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ABSTRACT 

This thesis is based on six publications dealing with severe accident 

studies in Finnish nuclear power plants. Main emphasis has been put 

on general technical bases and methodologies applied in severe 

accident evaluation in Finland. As an example of the use of the 

analysis and evaluation methods, the analysis of one representative 

accident sequence, "total loss of AC power", has been presented 

for both Finnish power plant types. This accident sequence is requi

red to be analyzed in the Finnish safety guide YVL 2.2 which deals 

with transient and accident analyses as a basis of technical solu

tions at nuclear power plants. Two different analysis methods, 

MAAP 3.0 and MARCH 3/STCP have been used for receiving as complete 

a picture as possible of the flow of events and for verifying the 

models to some extent. Besides the use of the two different models, 

the method of sensitivity analysis has been used for evaluating 

the effects of some important technical parameters or the accident 

flow. Finally, conclusions of the applicability of the two methods 

for analyzing severe accident sequences in Finnish plants have been 

discussed. 
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1 INTRODUCTION 

When nuclear power plants have been designed protection of the 

inhabitants in the vicinity of a plant has been taken into account 

/l/. The practices used include design basis transients and accidents 

which determine limiting conditions for the design of nuclear power 

plant. The target has been the prevention of severe core damage but, 

in addition, the plant has been furnished with a containment system 

in the case of radioactive release from the reactor core. 

In order to find out the risk to public health from accidents invol

ving severe reactor core melting in the United States, WASH-1400 

study/2/ was performed in 1973-75. In this study risk analysis 

methodology for nuclear power plants was developed and health effects 

with respective probabilities were calculated and compared to other 

risks in human life. A similar study was made for German reactors 

in 1976-78/3/. The Three Mile Island (TMI) accident in 1979 gave 

many new insights into reactor accidents, e.g. the reactor core 

nad partly melted but environmental consequences were much smaller 

than the WASH-1400 study has presented for a similar accident. 

After the TMI accident several safety studies related to severe 

accidents and source term were started in the United States /4,5, 

6,7/. 

As a result of these studies one common and general conclusion is 

that accident behaviour and source term depend on the details of the 

plant and containment design and thus individual plant analyses are 

needed for estimating the consequences of severe accidents and the 

risk to the public. General source terms or risk estimates are not 

applicable for an individual plant. 

The Chernobyl accident in 1986 accelerated research and studies on 

severe accidents and in some countries actions were taken to mitigate 

the consequences of severe accidents. Measures adopted so far in 

different countries are described in /8/ and they include 

initiation of research programs in some countries, 

development of emergency procedures to use the existing 
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plant systems for mitigating the effects of severe acci

dents, 

installation of totally new safety systems. 

Besides national efforts there are a lot of international activities 

in different organisations such as IAEA, OECD/ NEA, CEC and Nordic 

NKA for solving the current situation. 

in Finland, there are two WER type (Soviet type PWR) nuclear power 

plant units (Loviisa 1 and 2) and two Swedish type BWR units (TVO 

I and II) in operation. The general safety criteria applied in the 

design of the Finnish nuclear power plants correspond to the princip

les in use in the U.S.A. at tl.a beginning of the 1970s. For the 

Finnish BWR plant, similar mitigation systems have been proposed 

as designed for the Swedish BWR plants. The design of the Finnish 

PWR plant is very different from the western PWRs which means that 

the applicability of the general mitigative measures proposed must 

be studied carefully. 

Computer codes are needed in order to analyse courses of events in 

severe accidents and means of mitigating their consequences. These 

codes are also needed when probabilistic safety analyses are made. 

Several steps should be included in the codes used for calculation 

of accident progression. Steps to be considered include melting of 

the reactor core, melt-through of the pressure vessel, behaviour of 

corium in the containment as well as release and behaviour of ra

dioactive matter. Timing of a severe accident is important. Particu

larly, time points are needed for start of core melt, pressure 

vessel failure, containment failure or start of venting. Thermal-

hydraulic conditions in the primary circuit and in the containment 

must be known for the purposes of design and analysis. Reliable 

methods are needed to analyse the behaviour of radioactive matter 

and factors influencing releases and source term. 

Codes for integrated analysis have been developed mair.ly in the 

United States for probabilistic safety analyses and for plant speci

fic evaluations. Two code systems have been widely used: MAAP 3.0 

and the Source Term Code Package (STCP) /9,10/. STCP was developed 

for the US Nuclear Regulatory Commission related studies, and MAAP 
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was developed for industry related studies. The MAAP code has been 

widely used in Nordic countries in the design of mitigative measures 

aqainst the effects of severe accidents. Plant specific versions 

of the MAAP code have also been developed for reactor plants in 

the Nordic countries. 

When the consequences of severe accidents are studied for the first 

time in Finland, and necessary mitigation measures are considered, 

there are four separate problem areas. These are: 

to estimate the plant specific consequences of core-melt 

accidents in Finnish nuclear power plants, 

to evaluate the analysis methods used in the plant specific 

studies and their applicability to Finnish nuclear power 

plants 

to present such acceptance criteria which ensure in a 

sufficient way that the safety of the inhabitants in the 

plant vicinity is not in danger, 

to evaluate the sufficiency and acceptability of the techni

cal measures proposed for accident mitigation. 

In this thesis, evaluation methodologies and evaluation of the 

results of the analyses made in the first phase by using both MAAP 

and Source Term Code Package, are handled. 

2 TECHNICAL BASES FOR SEVERE ACCIDENT STUDIES 

2.1 Severe Accidents 

In a severe accident, the reactor core is damaged or melted in such 

a way as exceeds the allowable fuel degradation during the design 

basis accidents.The severity of a severe accident depends on the 

amount of core damage and extent of containment failure. 

If containment function can be maintained, the environmental conse

quences will be low. An example of this kind of accident is the 

TMI accident. If an early failure of the containment cannot bt 

avoided, the environmental consequences may be high. An example of 
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this kind of accident is the Chernobyl accident. Delaying of contain

ment failure with several hours gives time for radioactive aerosols 

to settle down and also it gives time to prepare for the release 

in the vicinity of the plant. That is why it is very important to 

know the physical phenomena related to early phases of the core-melt 

accident to find out the risk of early containment failure and to 

plan the necessary mitigation measures for preventing this failure 

mode. 

The phenomena which can lead to early containment failure are such 

as steam explosions, hydrogen burning and detonations, direct con

tainment heating from high pressure melt ejection and core-concre

te interaction. Experimental research has been carried out and is 

going on to study these phenomena and their effects on the contain

ment integrity. 

The release of fission products from the core under accident condi

tions depends on their chemical and physical properties. Noble 

gases, iodine and cesium are volatile in severe accident conditions 

and they mainly escape from the core before core slumping. It is 

generally agreed that the dominant chemical form of iodine released 

from a degraded core is cesiumiodide (Csl) and the main chemical 

form of cesium is cesiumhydrokside (CsOH). For less volatile fission 

products (Te,Sr,Ru) there are significant differences in the data 

from various sources. The nonvolatile fission and activation products 

are mainly retained in the melt. 

Behaviour of the released fission products in the containment is 

handled as aerosol behaviour (except for noble gases) and they are 

removed from the gasphase. Removal processes under accident condi

tions have been studied experimentally in many research programmes 

and thus a lot of experimental information is available or. aerosol 

behaviour in the containment. Many computer codes have been developed 

and validated against test results (see Figs 1 and 2). 

Some containment systems have been designed for aerosol removal e.g. 

containment spray systems which condense steam from the gasphase and 

wash out aerosols (see Fig 2). 



•* 

UillT 

MO" 

10" 

;r^k" 

~ T — i — I — I I I — I — I — I — I — l — I — i — I — i — i — I — i — i — i — i — I — J — i — i — i — i — i — i — i — i — i i i I I I I — I — I — r — I — r i l — T — 

0. 12. 2H, 36. H8. 

TIME (HI 

-U^^i 

MASS CONCENTRATION IN THE DEMONA FACILITY 

Fig. 1 : Comparison of Heasured DEKONA Data to ch« Calculation Perforata attar the Expcrinent, Aerosol Generation 
Rate and Uak Rate fitted according to the Experioental Result» / I 2 / 

10' 

10 ~ 

2 v 10' -

10' 

10" 

it . F IRST 
- 1/2 
"24 
"WIN 

3 
L 
'1/2' 
-1.05 
HID* 

— 

-

-
-

J 
1 

SPRAY 

SECOND 

o* 

a< 

0 / 

SPRAY 

/ 

145 
'M IN 

J* 
MIN 

M 
170 ' 
MIN 

O 
/ 

/ 

"I THIRD 
SPRAY 

/ 

5.2 
/.A IN 

'"2 

r 

0R0P SIZE 1220y MAID 

FLOW RATE 145 GAL/MIN 

TEMP" " 250°F 

PRESS. 44 p j l i 

SPRAY ADDIT IVE 

3000 ppm 8 0 R 0 N 
NaOII - pH 9.4 

{ M A I N I100M AVG, V/ITH lo 
0 MIDDLE ROOM 
O LOWER 

-180 M I N 

.J 

31 M I N ' 

L 1 

ROOM 

• . . : • • • > 

:• A 

^Nv 

i 

FOURTH 
SPRAY 

I R E C I R C . I 

r 

; ; 

50 100 ISO 200 
TIME, MIN 

250 300 400 

Fig. 2. Removal of cesium from the containment atmosphere 
by spray and natural processes /11/ 



10 

From the studies made /e.g. 13,14,15/ it can be concluded that 

removal rates for aerosols are guite fast compared with time delays 

for containment break or start of venting in the late containment 

failure sequences. 1* early containment failure can be excluded, 

both natural and engineered removal processes are so effective 

that such phenomena which transfer aerosols back to the gasphase 

in the course of the severe accident, are important to study. These 

phenomena are e.g. revaporization and resuspension from the primary 

system surfaces, transfer from boiling sumps and water pools, iodine 

chemistry in water pools and the percentage of volatile iodine 

foims at the later phase of the accident, core-concrete interac

tion and the effects of hydrogen burning. Many of these are not 

taken into account in the present computer models and therefore 

there is some uncertainty remaining in the source term predictions 

by these codes. 

Typical severe accident sequences analyzed are e.g. "total Ions of 

AC-power" in which off-site power and all reserve AC-power sources 

such as diesel generators are lost for many hours, "small LOCA and 

total loss of AC-power", "LOCA and loss of emergency core cooling 

systems", "LOCA and loss of containment heat removal","total loss 

of feedwater". Sequences analyzed depend on the target of the study. 

In a PSA study both the sequences with high probability and low 

conseqvances and the sequences with low probability and high conse

quences should be studied for determining the risk. When engineered 

safety features, mitigation measures or emergency planning are 

studied, limiting conditions should be found out and defined. 

2.2 Mitigation Measures 

Possible mitigation measures for severe accidents include system 

modifications, installation of new safety systems, extension of the 

validity range of emergency procedures, emergency planning and 

training. 

Installation of new safety systems for mitigation purposes against 

certain severe accident phenomena or sequences may include: 
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prevention of early containment failure e.g. by applying 

measures to decrease primary system pressure before melting 

of the core or measures to eliminate hydrogen detonations 

etc. 

prevention of late uncontrolled containment failure e.g. 

by applying filtered venting 

decreasing the possible releases in the case of containment 

failure or venting by applying chemical additives +o con

tainment water for binding e.g. iodine permanently into 

the sump water or by using filters in the venting line 

measures against certain phenomena like high temperature 

or the effects of interaction with corium etc. 

installation of new instrumentation 

installation of new operator aid systems to help accident 

identification and management 

measures to control the late phase of a severe accident e.g. 

related to heat removal or to the use of the existing 

systems (recovery actions). 

The extension of the use of the set of accident specific emergency 

operating procedures to the application of symptom-oriented procedu

res is necessary for handling severe accidents, and for giving 

guidance regarding the use of new mitigation systems. Also the 

training of control room operators and the emergency organization 

is very important to ensure that the phenomenology of severe acci

dents is well understood, and that the right actions are taken 

when necessary according to the emergency procedures. 

3 METHODOLOGIES FOR ESTIMATING THE EFFECTS OF SEVERE ACCIDENTS 

IN FINLAND 

3.1 Guides and Regulations Issued by Authorities 

The regulatory authority, Finnish Cencre for Radiation and Nuclear 

Safety (STUK) published in 1982 a guide concerning the design crite

ria for new nuclear power plants /16/. This guide YVL 1.0 presupposes 

that a severe reactor accident shall be taken into consideration. 

In 1987 STUK published a more detailed Guide YVL 2.2 /17/ on the 
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transient and accident analyses including severe accidents. The 

criteria for £:.̂ roval of the analyses concerning severe reactor 

accidents, include i.a. requirements related to burning or explosion 

of mixture of gases, the long-term cooling of the core debris, and 

the release of radioactive substances resulting from a severe reactor 

accident. 

In June 1986 STuK required the utilities to be prepared against 

severe accidents at a-1 units and to implement the measures which 

are necessary to restrict accident consequences. In its decision 

STUK notes that it is of foremost importance to prevent a serious 

reactor damage or reduce its probability. The measures required to 

minimize the probability of a serious reactor accident are defined 

on the basis of the probabilistic safety analyses. Guidance for 

performing probabilistic safety analyses is given in a Guide YVL 

2.8. /18,19,20,21/ 

A new nuclear energy law was given in March 1988. It is required in 

the ." aw that the use of nuclear energy must be safe without causing 

any harm for inhabitants, environment and property. STUK is respon

sible to prepare proposals for general safety regulations to be 

given by the Government. These proposals are also reviewed by the 

new committee, Advisory Committee on Nuclear Safety. These regula

tions may cause some changes in the above mentioned YVL guides. 

3.2 Evaluation Methods 

When the consequences of severe accidents are estimated the following 

steps should be considered: 

the choice of computer codes for the study 

the choice of accident sequences for the analysis 

identification of the most important technical and physical 

parameters and the sensitivity analysis of their variation 

and effects on the whole accident process 

the use of different analysis methods to extend the sensiti

vity analysis and to study the effects of certain modeling 

assumptions 
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the scudy of the proposed mitigation measures and their 

effects 

the study of residual risks. 

In the analyses, two different versions of the computer code MAAP 

3.0 were used, i.e. the TVO-BWR version of the MAAP 3.0 code (rev 

1 and rev 6) and the MAAP 3.0/Lo-code. 

In the comparison calculations ("benchmark" calculations) the Source 

Term Code Package (STCP mod 1.0) was used. The descriptions and 

comparison of these codes are given in /22/. 

The sequences selected for the analysis of the consequences of core 

melt accidents for the Finnish plants are "total loss of AC power", 

"small and intermediate loss of coolant accidents and loss of all 

AC power" and ATWS (BWR). In the selection of representative accident 

sequences other studies like NEA/CSNI source term study /13/, Swedish 

experiences from PRA studies and from the design of the filtered 

venting systems and Guide YVL 2.2 /llI have been taken into account. 

The basic idea has been to keep the accident sequence as simple as 

possible in order to analyse the effects of the most important 

phenomena. The representativeness of this selection can be compa

red with the latest large PSA study, NUREG-1150 /4/ in which three 

PWR plants and two BWR plants have been analyzed. To get a complete 

picture of dominating sequences in the Finnish nuclear power plants, 

plant specific PSAs are needed. However, it can be concluded from 

the experiences gained so far that the selected accident sequences 

are representative for the purposes of this study. 

Sensitivity analyses were performed for both Finnish plants for stu

dying the most important technical parameters. In the BWR analyses 

the existing possibilities to mitigate severe accidents,i.e. manual 

depressurization of the primary system with the relief valve system 

and flooding the lower drywell (reactor cavity) with water from the 

condensation pool, were taken into account. The importance of tho 

proposed mitigation systems,i.e. containmpnt spray for filling the 

containment with water and filtered venting, was studied. In the PWR 

analyses, similar possibilities concerning manual depressurization 
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of the primary system and flooding the reactor cavity with water 

were assumed, although there is not a pressure relief system for the 

purpose. The importance of filtered venting was studied instead of 

the assumption of containment break. 

The main items to be studied were core melt progression and hydrogen 

production, thermal hydraulic conditions in the primary system and 

in the containment, time behaviour of the accident sequences, aerosol 

transport, source term and nature of environmental effects. 

Comparison ("benchmark") calculations with another code system such 

as STCP were necessary to be carried out because there are general 

uncertainties related to the analysis models and their validation 

and verification. Experimental data for the validation of code 

systems modeling the complex phenomena involved in severe accidents 

are limited. Therefore, it is valuable to compare models and results 

for two code systems developed by different organizations to obtain 

as complete a picture as possible of the accident flow and the 

contributing factors. 

By means of these analyses the codes and the related plant descrip

tions were verified to some extent. The idea in the benchmark calcu

lations was to select similar basic assumptions and to analyse the 

differences in the results. These basic calculations were then 

completed with sensitivity calculations by varying paramaters closely 

related to core melt progression and hydrogen production. Benchmark 

calculations were made for both Finnish plant types and for both 

base sequences "loss of AC-power" and "loss of coolant accident 

and loss of AC-power". 

It was also important to compare the two code systems theoretically 

to find out the differences and similarities in the modeling and to 

identify those phenomena which are not taken into account in the 

codes. The results of this comparison are described in /22/. 
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3.3 Evaluation of the Consequences of Severe Accidents for 

the Finnish Nuclear Power Plants 

When mitigation measures and new systems against severe accidents 

are considered and proposed,one must define and evaluate design 

parameters. For this purpose, analyses for defining the limiting 

conditions are needed. 

An accident sequence "total loss of AC-power" (TB/TMLB' ) was selected 

for a reference case for both BWR and PWR plant becausa this sequence 

is required to be analyzed in the Guide YVL 2.2 /17/. In this case, 

the containment is leak-tight and the whole release takes place 

through an unfiltered venting line from the wetwell in the BWR 

plant and from the upper part of the containment in the PWR plant. 

Venting line is opened when containment pressure reaches 0.7 MPa in 

the BWR plant and 0.17 MPa in the PWR plant. 

Predicted accident progresses appear in Table 1. The table includes 

times to certain events, the amount of hydrogen produced, mass of 

fuel left in the core region and erosion depth of core-concrete inte

raction. Figs 3 to 10 show the behaviour of some important thermal-

hydraulic and aerosol related parameters in the BWR case. 

The calculated release fractions of Csl and CsOH are about 0.5 % 

to thr ventingline and duration of the release is about 14 hours. 

Release fraction of noble gases is 100 % in about half an hour. 

Both reference cases are presented in more detail in /23/. 

To get an idea of the variation of source term and relative importan

ce of some technical parameters sensitivity calculations with modera

tely small parameter changes were made. In the BWR case, such parame

ters as variation of long term cooling conditions in the primary 

circuit, location of the containment venting line, bypass of the 

condensation pool, pre-existing openings and the effect of an auxi

liary building were studied. According to these MAAP calculations, 

considerable variation of Csl and CsOH releases up to the range of 

20 % to the venting line during 60 hours was found. Similar type 

parameters were also varied in bhe PWR case. 
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The effects of an independent containment spray on accident progress 

were also studied in the BWR case. It was clearly seen that if the 

water filling of the containment via the drywell spray headers was 

started before venting, pressure and temperature conditions of the 

containment were managed to keep inside the design limits of the 

containment. Thus venting could be delayed until gas volume was 

reduced to the level in which nitrogen gas was obliged to be released 

in the late accident phase. 

The analyses of environmental consequences were made for certain 

accident sequences in which the releases of Csl and CsOH varied from 

1 % to 3 %. The probability of early health effects was noted to be 

very small. The long term background radiation dose was found to 

rise by 1-5 % without any counter-measures directed at the population 

or the environment. Of the long term collective dose, 70.. .90 % would 

be received from contaminated agricultural products. 

The following main conclusions can be reached on the basis of the 

first phase analysis results: 

1. The sensitivity analyses run on the MAAP code proved the 

efficiency of a combined thermal-hydraulic and aerosol 

code in this kind of study. Care is needed, however, in 

assessing the source term absolute values. 

2. In the BWR case, preliminary analysis seemed to indicate 

that with the suggested system solutions, including the 

filtered venting of the containment, it is possible to 

get below the release limits set in the YVL Guide and to 

get a sufficiently long notice of environmental effects 

for the initiation of protective measures. 

3. In the PWR case, although preliminary analyses were useful, 

they indicated the need for the development of the MAAP 

3.0/Lo code, for verifying the selected input parameters 

and performing further analyses related to thermal hydrau

lics, hydrogen production and aerosol behaviour. 
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yore detailed description of tĥ s evaluation of both BWR and PWR ana

lyses made with the MAAP code is given in /23,24,25,27/. 

3.4 Comparative calculations with another analysis model 

To increase confidence in the results calculated by the MAAP code, 

some comparison calculations were made using another code system 

that is Source Term Code Package/MARCH 3. These comparative calcula

tions were made for both BWR and PWR plants using two accident 

sequences, i.e. "total loss of AC-power (TB, TMLB')" and "loss of 

coolant accident and loss of AC-power (S2B, SjB)". These analyses 

were made as Nordic co-operation and the results of these "benchmark" 

calculations are presented in /23,26,27,28/. 

Table 1 shows the main results. The table includes times to certain 

events, the amount of hydrogen produced,mass of fuel left in the 

core region and presence of core-concrete interaction. Time behaviour 

of some parameters such as primary circuit and containment pressures 

and temperatures from the MARCH 3 analyses are presented in Figs 11 

to 14 in the PWR case. 

A comparison between the MAAP 3.0 results and the MARCH 3 results 

for the BWR plant shows quite similar results in both sequences 

(TB and S2B) when accident timing is concerned. There are, however, 

some minor differences shown in Table 1. 

In addition to the time behaviour of the accident, also temperatures 

in the primary system and in the containment are important to take 

into account, because high temperatures affect e.g. revaporization 

of radioactive matter, environmental conditions of components and 

leaktightness of tne containment. Related to core melting there are 

two differences affecting temperatures in the code predictions, 

hydrogen production in the MARCH calculations and amount of fuel 

left in the core region in the MAAP calculations. As a result tempe

ratures are higher in the primary system and in the containment in 

the MAAP calculations. 



TABLE t 

Comparison between results 

Loss of AC power (s) 
LOCA (s) 
ADS (s) 
Core uncovered (s) 
Start of core melt (s) 
Core slump (s) 
vessel melt-through (s) 
Ice depleted in ice 
condenser (s) 
Containment vent (s) 

Hydiugen production: 
- in core (kg) 

- in toLU-iit head (Kg) 
- In the reactor 

cavity, Zr (kg) 
Fe (kg) 

Mass of fuel left 
in core region (kg) 
Core-concrete interaction 

from MAAP3.0 and MARCH3 calculations for the Finnish BWR and 

BWR 
Loss of AC power 

MAAP3.0/ 
rev. 1 

0 
-

3 600 
2 500 
6 500 
8 500 
8 600 

-
74 000 

90 
™ 

-
-

8 000 
No 

MARCH3 

0 
-

3 600 
1 500 
7 600 
9 100 
9 200 

-
85 000 

200 
20 
0 
-
-

0 
No 

BWR 
Small LOCA + 
Loss of AC power 
MAAP3.0/ 
rev. 1 

0 
0 

700 
900 

3 200 
5 800 
5 900 

-
70 000 

130 

-
-

7 000 
No 

MARCH3 

0 
0 
-

200 
1 900 
5 200 
5 200 

-
55 000 

720 
10 

-
-

0 
NO 

PWR 
LOCA + Loss of AC 
power 
MAAP3.0/ 
rev. 6 

0 
0 
-

1 700 
2 800 
4 400 
10 300 

46 000 
69 000 

50 

-
-

0 
Yes*** 

MARCK3 

0 
0 
-

900 
3 200 
4 100 
9 200 

19 000 
27 000 

240 
10 

20 
380 

0 
No 

PWR plants* 

PWR 
Loss of AC power** 

MAAP3.0/ 
rev. 6 

0 
-
-

23 000 
34 000 
37 000 
37 100 

64 000 
98 000 

60 
0 

0 
0 

0 
Yes*** 

MARCH3 

0 
-
-

20 000 
28 000 
29 000 
45 000 

65 000 
75 000 

300 
10 

20 
350 

0 
No 

© 

* No bypass of condensation pool or ice condenser (except in the MARCH/TMLB' case) nor containment leakage 
are assumed, venting is started at 0.5 MPa in BWR and 0.17 MPa in PWR via line of 0.15 m in diameter. 

** Stuck open pressurizer safety valve after first opening is assumed. 
*** Erosion depth is about 0.001 m. 
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A compaiison between the MAAP 3.0 results and the MARCH 3 results 

for the PWR plant shows significant differences in core heatup and 

;nelting, vessel failure and time to containment venting. Core heatup 

from uncovery to start melt is. considerable faster in MARCH .lasting 

two nours in MARCH and three hours in MAAP. Similar effect is seen 

in times from start melt to core slump. This iifference between MAAP 

and MARCH is mainly caused by the modelling of hydrogen production. 

There is a big difference in hydrogen production between the two 

codes. In MARCH about 40 % of the total amount of zirconium in the 

core reacted with steam in the core region while in the MAAP case 

only 7 % reacted. In addition, hydrogen was produced in the bottom 

head and in the reactor cavity from Zr-steam reaction in the MARCH 

code while no hydrogen production was found in the MAAP calcula

tion. Besides Zr-steam reaction, MARCH produced hydrogen in the 

reactor cavity from iron-steam reaction. Thus, the MARCH code gives 

considerable larger hydrogen production compared to the MAAP predic

tion. 

Reasons for the differences in times from core slump to pressure 

vessel failure, in the PWR case, are caused by differences in models 

in the two codes and the bottom structure of the pressure vessel. 

The MAAP code has no model for the melt through of the vessel and 

vessel failure time is set to 60 s. In the MARCH calculations, an 

actual bottom head thickness has been used. The stresses in the 

vessel are calculated taking into account the weight of the corium 

and the pressure inside the vessel and the vessel fails when, the 

strength of the bottom head with the given wall thickness is excee

ded. In the MARCH calculation for the TB sequence the time from 

core slump to pressure vessel failure was about 16 000 s. 

Reasons for the differences in times to ice melt complete and to 

containment vent at 0.17 MPa are mainly due to modelling differences 

of heat conducting structures as well as hydrogen production. In the 

KAAP description of the plant two times larger concrete surface areas 

and depth were assumed than in the MARCH description. 

The following main conclusions which result also from a Nordic NKA-

AKTI-130 project /22,26,27/ can be drawn: 
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1. The two code systems proved to complement each other when 

essential parameters and phenomena were studied and defined. 

2. MAAP and MARCH give in general reliable representations 

of possible progressions of severe accidents including 

core melt. However, due to uncertainties regarding some 

phenomena involved, the results from the codes must be 

evaluated with care. The remaining uncertainties are related 

to especially the following phenomena: 

The melt through of the reactor pressure vessel-

local or global. 

Uncertainty regarding the formation of hydrogen 

during core overheating, melting and quenching. 

Part of this uncertainty originates from uncertain

ty regarding the effectiveness of the blocking 

of the core during melting. 

Interaction between molten corium and water inclu

ding quenching, debris bed formation, size and 

composition of debris bed particles, long term 

coolability of the corium and influence from 

limited steam explosions. 

More detailed descriptions of the evaluation of benchmark analyses 

are given in /23,26,27/. 

3.5 General Conclusions 

The analysis methods have proved their efficiency in the evaluation 

of the consequences of severe accidents and through them it has been 

possible to outline the flow of events in the core melt accident and 

most phenomena involved. 

With the analysis methods studied, the behaviour of radioactive 

matter in severe accident conditions in the Finnish nuclear power 
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plants can be analysed, and technical solutions for severe accident 

mitigation can be evaluated. Because the methods studied are rather 

simple and often based more on correlations than on mechanistic 

models, more than one code system should be used to solve a problem. 

In addition, an extensive sensitivity analysis should be performed 

to study the effects of the different phenomena involved. 

Mort uncertainties in the severe accident analysis are related to 

the progression of the core melting and to the melt-through of the 

pressure vessel. The integrated analysis methods like MAAP and MARCH 

probably oversimplify the phenomena, and their modeling does not 

correspond completely to the progression of the core melting found 

in the TMI-accident studies and to the latest fuel melting experi

ments es in the SFD-tests. Therefore, larger and more precise, mec

hanistic models, which are based on the TMI-accident studies and on 

the fuel melting experiments, are under development, like MELPROG, 

RELAP5/SCDAP, as well ̂ s more advanced integrated models like MELCOR. 

The main purpose of these new mechanistic methods, which require 

larger computers and are more expensive to use, will be the valida

tion of the simpler integrated codes in the benchmark type calcula

tions for an individual plant. Then these simpler codes can be 

used for extensive calculation work in sensitivity or PSA analyses. 

In this study these simpler integrated methods were benchmarked 

against each other which also gives definite proof of their capabi

lities and verification. 

The removal of aerosols from the gas phase can be calculated quite 

reliably also with the correlation type of codes. The main uncertain

ties are related to the processes which transfer radioactive matter 

back to the gas phase and which are not included in the codes e.g. 

resuspension from water surfaces or the chemical behaviour of iodine, 

etc. These phenomena must be considered separately. 

There are some special phenomena involved in severe accident analysis 

which may contribute to the flow of events considerably and which 

are not very well known. These are hydrogen production inside and 

outside the reactor vessel during core melt progression and possibi-
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lities of hydrogen burning or explosion in the containment; melt-

coolant interactions when fuel melt drops into the bottom of the 

reactor vessel or to the reactor cavity and related phenomena like 

steam ppikes or the possibility of steam explosion; possibility of 

inadvertent criticality after the melting of control rods if there 

is fuel left in the core and if water is added to the core ;direct 

containment heating; core-concrete interaction.Further experimental 

research and additional consideration concerning mitigation measures 

are needed to take these phenomena into account. 

Although one is prepared for certain severe accident situations by 

using either preventive actions against core melting or actions to 

mitigate the consequences of the core melt accident there is still 

some residual risk left. The size of this residual risk must be ana

lysed by using PSA methodology and plant by plant consideration is 

necessary. In this consideration the acceptable risk level should 

be defined. 

4 SUMMARY OF PUBLICATIONS RELATED TO THIS THESIS 

This thesis comprises the following six publications: 

1. I. Aro, Evaluation of Severe Accidents in Finnish Nuclear 

Power Plants, Report STUK-YT0-TR8, STUK, Feb. 1989. 

2. I. Aro, E. Pekkarinen, J.Rossi, Sensitivity Analysis of 

the Finnish BWR with the Codes MAAP3 and ARANO for studying 

the Importance of Technical and Physical Parameters on 

the Source Term, Proceedings of an OECD Workshop on Water-

cooled Reactor Aerosol Code Evaluation and Uncertainty 

Assessment held in Brussels, 9-11 September 1987. 

3. E. Pekkarinen, K. Kilpi, H. Tuomisto, Y. Hytönen, I. Aro, 

Parametric and Sensitivity Analyses of the Loviisa Contain

ment Loading and Source Term, Proceedings of an Interna

tional Symposium on Severe Accidents in Nuclear Power Plants 

jointly organized by the International Atomic Energy Agency 
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and the Nuclear Energy Agency of the OECD and held in 

Sorrento, 21-25 March 1988. 

4. I. Aro, R. Blomquist, E. Pekkarinen, B. Schougaard, Code 

Comparison with MAAP 3.0 and MARCH 3 (-STCP) for Nordic 

BWR and PWR Plants to evaluate Uncertainties in Severe 

Accident Phenomena, Proceedings of an International Confe

rence on Thermal Reactor Safety organised by ENS/ANS, 

Avignon, 2-7 October 1988. 

5. 1. Aro, P. Salminen, E. Schult'.., E. Mattila, K. Kilpi, 

Consideration of Filtered Containment Venting Systems in 

Finnish Nuclear Power Plants, Proceedings of Specialist 

Meeting on Filtered Containment Venting Systems organised 

by OECJ/NEA, Paris, 17-18 May 1988. 

6. I. Aro, R. Blomquist, E. Pekkarinen, B. Schougaard, Bench

mark and Sensitivity Analyses of Nordic PWRs with the 

Codes MAAP 3.0 and MARCH 3, Report NKA-AKTI-130( 88)3, 

STUK-YT0-TR7, STUK, Jan. 1989. 

The publications belonging to this thesis have been written when 

preparedness for inspecting the proposed mitigating measures has 

been developed and, on the other hand, when the applicability of the 

analysis models for the Nordic power plants has been studied in a 

Nordic NKA-AKTI-130 project. The first publication defines the 

methodology and criteria and gives general technical bases for 

analysing severe accidents. It presents also a summary of the calcu

lations which have been used in developing the preparedness for 

more detailed calculations. The disputant has written the publica

tion, defined the described studies ordered by STUK and evaluated 

the results of the calculations. 

The second publication presents the results of the source term 

studies of the Finnish BWR plant. The disputant has defined the 

calculations made, analysed the results, written the publication 

based partly on the report made by the other authors who carried 

out the calculations. The third publication gives the results of 
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two separate studies of the Finnish PWR plant. The source term 

study (see Chapter 3) has been defined by the disputant who has 

analysed the results and written the respective part of the paper 

together with Mr Pekkarinen who carried out the calculations. The 

fourth publication presents results of the Nordic project in which 

two different codes used in severe accident analysis, MAAP and 

MARCH (STCP) have been compared by means of the benchmark calcula

tions of both Finnish plant types. The disputant is a project co

ordinator and has worked as a leading author of the paper. The 

fifth publication presents a systems oriented consideration for 

severe accident mitigation in the Finnish nuclear power plants. 

The disputant has served as a leading author and written chapters 

1 and 2. 

The sixth publication is a working report which concentrates on the 

analysis of The Nordic PWR plants. Analyses have been made for compa

ring the models, verifying the codes and calculations and studying 

different types of sensitivity effects. Evaluation of the results 

is described. This report is a part of the documents consisting of 

a PWR-report, a BWR-report and a final report of the NKA-AKTI-130 

project. The disputant co-ordinates the project and has performed 

planning and evaluation work and written the report together with 

the others. 

In addition to the above publications, tne disputant has written 

(together with the other writers) references 15, 19, 22 and 26 which 

handle matters closely related to severe accident analyses descri

bed in this thesis. However, the above six publications have been 

selected to be the most suitable for this thesis. 

4.1 Publication 1, Evaluation of Severe Accidents in Finnish 

Nuclear Power Plants 

In this publication, Finnish policy and guidelines related to severe 

accidents are dealt with. The most essential acceptance criteria for 

containment performance and radioactive releases are presented. These 

guidelines define limiting conditions for the design of the measures 

used for severe accident mitigation. 
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There are four YVL guides handling this matter: YVL 1-0, "Safety 

Criteria for Design of Nuclear Power Plants", YVL 2.2, "Transient 

and Accident Analyses as a Basis of Technical Solutions at Nuclear 

Power Plants", YVL 7.1 which presents dose and release limits for 

nuclear power plants and YVL 2.8 which requires the probabilistic 

safety analysis (PSA) to be performed. 

Besides regulations the policy to perform source term sensitivity 

studies are described for studying the consequences of core melt 

accidents and the effects of the mitigating measures on the source 

term. Plant specific analyses have been considered necessary for 

estimating the effects of severe accidents in the Finnish nuclear 

power plants. In addition, both Finnish plants have been analysed 

using two different code systems to get as complete a picture as 

possible of the accident flow and of the contributing factors. Main 

results and general conclusions from the analyses made in the first 

phase are presented. 

4.2 Publication 2, Sensitivity Analysis of the Finnish BWR 

with the Codes MAAP3 and ARANO for Studying the Importance 

of Technical and Physical Parameters on the Source Term 

In this paper, plant specific analyses for the Finnish BWR plant are 

described for studying the consequences of core melt accidents by 

using the computer codes MAAP3.0 and ARANO. Another objective was 

to study the proposed mitigating measures and their effects on the 

source term. A sensitivity analysis type of study was chosen in 

order to estimate the effects of the most important technical and 

physical parameters. 

The probability of an early containment failure has to be extreme

ly small. Power company measures aiming at this were taken into 

account in the analyses and thus the analyses performed handled 

situations involving late containment failure.Instead of containment 

break, venting without filtering was assumed thus to avoid the 

uncertainties related to the estimation of break size and place. 

From the sensitivity viewpoint, some cases involving pre-existing 
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openings were studied. Accident sequences used were "loss of AC 

power" and "small LOCA and loss of AC power". 

Source term was observed to have rather a wide range of variation 

depending on the postulated technical parameters related to the con

tainment system. The early removal of aerosols from the gas phase 

was found to be effective but phenomena taking place in a later phase 

during the accident, especially re-evaporation and resuspension from 

primary circuit surfaces when venting was started were noted to have 

an effect on the release values. Preliminary analysis seemed to 

indicate that with the suggested system solutions, including the 

filtered venting of the containment it is possible to get below 

the release limits set in the YVL guide and to get a sufficiently 

long notice of environmental effects for the initiation of protective 

measures. 

4.3 Publication 3, Parametric and Sensitivity Analyses of the 

LovJ isa Containment Loading and Source-Term 

In this paper, plant specific analyses and their results for the 

Finnish PWR plant are described to study the consequences of core 

melt accidents by using the MAAP 3.0 code. The sequence of slow con

tainment pressurization has been taken as a starting point by selec

ting the cases to be examined so that a core melt combined with 

high primary circuit pressure is ruled out by an assumed loss of 

coolant via either a minor primary circuit rupture or a safety 

relief valve which has stuck open. The functioning of the venting 

line which is opened at containment design pressure was studied. A 

sensitivity analysis type study was chosen in order to estimate 

the effects of the most important technical and physical parameters. 

However, in the first part of the paper containment heat removal 

studies in the case of an external spray system and in the case of 

filtered venting performed by Imatran Voima Oy are presented. 

The special features affecting the course of events during an acci

dent comprise: six primary circuits with horizontal steam generators 

which permit an extensive water inventory and a long delay time 

before a core molt occurs in the case of "loss of AC power" ;a 
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relatively large containment volume in view of the reactor size 

and the ice condenser; the flooding of the reactor cavity with 

water so that the pressure vessel is partly under water; and the 

bottom of the pressure vessel has no penetrations which delays 

melt-through. In the analyses, factors relating to the primary 

circu t, the containment functional capability, accident control 

and the various sequences were varied in order to determine the 

most essential factors contributing to the course of events during 

an accident. 

When compared to the BWR analyses, a need was found to perforin more 

sensitivity calculations involving cases in which a part of the core 

remains in place, and melt-through time of i;ne pressure vessel is 

longer than assumed in the preliminary analyses to estimate the 

effects of high temperatures in the primary circuit and in the 

melt at the melt-through time. It was found that large volumes and 

large floor and wall areas, in addition to an ice condenser, ensured 

the effective early removal of aerosols from the gas phase and low 

aerosol concentrations. Small re-evaporation from primary circuit 

surfaces during the venting period, because of low containment 

pressure and low primary circuit temperatures, ensured low releases 

at the later phase of the accident, A need for future analyses was 

found for studying aerosol behaviour in the upper part of the con

tainment and the effects of hydrogen production. 

4.4 Publication 4, Code Comparison with MAAP 3.0 and MARCH 3 

(STCP) for Nordic BWR and PWR Plants to Evaluate Uncertain

ties in Severe Accident Phenomena 

In this paper, comparison studies with two different severe accident 

codes MAAP 3.0 and MARCH 3-STCP are described, involving mainly 

thermal hydraulics but also aerosol behaviour in the primary cir

cuit. 

In carrying out research with the MAAP code in Finland one has been 

aware of the uncertainties related to the analysis models and their 

validation and verification. It was therefore important to participa

te in the Nordic project in which comparative calculations were 
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carried out in different organizations by means of two different 

code systems in relation to the Nordic power plant types. 

Code comparison between MAAP 3.0 and MARCH3-STCP was made by perfor

ming benchmark calculations for Nordic BWR and PWR plants using 

accident sequences "loss of AC power" and "small LOCA and loss of 

AC power". Besides benchmark calculations, some related sensitivity 

calculations were made to study the effects of the variation of 

some key parameters on accident behaviour. The main items to be 

compared were core melt behaviour and hydrogen production, thermal 

hydraulic conditions in the primary system and in the containment, 

time behaviour of the accident sequences and aerosol transport. 

In the MAAP code, core melting and hydrogen production are preselec

ted so that the code user has limited possibilites for sensitivity 

studies, whereas in the MARCH code, there are many possibilities 

for parameter variations. The idea in the benchmark calculations 

was to select similar basic assumptions and to analyse differences 

in the results. 

From the studies performed, some conclusions could be drawn. The 

results seemed to be very much dependent on some models involved, i.e. 

models for metal-water reaction, debris bed composition and quenching 

and melt-through of the pressure vessel. For the BWR, when similar 

basic assumptions were selected, the results did not differ from 

each other very much. For the PWR similar differences were found as 

in the BWR case but in addition to these, large discrepancies between 

the two codes were seen in metal-water-reaction in the core and in 

the reactor cavity. 

4.5 Publication 5, Consideration of Filtered Containment Venting 

Systems in Finnish Nuclear Power Plants 

In this paper a more system-oriented approach to severe accident 

system design has been presented. Both Finnish plant types are 

handled. Especially filtered venting and its need for mitigation 

is handled. Firstly, (regulatory) design requirements and the results 
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of some calculations for estimating the release through the venting 

line are presented. 

On the basis of these calculations, it can be seen that in the BWR 

case, if the venting is used without filtering and without the 

containment spray system,release values of Csl may be in the order 

of 10 % of the initial inventory in the core, which means that a 

decontamination factor of 102...5xl02 is needed. If the contain

ment spray system is assumed to function, it washes out aerosols 

effectively and then less decontamination is needed for venting; 

venting is, however, also necessary in this case to let non conden

sable gases to the environment, because the containment is filled 

with water. 

In the PWR case, release fractions of Csl seems to be smaller than 

in the BWR case. The decontamination factor needed for filtered 

venting is in the order of 10 based on these preliminary analyses. 

However, the effects of hydrogen burning may contribute to this 

figure. 

In the paper, mitigation systems and actions in the Finnish nuclear 

power plants are described. In the BWR case, technical solutions are 

very similar to Swedish severe accident mitigation concepts, because 

the BWR is of Swedish design and because Finnish requirements do not 

differ much from those adopted in Sweden. In the PWR case the 

designing of mitigation systems is more difficult because the plant 

and containment design is so different from typical western designs 

and, therefore, there is no direct example to be used. In the paper, 

some features from the containment heat removal viewpoint are presen

ted when an external containment spray system and filtered venting 

are compared. 

4.6 Publication 6, Benchmark and Sensitivity Analyses of Nordic 

PWRs with the Codes MAAP 3.0 and MARCH 3 

In this publication, severe accident analysis of the Nordic PWR 

plants is handled. The purpose of the performed analyses was to 

compare the two used analysis models, MAAP 3.0 and MARCH 3, by 
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making benchmark calculations and other comparisons. Purposes of 

code verification and estimation of the suitability of the codes 

for analysing the Nordic power plants were involved. Besides code 

comparison, different types of sensitivity effects were studied 

for identifying important parameters and phenomena for further 

studies. 

This work was done in the Nordic NKA-AKTl-130 project. Publication 

6 is a part of the documents consisting of a PWR-report, a BWR-report 

and a final report of the project. 

On the basis of the code comparison some conclusions could be drawn. 

It was conluded that MAAP and MARCH give in general reliable rep

resentations of possible progressions of severe accidents including 

core melt. The codes were found to be suitable as a basis for safety 

assessment of Nordic nuclear power plants. However, some modeling 

changes and a need for verification of the used input data were 

found, especially in the case of MAAP 3.0/Lo code. It was concluded 

also that due to uncertainties regarding some phenomena involved, 

the results from the codes must be evaluated with care. The remaining 

uncertainties concerning the Finnish reactors were found to be 

related mainly to the melt-through of the pressure vessel; formation 

of hydrogen during the course of an accident; and interaction between 

molten corium and water including quenching, debris bed formation, 

long term cool ability of the corium and influence from limited 

steam explosions. 
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