. These conditions are, in

addition, heavily dependent on the particular

characteristics of each individual containment

design.

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-tempera-

ture melts.

If molten 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 molten

material 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 leads to a steam explosion.

In the event of a core meltdown accident in a

nuclear power plant, the molten core may fall
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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 radio-

active substances. However, the results of

experimental and theoretical work have shown

that steam explosions cannot be powerful enough

to damage the reactor vessel or containment.

Steam explosions in the reactor vessel can, even

if they do not damage the vessel itself, affect

the meltdown sequence in the core. Steam explosions

in the condensation pool have been studied, for

example within the FILTRA research 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

containment.

Formation_and_burning_of_hvdrooen

Hydrogen evolves during the core meltdown sequence

and when the molten corium 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 provide a limited contribution

to hydrogen formation. The decomposition of

water to hydrogen and oxygen under the influence

of radiation from the radioactive substances is

a slow process that contributes relatively

little to hydrogen formation.
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The amount of hydrogen generated is heavily

dependent upon 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 zirconium and its»

exposure to the steam atmosphere are decisive in

determining the amount of hydrogen formed. It is

assumed that the reaction between metals and

water will amount to between 10 % and 25 %,

depending on the accident sequence.

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, runs down and is

quenched in a water pool, there is not time

enough for very much hydrogen evolution. 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 not be ignited since the

oxygen concentration is low.

PWR containments are filled with air. The combustion

of hydrogen formed in these reactors under

accident conditions can make a considerable

contribution to increasing the pressure in the

reactor containment. Under accident conditions,
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the reactor containment usually also contains a

large quantity of steam. Large research efforts

have been 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 containment. It is, how-

ever, 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

concentrations. Such a local accumulation is not

probable, owing to the intensive mixing brought

about by convection currents which arise in the

reactor containment under the conditions that

prevail during a core meltdown.

Pressure history in the reactor containment in

the event of a 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 meltdown. 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.
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How high the pressure reaches and how the rnnctor

containment is affected will 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.

Swedish PWR containments are relatively resistant

to hydrogen burning. Hydrogen burning cannot

occur in Swedish BWRs, since their containments

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 pressure

rise depends on how the accident started and how

it proceeds. Some examples of pressure rise

sequences are given below.

Example 1 Slow pressure rise

The principal reason for a slow increase in the

pressure contribution from the steam is an

insufficient cooling of the reactor containment.

A loss of containment cooling leads to heating

of the water present on the bottom of the reactor

containment. When this has been heated to about

150°C, the pressure contribution made by the

steam amounts to about 0.5 MPa. To this is added

the pressure contribution from gases. Swedish

reactor containments are designed to withstand a

pressure of c. 0.4 - 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 contain-

ment could fail.
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In order foi liie 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 described above may be one of the main

causes of pressure rise in the containment, it

is relatively easy to bring the situation under

control through prepared measures for cooling or

depressurization (venting).

Example 2 Moderately rapid pressure rise

A relatively rapid pressure increase 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 a relatively rapid pressure

rise 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. When this jet hits an

accumulation 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. This is forced out and

converted to steam, contributing to an increase

of the pressure in the reactor containment.
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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 when it flows out of the reactor

vessel, thereby contributing further to an

increase of the pressure in the reactor contain-

ment.

The total pressure rise in the reactor containment

will be the sum of all of the relatively rapid

pressure rise contributions, which moreover

occur close to each other in time.

The results of model computations of event sequences

of the above described nature in PWRs show that the

magnitude of the total pressure rise is heavily

dependent on the special conditions in each com-

putation case.

Example 3 Moderately rapid pressure rise

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 in the reactor containment

is reduced considerably in relation to what

would have been the case without steam condensation.
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A leak in the aforementioned partition could,

however, allow some of the steam to pass through

the leak point. 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

large.

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.

Liberation, transport and retention of radioactive

substances - general

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
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liberated from the fuel 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.

When the fuel temperature reaches 800-900°C, the

fuel cladding is damaged. The radioactive substan-

ces present in the gap between the fuel material

and the cladding are thereby liberated (gap

release). The magnitude of 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.

When the fuel temperature reaches about 1 300°C,

zirconium starts to react noticeably with any

steam present, with the evolution of hydrogen

and heat. This accelerates the heating of the

fuel.

The volatile radioactive substances - noble

gases, iodine and cesium - start to be emitted

from the fuel at a noticeable rate at this

temperature. When the temperature rises, the

emission rate increases and is so great at

2 000 - 2 200°C that the entire content of noble

gases, iodine, cesium and tellurium is emitted.

Moderately volatile elements, e.g. ruthenium and

antimony, are emitted at a lower rate to a

fraction of about 20 % during these heating

sequences.
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Other radioactive substances are less volatile

and are only emitted to a small fraction, see

Table 1.

Table 1

The fractions of some radioactive substances that
are emitted from the core in connection with core
melt in the reactor vessel

Gaseous

Particle-borne

Noble gases
Iodine

Cesium
Tellurium
Ruthenium
Antimony
Other elements

Fraction %
100 %
100 %

100 %
100 %
20 %
20 %
<10 %

Mass
280
5

130
20
23
0.

40
Total ^500

At temperatures in the core of around 2 000 - 2 600°C,

liquid phases of molten core material are formed

which probably coalesce into a puddle after a

while. This puddle emits a plume of non-radioactive

or only weakly radioactive materials from the

core mainly uranium dioxide and steel 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 2 presents several

estimates of aerosol particle formation in the

reactor vessel in connection with core meltdown.

The estimates vary depending on, among other

things, reactor type and other assumptions,

within a factor of about three.
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Table 2

Aersol particle formation in connection with core meltdown in
the reactor vessel. Comparison of several estimates.

Mass (kg)

Element KFK(1981)' ORNL(1980) CSNI-34(1979) WASH-1400(1975)

Ag, Cd,
In 1 800

UO,

Fe, FeO

450

450

Sn (from
Zircaloy)

Fission
products 800

Total 3 500

500

200

500

500

200

1 800

1 800

225

2 025

10

300

500

160

970

a

b

c

d

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

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. With

present knowledge it is difficult to estimate

the deposition of particles in the reactor

vessel; this will probably be quite substantial.

Knowledge about these factors is at present

incomplete, but extensive research is being

conducted and planned in this field.
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The puddle of molten material eats its way down-

ward 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. By this means, gas-borne radio-

active and other substances are released into

the reactor containment.

To this must be added the particle mass liberated

when the molten corium attacks the concrete.

During its time on the concrete floor, the n.elt

is permeated by a flow of steam which is liberated

from the concrete and partially converted to

hydrogen in the melt. The flow of gas results in

a further liberation of fumes and particles from

the melt. The total amount of gas-borne particles

depends upon the temperature of the melt and the

time during which gas flows through it.

The radioactive particles agglomerate (collect

together) with the non-radioactive particles.

The particle-borne radioactive substances are

therefore assumed to be uniformly distributed

throughout the particle mass and over its entire

size spectrum. As a result of this set of assump-

tions, the outward transport of a given liberated

particle-borne isotope is estimated to occur to

the same fraction as that of the outward-transported

particles to the total amount of liberated

gas-borne particles.

When the core is heated as above, the entire

inventory of radioactive noble gases and iodine

is emitted, first to the reactor vessel and when

this has melted through, to the reactor containment.

Iodine is liberated from the fuel largely in the

from of cesium iodide, Csl, and to a minor



REACTOR ACCIDENT MITIGATION ANALYSIS RAMA-85/2

1985-03-20

Appendix 7.25 (26)

extent as elementary iodine, I_. Iodine in the

form of cesium iodide occurs as particles.

Elementary iodine is chemicaly very reactive and

attaches itself to particles, walls and water.

Retention of particles, iodine and noble gases

in the reactor containment

Gas-borne particles in the reactor containment

are for a time suspended in the gas.

As long as the particles are freely suspended,

they grow in size because they stick together

following collision, i.e. they agglomerate. In

moist steam, the particles grow because steam

condenses on them.

The particle removing 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 \J (\i - one millionth of a metre)

in stationary gas is sedimentation, i.e. the

particles fall with a velocity that is dependent

on their weight and shape as well as on the

viscosity of the gas. For particles with a

dimater of 6 \x, the sedimentation process gives

a half life in a BWR containment of around an

hour.

The smallest particles, around 0.1 \x and smaller,

are removed by diffusion. They are so small and

light that they can remain gasborne for a long
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time. They follow with the gas through practically

all of its movements. When these movements bring

the small particles close to a boundary surface

in the gas compartment, they are trapped in a

boundary layer of stationary gas which exists

within about 100 (j of such a surface. All the

particles nearest the surface are trapped in

this boundary layer. Other particles move randomly,

due to collisions with the 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

molecules.

In the reactor containment, most of the particles

are a long way from floor, walls and other

boundary surfaces. At the same time, the residence

time for the particles can be long because of

the large volume. In those sequences where the

particles have a long residence time, the particle

removal in the containment can be considerable.

There is a water sprinkling system inside the

containment. In most accident sequences, the

containment sprinkling will contribute effecti-

vely to the removal of particles and iodine.

During most accident sequences, particles and

iodine are removed efficiently from the flow of

gas passing through the condensation pool of a

BWR.

Radioactive noble gases liberated from the fuel

to the reactor containment will decay during

their residence time there.
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Some results of some source term studies

The results are in some cases preliminary, and

additional calculations are still in progress.

There may therefore be changes wnen new results

have been obtained. The corresponding source reports

are denoted DRAFT.

Table 1 Release categories from the Rasmussen report

for the reactors PWR Surry 1, and

PWR Peach Bottom 2

2 TMI-2 Liberation and release fractions

3 IDCOR's results for ZION

4 IDCOR's results for Peach Bottom 2

5 BCL's preliminary results for Peach

Bottom 2. Release from the containment

directly to the atmosphere.

6 BCL's preliminary results for Peach Bottom 2.

Release via the reactor building to the

atmosphere.

7 BCL's preliminary results for Surry 1

8 Preliminary estimate according to

SANDIA [10] of uncertainties in BCL's

preliminary results for Surry 1.

9 Uncertainty factors in calculated amounts

of gasborne radioactive material in the

form of aerosols at all time points.
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fable 1

Probabilities of radioactive releases of different magnitudes
for PWRs and BWRs according to the Rasmussen study.

Release
category

Probability Noble
per operational gases
year

Fraction of core content liberated

inorganic cesium/ barium/
iodine rubidium strcntium

PWR 1

PWR 2

PWR 3

i :A'H 4

PWR 5

PWR 6

PWR 7

PWR 8

PWK 9

BWR 1

BWR 2

BWR 3

BWR 4

BWR 5

9-10-7

8-10
-6

4-10
-6

3-10
-7

7-10-7

6-10
-6

4-10
-5

4-10-5

4-10
-4

1-10
-6

6-10
-6

2-10
-5

2-10
-6

1-10
-4

0 . 9

0 . 9

0 . 8

0 . 6

0 . 3

0 . 3

0 . 7

0 . 7

0 . 2

0.09

0.03

8-10"4

0 . 4

0 . 5

0 . 2

0.04

9-10"3

8-10"4

0.05

0.06

0.02

5-10

1-10

9-10

6-10
-3

2-10
-3

,-b

5-10
-4

2-10
-5

1-10-4

3-10

1.0

1.0

1.0

0 . 6

1-10

0 . 4

0 . 9

0 . 1

8-10

-7

-4

6*10
-11

1-10

5-10

6-10

0.4

0.5

0.1

5-10

4-10

-5

-4

-7

-3

-9

-3

-5

W0

1-10

W0

0.05

0.10

0.01

6-10

8*10

-6

-8

-11

-4

-14

Source: Kasmussenreport, Main Report, page 78
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Table 2

Liberation and release fractionsa for some groups
of radioactive substances following the TMI-2 acci-
dent .

Liberation
from the core

Release to
surroundings

Noble gases 0 . 7
0.05

Iodine 0.5

Cesium 0.5

Strontium, Barium 0.02

3-10-7

Fraction of core content [12]
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Table i IDCOR's RESULTS. SOURCE TERMS FOR PWR ZION

EVENT SEQUENCES

Electricity Electricity
failure failure with

small LOCA

Electricity v-LOCA, pipe fractuie
failure with in low pressure
•mall LOCA system outside
and contain- the containment
nent leakage

Probability per yea.r per reactor 2(-7)

T.̂ 1!*s for some events

Water lev^l at top of core, hour* 23

St^rt core meltdown, fours 3.1

Overpressure brenk ?n containment, hours 32.0

Release of fission prouducts, hours 32.0

Release fractions

Xr

I

Cs

Te

Sr

Ru

Kr

Bl

HI)

Sb

ba

Mo

21,-1) - 2-10"7 = 0.000 0002

Fraction of core content

<K-5)

6(-6)

2.2

32.0

32.0

3<-8)

1.0

2(-3)

2(-3)

2(-5)

1.0

2(-3)

2(-3)

2(-5)

3.0

4.0

^•23

24.0

1.0

K-2)
K-2)
3(-4)

6(-4)

6(-5)

1.0

. 8(-5)

8(-5)

8(-5)

5(-5)

<l(-5
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Table 4

IDCOR'S RESULTS; SOURCE TERMS FOR BWR PEACH BOTTOM 2

EVENT SEQUENCES

Transient
without
decay heat

cooling
(TW)

Transient without
reactor shutdown

(TC)a

Case 1 Case 2 Case 3

Electricity LOCA

failure without

Case 4 (TQVW)

emergency
cooling
(S,E)

Probability per year per reactor 2(-7) 3(-7) 3(-6) 4(-6) 3(-5) l(-7) 5(-ll)

Tiroes for some events

Water level at top of core

Start of core meltdown,

Meltthrough of reactor vessel

Ventilation of containment

Overpressure break in containment hours 32.0 1.4 - 1.4

Containment failure due to high

temperature, hours - - 12.8 - -18.023.0

Fission product release, hours 40.0 3.9 12.8 3.9 3.0 18.0 23.0

hours

hours

hours

hours

34

39

40
_

.0

.0

.0

1

3

3
_

.3

.0

.9

1

3

3

1

.3

.0

.8

.3

1

3

3

.3

.0

.9
_

1

3

3

1

.3

.0

.8

.3

8.

11

12
_

4

.4

.0

1

2

3

.1

.6

.5

Release fractions'

Xe

I

Cs

Te

Sr

Ru

Kr

Br

Rb

Sb

Ba

Mo

1.0

0.2C

0.2C

0.1

4(-4)b

6(-4)

1.0

0.1

0.1

0.1

4(-4)

l<-3>

1.0

0.03

0.03

0.06

K-4)

2(-4)

1.0

0.03

0.03

0 004

B(-5)

3(-4)

1.0

0.0006

0.0006

0.0004

4(-6)

K-5)

1.0

0.05

0.05

0.06

8(-5)

K-4)

1.0

0.04

0.04

0.06

U-5)

2(-5>

TC cases are defined as follows:
Case 1 No action by reactor operators
Case 2 Reactor operator ventilates the containment wetwell when the pressure in drywell reaches 7.5 bar
rase 3 Reactor operator fills condensate storage tank to maintain water flow to control rods
Case 4 Reactor operator ventilates containment wetwell and fills condensate storage tank
2(-7) - 2-10* - 0 0000002
If the flow o( water to containment sprinklers and control rods can be restored before 65 hours, the release
fraction will be less than 0 07 (Other operator actions before 32 hours can prevent release)
Fractions of core content
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Table 5

RESULTS ACCORDING TO DRAFT BMI-2104 COMPARED WITH

WASH-1400 CATEGORY BWR 2

Release of radioactive substances calculated accord-

ing to DRAFT BMI-2104 for release route from the

containment directly to the surroundings for the BWR

Peach Bottom 2, compared with the corresponding

results from the Rasmussen report.

WASH-1400 BWR2

DRAFT BMI-2104 AE-Y'

TC-Y1

TW-Y1

Xe, Kr

1.0

1.0

1.0

1.0

0.9

0.2

0.3

0.3

Cs, Rb

0.5

0.2

0.3

0.3

Te, Sb

0.3

0.7

0.3

0.2

Table 6

RESULTS ACCORDING TO DRAFT BMI-2104 COMPARED WITH

WASH-1400 CATEGORY BWR3

Release of radioactive substances calculated accord-

ing to DRAFT BMI-2104 for release route from contain-

ment via reactor building to the surroundings for the

BWR Peach Bottom 2, compared with the corresponding

results from the Rasmussen report.

Rasmussen BWR3

DRAFT BMI-2104

IDCOR1 (TW)

(TC, case

(TQVW)

(TC-Y)

1)

Xe, Kr

1.0

1.0

1.0

1.0

1.0

I, Bn

0.2

0.2

0.2

0.1

0.05

Cs, Rb

0.1

0.2

0.2

0.1

0.05

Te, Sb

0.3

0.2

0.1

0.1

0.06

see Table 4
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Table 7

RELEASE FRACTIONS0 FOR IODINE
Comparison between the iodine r e l eases according
to DRAFT BMI-2104 vo l . V and the corresponding
figures from the Rasmussen repor t for some accident
sequences s tudied in the PWR Surry 1

Accident

AB-p
AB-v
AB-e
TMLB'-6
TMLB'-£
V

DRAFT
sequence BMI-2104

vol V

0.09
0.06 ,
5(-5)b

0.05
3(-J^
0.4

Rasmussen
report
WASH-1400

0.4
0.7
3(-3)
0.7
3(-3)
0.7

**

a

b

AB

TMLB1

V

P

Y

= does not include the formation of vola-
tile iodides

= 0.09 if the scrubbing effect of water
collecting in the reactor building is
considered

= fractions of core content

= 5 (-5) = 5 • 10"5 = 0.00005

= large pipe break with loss of electri-
city supply to safety engineering
functions

= Electricity failure for 1-3 hours

= pipe break in low-pressure pipe system
outside the reactor containment due to
failure of nonreturn valves

= unsealed opening in containment

= overpressurization of containment due to
hydrogen combustion

= overpressure break in containment due
to evolution of gas or steam

= meltthrough of bottom plate
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Table 8

Process-related variables and their range of variation

Degree of cladding oxidation

Rate of release of radioactive
substances from the fuel

Net retention in the reactor
vessel

Heat transfer between layers of
molten corium during attack on
concrete

Dynamic shape factor of
particles1

(%) 20 ̂  85 %

0.1 -> 10 times the
nominal value

(%) 10 ̂ 99 %

1 -» 20 times
the base value in CORCON

1 •* 7

Turbulent energy; rate of loss (m2/s3) 0 -» 0.02

measure of fall velocity depending upon the shape of the
particle

Table 9

Uncertainty factors in calculated quantity of gasborne

radioactivity in the form of aerosols at certain times

Uncertainty factor

related to:

For tank

meltthrough

-v-3 h

10 h 15 h

Input variables

Process models 50

70

150

12

150
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EXPLANATIONS OF ABBREVIATIONS AND ACRONYMS

ANS = American Nuclear Society

APS = American Physical Society

BCL = Battelle Columbus Laboratories

BMI = Battelle Memorial Institute

NRC = Nuclear Regulatory Commission

IDCOR = Industry Degraded Core Rulemaking
Program

FA I = Fauske and Associates, Chicago

LWR = Light Water Reactor

BWR = Boiling Water Reactor

PWR = Pressurized Water Reactor

LOCA = Loss Of Coolant Accident (pipe break)

RAMA = Reactor Accident Mitigation Analysis

FILTRA = Filtered pressure release (venting)

Computer programs:

AEROREL
FPRAT
MAAP
RETAIN
etc

Experiment:

BETA
DEMONA
MARVIKEN
LACE
SFD
etc: see chapter 8

Reactor containments and other technical terms:

see Appendix 6.
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