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ABSTRACT

This report constitutes the supporting material for a

lecture on severe accidents which could occur on PWR

type nuclear reactors. It is assumed for present

purposes that the reader has at least a rudimentary

acquaintance with the basics of general physics if not

with the operating processes of these reactors. After

defining what is meant by a "severe accident" on a

reactor, the possible phenomenology of such an accident

is qualitatively described : loss of coolant and loss of

containment integrity. A certain number of elements are

then given for the quantitative assessment of these

phenomena involving possible radioactivity transfers

within and outside the plant. In conclusion, available

means are indicated for the limitation and control of

these environmental transfers.



X - INTRODUCTION

The energy needs in numerous industrial countries are now

extensively supplied by the use of nuclear power plants. Such an

activity requires that, at any stage of design, construction and

operation, adequate measures are taken in order to protect the

population and the environment from any harmful radioactive

accidental releases. This has led to the design approach, where

safety systems are implemented with sufficient margins and

redundancy to cope with the loads generated by a number of

postulated events, selected to provide a representative upper-

bound value of the challenges which could occur in the plant with

a non-negligible probability.

Despite all these measures, it can never be excluded that multiple

failures of human or material origin could lead to more severe

challenges than taken into account in the dimensioning approach,

though the probability for this is extremely low. The two severe

accidents that occured, Three Mile Island in 1979 and Chernobyl in

1986, have reinforced the efforts made since mid 70'S to further

prevent severe accidents or limit their environmental

consequences.

However, discussing severe accidents will nevertheless long remain

a delicate undertaking for several reasons. First of all, the

events considered are highly hypothetical and the state of the art

is such that extremely accurate descriptions are not always

possible. Then, for as long as any given physical situation has

not been proven impossible, the safety engineer has to include it

in his analysis, however remote may be its likelihood. Finally,

since certain data are lacking in precision, the safety engineer

must sometimes allow for substantial margins in his risk

assessment.

Our purpose in the present document is nevertheless to provide the

non-specialist with the basic elements he needs to appreciate what

is actually covered by the notion of severe accident risk on a

nuclear reactor. We shall begin by outlining the functional |

principle of a nuclear power plant and shall then present the !

context in which severe accident studies are undertaken.



We shall describe the various physical phenomena which could occur

in the reactor and then in the containment in the course of a

severe accident, in the context of predetermined postulates with

regard to failures. This will be followed by a description of the

different radioactive contamination propagation paths and of the

methods of trapping this radioactivity. We conclude with a

presentation of the means used in France for limitation and

control of these radioactive product transfers.



2 - PRESENTATION OP THE CONTEXT

2.1 Definition of a severe accident

A PWR (Pressurized Water Reactor) is a reactor which generates

heat by fissioning fissile uranium atoms (nuclear fuel) and which

is cooled by a pressurized water system (primary system) which

produces steam in another system (secondary system) used to

generate electricity (Figure 2.1). When the control rods drop

(reactor shutdown) the power given off by the reactor is

considerably reduced, but the principle of nuclear fission is such

that the reactor will continue to give off residual heat which

will only gradually diminish after shutdown (Figure 2.2). It is

for this reason that the fuel has to be permanently cooled once

the reactor has begun to generate power.

Figure 2.l : Basic flow diagram of a PWR nuclear steam supply

system (NSSS)

If the fuel were not cooled, the residual power it contains would

result in heating to a degree where fuel structure (pellets

enclosed in metal clads) would be lost and the radioactive

products, which are the source of the residual power, would escape

from the fuel. The nuclear safety rules consequently stipulate

that safeguard systems must be provided to ensure reactor cooling

in the event of failure of the main cooling system.



In addition, in order to alleviate the effects of a transient loss

of coolant, the clads enclosing the fuel pellets are leaktight

(first barrier) and the primary cooling system is also completely

closed (second barrier). Finally, the whole NSSS is installed

inside a reinforced concrete leaktight containment (third

barrier).

Figure 2.2 : Residual power curve (900 MWe PWR)

In the extremely unlikely event of extended loss of coolant and

failure of the safeguard system occurring simultaneously ("beyond

design basis" situation), core meltdown would result in release of

radioactive products outside the primary system : this is what

would be called a "severe accident". If this occurred, what would

happen to the radioactive products would mainly depend on the

condition of the reactor containment (third barrier).

A definition was given in the 1980s by an international group of

experts in an OECD Working Party : "A severe accident is one where

design basis limits are sufficiently overstepped to result in the

breakdown of structures, system components, etc., without which

core cooling cannot be suitably ensured by normal means. The

severity of the accident will depend on the degree to which fuel

is damaged and on the degree to which containment integrity is

lost."



The severity of the accident reflects not only the ultimate

internal condition of the plant, but also the extent of the

radiological impact on the environment.

With a view to clarifying communication between the nuclear

specialists and the general public, a severity scale for incidents

and accidents in nuclear power reactors was published in 1988 by

the DSIN (Nuclear Installations Safety Directorate). The severe

accidents we shall discuss here correspond to level 5 (accidents

involving offsite hazards, e.g. Three Mile Island, 1979) and level

6 (major accidents, e.g. Chernobyl, 1986) on this scale. This

scale was adopted by the International Atomic Energy Agency in

1989, but slightly modified : the levels 5 and 6 are divided in

three new levels and the Chernobyl accident is classified at

level 7.
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Figure 2.3 : Severity scale for incidents and accidents in

nuclear power reactors



2.2 Review of relevant studies

It is impossible to speak of severe accidents in nuclear reactors

without mentioning Norman C. RASMUSSEN, professor at the

Department of Nuclear Engineering of the Massachusetts Institute

of Technology. Between 1972 and 1975, he was entrusted with

conducting a scientific survey commissioned by US/NRC (Nuclear

Regulatory Commission of the United States) on the potential risks

associated with the use of nuclear power reactors, and since

referred to worldwide by the reference of the weighty final report

which resulted : WASH - 1400/NUREG 75-014, dated October 1975. The

RASMUSSEN report still constitutes today the initial reference for

any investigation into severe reactor accidents.

However, this report was not the first to be written on the

subject. As far back as 1957, the Brookhaven National Laboratory

published a survey requested by US/AEC (Atomic Energy Commission)

entitled "Theoretical possibilities and consequences of major

accidents in nuclear power reactors" (WASH 740). This first study

had been undertaken at a time when no power reactors were yet

operating and before reliability techniques had reached maturity.

The survey had consequently failed to give a sufficiently accurate

picture of the risks involved for it to be usable.

After the WASH 1400 report, study programs were implemented in

several countries. In France, the IPSN undertook the adaptation of

the WASH 1400 to French conditions with regard to accident

consequences. In the 1980s, they conducted a containment

performance analysis and from 1983 to 1990, they focussed on a

probabilistic investigation of core meltdown hazards. In Germany,

between 1980 and 1989 were published stages A and B of the Risk

Surveys. In Great Britain, a survey is still proceeding in

connection with the licensing process of Sizewell B. In the United

States, a new risk analysis was published in provisional form in

the NUREG 1150 report in 1980 and in final form in December 1990.



2.3 Terminology guidelines

If the RASMUSSEN survey is still a reference at the present time

for severe reactor accident studies, it is because it was the

first attempt to achieve realistic risk assessment.

The notion of risk has to be defined at the outset, because it is

a fundamental factor in severe accident studies. Risk is

characterized by two terms : probability of occurrence of an

accident sequence and its consequences, for instance, for the

environment.

The term realistic, which will be frequently used in this

document, also requires further comment beforehand. With regard to

the design of safety related nuclear reactor systems, a

conservative approach is generally adopted, which means that the

systems will withstand higher loads than those resulting from the

reference design basis accident. This is connected to the defence

in depth concept.

For severe accidents, we are in the domain designated as "beyond

design basis", where the rule is to adopt the most realistic

approach possible, since, on the one hand, consideration of very

low probability events already constitutes a conservative attitude

and, on the other hand, allowances for the considerable

uncertainties in our knowledge of highly hypothetical phenomena

lead to certain conservative trends in assessment results. In this

type of survey, it is also important for the resulting practical

provisions to be well matched to the real risk level involved.

2.4 Study objectives

2.4.1 Accident prevention

The prime objective is obviously accident prevention. This

involves, in the first place, listing the accidents as

exhaustively as possible, with analysis of the consequences of

failure of the various systems. The complexity of PWR systems

results in a very large number of plausible failure combinations,

with widely varying probabilities of occurrence and consequences.



So we try to classify accident sequences and at the same time we

list them according to their probability : this is some of the

purposes of the Probabilistic Safety Analysis (PSA). In France,

the first PSA on the 900 MWe PWR»s was published in 1990 by the

IPSN and the first PSA on the 1300 MWe PWR's was published by EDF,

also in 1990.

Even in 1977, it was realized that accident prevention required

safety objectives expressed in terms of probability of

consequences. As far as France is concerned, these objectives may

be very simply summarized as follows : PWR design must be such

that the probability of unacceptable consequences occurring will

be below 10~6 per reactor per year. This is to be considered as a

target rather than a formal design principle. Moreover, in

practice, this general safety objective has only been applied to

families of events, setting the threshold for probability of

occurrence of unacceptable consequences at 10~7 per family of

events per reactor and per year (the same approach is adopted for

external hazards).

Preliminary assessments made by EDF in 1978, based on system

reliability studies, notably with regard to loss of redundant

systems, showed that the risk induced by certain situations

exceeded the safety target if it were considered that core

meltdown inevitably resulted in unacceptable consequences. In the

light of these conclusions, the Safety Authority requested EDF to

propose and then implement design modifications or appropriate

complementary procedures, (H procedures), designed to cope with

the complete loss of redundant systems and then to reduce the

probability of occurrence of severe accidents.

2.4.2 Accident assessment

The notion of unacceptable consequences like that of accident

mitigation presupposes qualitative and quantitative assessment of

the sequences and consequences of the listed accidents. This

implies, on the one hand, determining the accident development

kinetics from the initial failure to the possible environmental

release of radioactive products and, on the other hand,

quantifying this potential release in terms of activity discharged

and radiological consequences.



The first action undertaken in France in this respect, back in

1978, concerned a priori release assessment for risk appraisal

purposes (this consequently involved evaluating the source terms

to be considered). The assessment consisted in adapting the HASH

1400 findings to a French context or, in other words, applying the

RASMUSSEN team methods and results to French PWR's. This action

gave rise to a definition of the basis of the reference source

terms SI, S2 and S3, presented in these documents, and a first

assessment of the radiological consequences of atmospheric or

hydrological dispersion of radioactive products.

The aim of work subsequently undertaken, apart from optimization

of radiological consequence assessment, has been focussed,

firstly, on classification of the listed accident situations with

respect to the reference source terms and, secondly, on providing

means of forecasting developments in the condition of a damaged

plant and estimating the corresponding release.

2.4.3 Accident mitigation

If a severe PWR accident is a very unlikely event, its occurrence

cannot be totally excluded. Means have consequently to be provided

to minimize the consequences insofar as possible. This is what is

meant by accident mitigation, which basically implies, on the one

hand, controlling accident progression and, on the other hand,

limiting environmental release of radioactive products.

It was in this context that were defined, in 1979, on technical

principles elaborated by the IPSN, the performances which would be

required of the containment in the event of a severe accident.

These requirements may be summarized as follows : in the event of

core meltdown, the third barrier, i.e. the containment and the

various systems which penetrate it, roust constitute an utmost line

of defence ultimately aimed at reducing any radioactive release to

the environment to a level compatible with peculiar emergency plan

(PPI in French) implementation. It was first shown that the PPI's

were compatible with source term S3 both as regards level and

kinetics. Decisions were then made on the principle of additional

ultimate procedures (named the u procedures), designed to prevent

or minimize the radiological consequences of severe accidents.
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2.5 Study resources

2.5.1 An experimental research program

A severe PWR accident can involve a number of physical phenomena

which are not found elsewhere (for example, the very high

temperature behavior of materials or chemical bodies) and have

consequently not been investigated in other technical fields.

Specific experimental research programs had therefore to be

implemented to enable accident sequences and consequences to be

assessed. This is an area where uncertainties may still be

significant and the research priority tendency is to reduce these

margins with a view to obtaining more and more realistic

estimations.
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In France, along with a number

of analytical experiments

(Figure 2.4) which will be

discussed in the course of

accident phenomenology descrip-

tions, it was decided to

implement the PHEBUS-PF

program, co-financed with the

EEC, and other countries.

Between 1990 and 2000, this

will be the main overall severe

accident study program, with

reproduction of actual accident

phenomena, but in an leaktight

containment.
rUCHIA

•I - ~ — • " B -'.,, p.

Figure 2.4 :

French research program on fission

product transfer

2.5.2 The French computer code system : ESCADRE

Using various experimental results for severe accident assessment

implies the elaboration of computer codes capable of integrating

these data in those based on conventional physics. It was for this

purpose that the French code system ESCADRE (Systeme francais de

Codes de calcul des Accidents Des Reacteurs a Eau, see Figure 2.5}

was developed between 1980 and 1990. It will also be presented

with the accident phenomenology.
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Figure 2.5 : ESCADRE system

With this system, accident sequence kinetics can be assessed and

radioactive release quantified, according to postulated accident

conditions and with allowances for uncertainties persisting in

certain areas.
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3 - LOSS OP COOLANT

3.1 Accident initiation

A severe accident is mainly

characterized by prolonged core

dewatering resulting from

system or procedure failures.

Nuclear reactor safety

provisions are such that

several successive failure

levels must be involved before

a severe accident can occur.

The different successive

failure levels resulting in a

degraded core situation can be

summarized in diagram form (see

Figure 3.1).

initiating event

- Safety systems
- Procedures I, A, H

SITUATION
RECOVERY

Safety systems failure

Ul procedure

Failure of Ul procedure

|SEVERE ACCIDENT

- U procedures

RADIOLOGICAL CONSEQUENCES

Figure 3.1 : Accident sequences

- Design basis accident : a certain number of initiating

events (mechanical breaks, failure of components to

operate, operator errors, etc.) are taken into account at

the design stage. Accidents thus initiated can be

controlled, firstly, by the safeguard systems (emergency

shutdown, safety injection, SG auxiliary feedwater supply,

resistant containment with automatic isolation and

spraying) and, secondly, by the incident (I) and accident

(A) procedures.

- Total failure of redundant support systems : should a

support function no longer be assured by the corresponding

redundant systems, provision is made in certain cases for

complementary (H) procedures enabling return to a safe

configuration.

HI total loss of service water

H2 total loss of SG feedwater

H3 total loss of power

H4 mutual safety injection-containment spraying backup

H5 thousand-year flood exceeded
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N.B. :

Ul physical status oriented approach

U3 mobile injection - spraying systems

- Failure or non-applicabilitv of accidental or complementary

procedures : in this case, procedure Ul is implemented.

Unlike the procedures previously listed, Ul does not depend

on an event-based approach (failure diagnosis) but on an

approach conditioned by the reactor state (operator actions

correspond to a given physical state). This procedure can

prove particularly efficient in situations deteriorated by

combination of multiple componant failures associated with

human errors.

- Failure of procedure Ul : further, for instance, to too

many simultaneous failures, prolonged core dewatering

becomes unavoidable and core degradation ensues.

Accident sequences liable to culminate in core degradation are

analyzed in the framework of the probabilistic risk assessment

studies performed both by the IPSN (900 MWe PWR) and by EDF (1300

MWe PWR). The purpose of these studies is not only to estimate the

order of magnitude of the probability of occurrence of such

accidents, but also, notably, to assist assessment of design or

operating modifications. It is customary to elaborate "event

trees" corresponding to an initiating event, presenting the

different sequences which could be induced.
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Subsequent to the failures

previously listed, there will

ensue four distinct accident

phases, unless development of

the accident can be brought

under control (Figure 3.2) :

- phase 1 : primary system

drain-out

- phase 2 : core dewatering and

degradation

- phase 3 : vessel melt-through

- phase 4 : basemat erosion by

the corium (magma of molten

structures and core).

Figure 3.2 Severe accident

development

These various phases involve release to the containment, on the

one hand, of a large amount of gas, which can cause loss of

containment integrity, and, on the other hand, of substantial

quantities of fission products. On these two elements will depend

the existence and extent of environmental radioactive release.

Each of these physical phenomena and development stages will be

discussed in greater detail below and in Chapter 5 as regards

emission and transfer of radioactive products.

3.2 Core dewaterina

situations involving primary system dewatering fall into two

categories :
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- primary pipe breaks (LOCA) (in the widest sense, including

a pressurizer valve blocked open, for example),

characterized by core dewatering under low pressure (a few

bars to a few tens of bars)

- failure of secondary system cooling resources, resulting in

drainage by the pressurizer valves and core dewatering

under high pressure, close to rated primary pressure, (if

procedure H2 cannot be implemented, for instance).

Depending on the initial

reactor state, the size of the

break and the accident

sequence, this phase may last a

few minutes or several hours,

or even several days. For

example, for a sequence

characterized by a primary pipe

break about 5 cm in diameter

and total failure of the safety

injection system (apart from

the accumulators), it would

last about 30 minutes.

As the water level drops in the

core (Figure 3.3), the

temperature of the dewatered

part is raised by the residual

power, thereby inducing the

successive appearance of a

number of physical phenomena

culminating in core

degradation. These events are

dealt with by the VULCAIN code

(Figure 3.4) in the ESCADRE

system.

Figure 3.3 : PWR core
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®

Figure 3.4 : VULCAIN code - primary system block diagram

An example of VULCAIN code

result presentation is the core

temperature map corresponding

to certain characteristic

instants in core degradation

(Figure 3.5).

3E

VULCAIN RESULTS :
CORE DEGRADATION

AF sequence calculations gr*s>ntta i\ :n« IAEA OECD

fnttmaiionil SvmDOSium on 5>v*r« Acciocnts in ftucicar Power s

Sorrento iltlv ; I 7 ! M J T O t9$t pasttrlAEASM-296'13-

Fiaure 3.5 : VULCAIN code

overheating
core
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3.3.1 Clad deformation and bursting

Under the combined effects of

the difference in pressure

between the pellet-clad gap and

the vessel and their

temperature, the clads deform

at about 700-900°C. If the

primary pressure is below that

of the gap, the clad will swell

(irreversible plastic deforma-

tion) and burst (Figure 3.6).

Examples of such clad bursts

have been observed in

experiments such as PHEBUS-CSD

conducted by the CEA at

Cadarache.

If the primary pressure is

greater than that of the gap,

the clad will collapse onto the

fuel (Figure 3.7). In this

case, contact between the two

materials results in formation

of a eutectic UO2-Zr which

melts at around 1200-1400°C.

•usion ZrO2 1 2700'C

luson Zr
! 1800X I

coulee ae gane'

tormation
d eutectiques

oxydation gane
I 1200-1500X

tragitsatnn
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de tission goD
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7Q0-900X :

WVEAU a' EAL,

Figure 3.6 : Core degradation at

low pressure

tuson UO2 ( TBOO'C i tusion Z-C, ' :?00'C

relacnemeni oroduils
ae lission comoustCle

' I300-18OOX )

ecrasemenl
de to gane

tormaticr aeuiecnaues
nauiaes UG^-Zr
i 120C-1500X )

gare
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Figure 3.7 : Core degradation at

high pressure
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When the clads fail, the volatile fission products which

accumulate in the pellet-clad gap during reactor operation are

released into the primary system (see Chapter 5).

3.3.2 Clad oxidation by steam

When the clad temperature

reaches about 1200°C, the

zirconium rapidly oxidizes on

contact with the steam and a

gradually thickening layer of

zirconia (ZrO2) is formed. The

kinetics of this reaction

increase very rapidly with

temperature (see Figure 3.8 :

oxidation rate increased

tenfold for a temperature rise

of 250°C). This physical

phenomenon has three important

consequences :

105

imQ Oj - am*

xic -:

Figure 3.8 : Zircalloy 4 oxidation

by H20

The reaction is highly exothermic and when it gathers

speed, the local energy release far exceeds the residual

power. The successive core degradation phases will thus

rapidly follow.

The reaction releases a large quantity of hydrogen to the

primary system (Figure 3.9) and then to the containment.

This causes, firstly, a considerable reduction in steaa

generator cooling capacity and, secondly, a risk of

combustion in the containment (see 4.3).



2 0

- The clads are embrittled (impaired mechanical strength) :

they could be destroyed by the thermal shock associated

with rewatering.

When the fuel pellet temperature is about 1300-1800°C,

increasingly volatile fission products are released (see 5.2).

;ooo -cooo -3.3
kg/s

— STEAM MASS
FLOW

^HYDROGEN MASS -0-2

FLOW — '

5000 10000 15000
HME AFTER LPIS FAILURE (seconasl

VULCAIN RESULTS :
MASS FLOWRATES DURING

CORE HEATING AND DEGRADATION

AF sequence calculations prtiamM 11 tn* IAEA • OECO
Inttmttiorw Symposium on S«v«ra Accidants in Nuctaar Power Plants

Somnto. lUtY 21-25 Msrtn lift poitar IAEA-SM-296713)

Figure 3.9 : VULCAIN hydrogen production computation

3.3.3 Control rod degradation

The high temperature causes the control rod constituent elements

(Ag, In, Cd) to melt, beginning with the upper part of the core,

and then vaporize, inducing clad failure (at about 1300-1500°C).

Part of the material is directly transported as vapor to the

primary system and the rest melts, runs down and resolidifies at a

lower (cooler) level, where it may subsequently remelt and

revaporize, depending on the ultimate accident sequences.
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3.3.4 Fuel meltdown

At around 1800°C, the oxidized part of the clads melts and begins

to run. If this liquid zirconium comes into contact with the

uranium oxide, eutectics will be formed which will cause pellet

deterioration.

At a high temperature, around 2700-2800°C, meltdown of the

different elements will result in loss of core geometry, produced

by local or overall collapse. The mechanisms of severe overall

degradation are still little known, more than 10 years after the

TMI accident.

Investigations performed between 1982 and 1989 on the TMI 2 core

nevertheless provided an overall picture of its state of

degradation (Figure 3.10). In the light of the reconstitution of

the accident, it is thought that the core remained unwatered for

about 80 to 100 minutes before restartup of the pumps and the

safety injection. Oxide meltdown temperature had been reached in

certain sectors of the core (constitution of ceramics). The final

state of the core after rewatering is characterized by an enlarged

void in the upper structures over a bed of debris enclosed within

a crust resting on the lower core plate. It was estimated that

about 50% of the core had melted. The vessel was apparently

undamaged and this accident would seem to show that the core

remains coolable even in some extremely degraded situations.
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Hypothesized Core Oamage Configuration
(226 Minutes)

Figure 3.10 : Assumed final condition of the TMI 2 core

3.4 Vessel degradation

If the core cannot be rewatered, the extensive meltdown of fuel

and structures will induce flow-down, or even mass collapse onto

the lower vessel structures, of a magma known as corium. This

collapse will induce vaporization of the water remaining at the

bottom of the vessel and, within a time depending on the primary

pressure (ranging from twenty or thirty minutes to several hours),

will result in vessel bottom head rupture. In particular, in cases

where the primary system has remained at high pressure, the corium

may be violently ejected, which could result in its dispersion in

the reactor cavity. In the other more probable cases, it is

thought that the corium would flow down to the bottom of the

reactor cavity in a relatively compact manner (Figure 3.11).
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Figure 3.11 : Assumed vessel rupture modes

3.5 Basemat degradation

If there is water at the bottom of the reactor cavity, there could

be an energetic corium-water reaction, the violence of which would

depend on the fragmentation of the magma. After this interaction,

water would be vaporized and the corium partially cooled. But the

residual power in the fuel will cause the corium to remelt. It

will then begin to erode the concrete basemat (which would occur

immediately if no water were present).

Owing to the heat released by the corium, the concrete of the

basemat under the reactor cavity will undergo thermal

degradation : free water, bound water, carbon dioxide gas will be

released and the calcium and silicium oxides gradually

incorporated into the corium. According to the findings of

experiments conducted since the 1980's in the United States and in

Germany, it may be assumed that segregation between the metal (Zr,

Cr, Fe, Ni) and oxide (UO2, ZrO2, FeO, BaO, SrO, etc.) phases of

the corium will rapidly occur, with the lighter oxide phase

overlaying the metal phase. When the metal phase is liquid, the

gases emitted by the concrete (H2O, CO2) will pass through it and

oxidize the metals. There will consequently be an oxidation

reaction resulting in gradual transfer of these elements to the

oxide phase and release of the reduced, hence combustible, gases

(H2, CO) to the containment (see Chapter 4).
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4 - CONTAINMENT FAILURE

4.1 Failure modes

Once core degradation has occurred, it is of supreme importance to

maintain containment integrity for as long as possible : this is

the function of certain emergency procedures. If containment

integrity cannot be safely assured, it may be necessary to

implement population protection measures to prevent the

radiological consequences of the accident from exceeding

predetermined limits (see Chapter 6).

Containment integrity (Figure

4.1) is assured under accident

conditions by its own initial

leaktightness and by the

isolation function and the

containment spray system. The

isolation function consists in

closing all containment

penetrations leading to

auxiliary buildings, whether

the piping concerned be for

liquids (circuits) or gas

(ventilation ducts). The spray

function, enabling steam

condensation and the removal of

most of the fission products,

also provides for energy

removal at the recirculation

stage (its mean and long term

reliability is reinforced by

the H4 and U3 procedures).

Figure 4.1 : PWR containment

Since the first risk assessment work performed in the United

States in 1975, the RASMUSSEN classification has been used for the

various containment failure modes, even if the order in which they

are listed in no way corresponds to their probability of

occurrence (Figure 4.2).

a- 38Bm
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Figure 4.2 : Postulated containment failure modes - U procedures

Four short-tern failure modes may be envisaged :

- mode a : steam explosion

- mode 6 : loss of tightness

- mode Jf : hydrogen combustion

- mode V : containment bypass

and two long-term failure modes :

- mode S : overpressure

- mode e : basemat melt-through.

Mode a presupposes a violent interaction when the core slumps onto

the vessel bottom head, releasing energy liable to project the

vessel closure head with sufficient force for it to perforate the

containment. This mechanism depends on the almost instantaneous

vaporization of a certain quantity of water suddenly coming into

contact with the very hot fuel from which it was previously

isolated by a vapor film (Figure 4.2). Present studies show that,

for this phenomenon to occur, the degree of fuel fractionation

would have to be so high, that most specialists consider the

scenario unrealistic.

This supposes that all provisions have been made to prevent

reactivity accidents by multiple ejection of control rods or

introduction of unborated water into the core during shut down

situation.
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However, studies are proceeding to determine a credible bounding

case value for the phenomenon.
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Figure 4.3 : Postulated fuel-water interaction mechanism

Other possible containment failure modes will be presented below.

The kinetics of the phenomena involved are quantified by the

ESCADRE system codes : JERICHO (Figure 4.4) and WECHSL (see 4.4).
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Figure 4.4 : JERICHO code - systems and physical phenomena

modelled

4.2 Overpressure - leaks

Mode 6 corresponds to a containment tightness defect at

penetration sleeves, around access hatches or via the penetrations

themselves (due to faulty isolation, for instance). This mode of

loss of containment integrity is very important, since it can

intervene at a very early stage in the accident, enabling

radioactive products to be released to the environment without the

benefit of radioactivity decay and the various containment

depositing mechanisms. Fast identification of these tightness

defects is the subject of a U procedure (see Chapter 6)•

In uncontrolled severe accident situations, involving vessel

failure, erosion of the concrete would release in the containment

very substantial Quantities of gas (H20, H2, C02, CO) which, added

to the steam emitted in the containment in the initial accident

stages, would result in a gradual pressure buildup (Figures 4.5,

4.6 and 4.7), ultimately inducing containment failure by

overpressure (mode S) after a few days.
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According to the estimations of mechanical strength assessments

recently carried out for the French PWR containments, significant

containment leaks could occur in the 7-9 bar range for the 1300

MWe PWR's and in the 10-13 bar range for the 900 MWe PWR's.

Provision is consequently made for a filtered venting system to

preserve containment integrity in this extreme situation (see

Figure 4.8 and Chapter 6).
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calculation
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Figure 4.6 : Containment

temperature calculation
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Figure 4.7 : Containment atmosphere Figure 4.8

composition calculation

4.3 Hydrogen risk

Containme t leak

rate calculation

Mode Y covers the effects of hydrogen (and carbon monoxide)

combustion in the containment. Two types of combustion are

considered :

- deflagrations (flame front progressing at a few m/s)

- detonations (supersonic shock wave).

For combustion to take place, a concentration condition must be

satisfied (SHAPIRO diagram, Figure 4.9) and there must be a

sufficient energy source to ignite the gas mixture. It is easy to

calculate the pressure peak corresponding to deflagration

(homogeneous adiabatic calculations checked against TMI-2

measurements) for different oxidized clad fractions and depending

on the proportion of steam in the containment atmosphere

(inhibiting effect).
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It should be borne in mind that, during the TMI-2 accident, about

3 20 kg of hydrogen (out of the 370 kg in the containment)

apparently burned, inducing a pressure peak of about 2 bar.
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Figure 4.9 : SHAPIRO diagram

The behavior of containments depends on their design. Containments

with a steel liner can retain their leakhightness up to more than

two times the design pressure. It must also be stressed that the

operation of any spray system during a deflagration has the

potential to decrease the thermal loads undergone by the

equipment.

At the present time, the detonation problem is still very unclear.

We know that there are flame acceleration mechanisms capable of

transforming a deflagration into a detonation, but these have only

been evidenced in small volumes (pipes). It is consequently

difficult to extrapolate these results to reactor containment

dimensions.
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Studies are underway to try and estimate the characteristic

dimension beyond which the phenomenon disappears and assess the

consequences of a detonation wave in a bunker.

4.4 Corium-concrete risk

In the previous chapter, it was seen that if the corium at the

bottom of the vessel could not be cooled (this was successfully

achieved at TMI-2), this corium would fall through to the concrete

basemat at the bottom of the reactor cavity. The concrete would

disintegrate under the effects of the heat given off by the

residual power, initially increased by that due to metal

oxidation. Ultimately, if it proved impossible to cool the corium

on the concrete base of the reactor cavity, there would be a risk

of the basemat being perforated before the corium had solidified.

This would correspond to failure mode e.

As soon as the oxidation reaction is over, the corium will

gradually cool. The oxide phase, containing most of the non-

volatile fission products and the actinides, will stabilize for a

long period at a temperature of 1300-1500°C owing to equilibrium

between the residual power and the thermal losses at the corium-

concrete interface. There may still be a small metal phase, which

will solidify after a few hours. The erosion kinetics then slow

down considerably and there is no further combustible gas release.
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Figure 4.10 : WECHSL code - corium-concrete interaction modelling

The modelling facilities available in 1990 (WECHSL code, Figure

4.10) enable assessment of basemat erosion kinetics in accordance

with the present state of the art.
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The fast erosion phase will

last about one hour and

correspond to the degradation

of about one meter of concrete.

The penetration rate then slows

down considerably to a few

centimeters per hour. Finally,

the erosion process will stop

when the corium-concrete

interface temperature, corres-

ponding to equilibrium between

the heat flux emitted by the

residual power and that lost by

conduction through the ground,

drops below the concrete

decomposition temperature,

which is about 1110°C (this

takes a few days) . Whether the

basemat is perforated or not at

the end of the erosion process

will depend on its thickness

(Figure 4.11).
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Figure 4.11 : WECHSL calculation for

basemat erosion

4.5 Containment bypass

Overall analysis of accident sequences implies inclusion of

certain highly improbable cases, where primary coolant leakage is

routed directly outside the containment, via a secondary circuit

or a non-isolated safeguard system for instance. This is what is

known as a mode V failure. A significant special instance of this

corresponds to multiple SG tube failures with a secondary valve

blocked in open position. In the event of failure of the recovery

procedures provided for this situation, there could be radioactive

releases outside the plant buildings.

These scenarios are studied through the general s&fety analysis of

the plant with special attention to the operating experience and

the possibility of accident prevention.



\
34

5 - RADIOACTIVE PRODUCTS TRANSFER

5.1 Radioactivity sources

The table below localizes the main sources of radioactivity in a

PWR and indicates corresponding activity ranges for prevalent

fission products (in the case of a 900 MWe PWR) with regard to

atmospheric environmental exposure pathways - noble gases,

iodines, cesiums.

Location

Core (2 hours after
shut-down)

Fuel storage (average)

Primary system (maximum)

Gaseous effluent storage

Rare gases
(TBq)

107

106

300

2000

Iodines
(TBq)

2.107

10 6

4

—

Cesiums
(TBq)

106

2.105

(total 16)

—

[t is notably apparent that the fuel storage area could constitute

i non-negligible source as compared with the core. If we moreover

jbserve that the reactor building (BR) and the fuel storage

juilding (BK) containments are of different types, we conclude

:hat severe accident studies must not focus solely on core

>ehavior, but also on other potential sources. This must be

:onstantly borne in mind, even if the present document mainly

:oncerns the source constituted by the core. Apart from specific

spects related to radioactive products containment or fuel

:ooling, results obtained for the core may be transposed to other

ources.

.2 Fission product emission

s regards the core as potential source, most fission products

ill be emitted at the beginning of the core degradation and

eltdown phase, subsequent to core dewatering.

irst of all, clad failures release the fission products

ccumulated in the pellet-clad gap during reactor operation, it is

resently considered that this represents 0.5 to 1% of the core

ission product inventory (respectively noble gases and iodines).
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Increasingly volatile fission products are then released (products

accumulated in seal faces, or in the fuel matrix itself) when the

fuel temperature reaches the 13000C to 2400°C range (Figure 5.1).

1100 2200 1600

Figure 5.1 : Fuel fission product emission kinetics

The table below gives, by class of fission product, starting with

the most volatile, an indication of the fraction of core inventory

which would thus be released, in case of complete core meltdown.

Kr,

I,

the

Sr,

Ru,

Y,

Np,

Fission products released
during core meltdown

Xe

Br, Cs, RB

, Sb, Ag, Sn

Ba, Mo, Tc

Rh, As, In, Cd, Pd

La, Ce, Pr, Nd, Pm, Sm, Eu, Gd

Pu, Am, cm

Fraction of the core
inventory emitted

1

1

0.2 - 0.9

0.01 - 0.1

0.002 - 0.02

0.0002 - 0.001

0.0002 - 0.001

It will be noted that noble gases and volatile products are

considered to be totally emitted for any type of accident

involving complete core meltdown. For fission products

characterized by average or low volatility, the range of values

proposed attempts to take into account different core degradation

conditions.
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Tellurium, for example, may be retained on certain little-oxidized

metal surfaces during a high primary pressure accident.

Over a long period, i.e. up to vessel perforation, part of the

fuel and structural materials will be vaporized (notably the

control rods). The table below gives the estimated mass fractions

of elements other than fission products which could be emitted.

Materials (other thaa FP) released

UO-
Ag'
In
Cd
Sn
Zr
Fe
Cr
Ni

during core meltdown

' (control rods)
(control rods)
(control rods)
(clads + grids)
(clads + grids)
(steels)
(steels)
(steels)

Mass fraction liable

0.0002
0.1 -
0.3 -
0.7 -
0.4 -
0.0001
0.002
0.002
0.002

to be emitted

- 0.001
0.4
0.7
0.9
0.9
- 0.0005
- 0.01
- 0.005
- 0.005
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Figure 5.2 is an example of

calculation of in-vessel

emission of fission products

and structural materials. More

generally, in the following

table are presented the masses

corresponding to the different

products liable to be released

from a 900 MWe PWR on the basis

of the previous ratios. The

fission product/other product

mass ratio is such that it

seems obvious that FP behavior

in the plant will be strongly

influenced by the presence of

the other products. This will

be confirmed in what follows.

< Mass (kg) Pressure vessel <
Core slump bottom heaa

/ failure \

600L

400L

Core uncovering

TOTAL RELEASE

Control rod
materials release

(Ag/ln/Cd)

200L /

0 ' 2

25U »*

VULCAIN

Fission Droaucts
ana tuel release

Tirneih)

4 6 •
1 Jims

29ni5

RESULTS :
TOTAL MASS OF AEROSOLS

RELEASED DURING CORE DAMAGE

AF seauence calculations Dr*s*nita at (he IAEA • OECD

SomntB. Ittly. 2125 Mtttn I9SS .ooittr IAEA-SM-296/131

Figure 5.2 : VULCAIN

of fission product

material emission

- calculation

and structural

Product or element

fission products - gas

fission products - aerosols
Ag - In - Cd
Fe + Cr + Ni U02

Mass which could be emitted
during core meltdown (kg)

instables: 3
stables: 280

250
500
150

At the beginning of the corium-concrete interaction, owing to the

intense corium agitation and its high temperature (about 2400°C),

fission products could still be emitted by DNB or vaporization

effects. Since volatile fission products are assumed to be already

totally emitted, any additional emission could only concern

slightly volatile fission products and would be limited by the

relatively short duration of this phase.
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Thermal decomposition of the concrete, on the other hand, would be

accompanied by aerosol emission (slight in the case of siliceous

concrete but more significant for calcareous concrete) which may

continue for a very long time and affect further aerosols

behaviour.

5.3 FP transport within the plant

Once emitted by the core or the corium, the radioactive products

are conveyed by gas or liquid through several successive

enclosures - primary system, containment, auxiliary building -

where, on the one hand, they will remain for a certain time,

thereby allowing for radioactive decay, and on the other hand,

some of them could be temporarily (delay line) or definitively

trapped.

5.3.1 Transport in reactor systems

The first important macroscopic phenomenon is the escape of the

fission products described above, which is characterized by the

release rates and kinetics and by the physico-chemical elements

formed. The latter will depend on core environmental conditions :

temperature, hydrogen formed by zirconium-water reaction, reaction

with control rod or structure vaporization products, especially

Ag.

The second macroscopic phenomenon, transport by gas or liquid, is

determined by the following parameters : the thermal hydraulics,

the path taken, the traps and obstacles encountered. The route and

associated thermal hydraulic conditions depend on the sequence

considered. Since most FP will be trapped in the containment,

their retention in the circuits only needs careful consideration

in the few special cases of containment bypass.

Since the fission products are emitted at very high temperatures,

they all enter the priiaary system as vapor. Depending on the

carrier gas flow velocity, the gas-wall thermal gradient and the

nature of the FP, the latter will tand to deposit on the metal

walls in smaller or greater quantities (calculated by ESCADRE code

SOPHIE). Noble gases, on the other hand, are never absorbed.
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As it gets further away from the core, the carrier gas cools upon

contact with structures and the vapors gradually condense, forming

aerosols (it is admitted that, apart from the noble gases, no

vapors persist below 500°C). These aerosols (very large number of

submicronic particles in suspension in the carrier gas) are also

liable to deposit on walls, to an extent depending on transit

time, turbulence (turbulent diffusion or impaction), thermal

gradient (thermophoresis) and, above all, steam condensation rate

(a steam generator with an active secondary side would constitute

a highly efficient trap). These aspects are dealt with by the

ESCADRE code AEROSOLS.

The reverse phenomenon, consisting of resuspension of deposits, is

also extremely important, since it is a delayed potential source

which, if disregarded, could call into question the margins

allowed for in the assessments. This phenomenon is conditioned by

the ambient thermal hydraulics and by the link between deposit and

support, so here again, by the physico-chemical form. The

resuspension of radioactive products deposited on internal

structures is characterized by widely varying periods of time and

kinetics. Two main phenomena are involved : thermal (temperature

buildup on the deposit surface during the accident) and mechanical

(sudden acceleration of the carrier gas due to energetic fuel-

steam interaction in the vessel, including combustion of the

hydrogen produced).

5.3.2 Transport in buildings

When the fission products arrive in the containment (or in an

auxiliary building), they are all in aerosol form, except for the

noble gases. Whereas their dwell time in the reactor systems is

necessarily very short (a few minutes at most) their retention in

a building will be long (several hours to several days), because

of the very low leak rate value with respect to the enclosed

volume. Aerosol behavior inside the reactor systems is mainly

governed by the deposition rate which basically depends on gas

heat flux towards the walls. Their behavior in the containment,

however, will be far more complex.
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Aerosol physics for the study of this behavior were first

developed in meteorology (study of the mechanisms governing

formation and dissipation of fog), then, more recently, in

connection with surveys on fires in industrial premises. Aerosol

physics are studied by means of the ESCADRE code AEROSOLS (Figure

5.3a) .

Figure 5.3 : a) AEROSOLS code b) particle size representation
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First of all, aerosols are

characterized by this particle

size distribution spectrum

(median diameter, standard

deviation, Figure 5.3b) and by

their numerical and mass

concentrations. In the event of

high numerical concentrations

(over 10^ particles per cm3)

and sufficiently long dwell

tiroes (several tens of

minutes), agglomeration pheno-

mena will be observed, tending

to produce a lesser number of

particles of larger diameter

(Figure 5.4).
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Figure 5.4 : AEROSOLS calculation -

spectrum evolution

If the carrier gas contains enough steam close to saturation, a

steam condensation phenomenon will be observed, especially on the

soluble aerosols (which, in the present case, are mainly Csl and

CsOH), transforming them into droplets several tens of microns in

diameter, thus falling relatively fast.

Containment spraying rapidly removes the aerosols to the sump

(concentration attenuated by a factor of 2 in 10 minutes for the

900 MWe PWR and in 20 minutes for the 1300 MWe PWR).
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If there is no spraying, the

main aerosol retention

mechanism in a large building

is sedimentation on the ground,

which in our case will be water

covered owing to the initial

circuit dewatering. Other

retention phenomena consist of

deposits on building walls,

mainly by diffusiophoresis

(steam conden-sation on walls)

or thermo-phoresis (thermal

gradient between carrier gas

and walls). since the concrete

walls are covered with a

trickling film of condensation

water, it is admitted that the

aerosols will be mainly divided

between the building atmosphere

and the sump water covering the

ground. For an accident

scenario, the AEROSOLS code can

be used to localize the

aerosols (FP and others), at

any given moment, whether in

the building atmosphere,

deposited on walls or escaping

with outleakage (Figure 5.5).

7
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Figure 5.5 : AEROSOLS calculation

for aerosol localization

Aerosols not yet sediment ed are liable to escape to the

environment in more or less large quantities over a more or less

long period, depending on the extent of possible containment

outleakage and the instant at which it occurs.
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The total aerosol concentration attenuation rate is not easy to

assess owing to the complexity of aerosol physics, since it is

conditioned by the initial concentration, the particle size

distribution and the steam saturation level. To give an example,

in the event of complete core meltdown in a 900 MWe PWR the

minimum attenuation coefficient would be about 30 within 24 hours

and 2000 within 5 days but, in the event of meltdown of only 10%

of the core, this attenuation coefficient would be 24 within

8 hours and 250 within 5 days.

As in the case of transport in reactor systems, wall deposits will

be resuspended due to thermal or mechanical effects. The main

cause envisaged is hydrogen combustion. However, it must also be

remembered that resuspended deposits will be redeposited, in

accordance with the same aerosol physics laws : the only parameter

affecting aerosol release is the leak size at the moment of

release or subsequently.

The behavior of iodine is relatively complex and deserves special

attention, particularly in view of the fact that it makes a major

contribution to radiological consequences. Modelling this behavior

is performed by the ESCADRE code IODE (Figure 5.6). It is

estimated that it mainly escapes as soluble csl aerosols, with

perhaps a slight fraction in molecular form. After a few hours,

the iodine will thus have accumulated in the sump water. But the

gamma radiation will induce radiolysis transforming the I~ions

into dissolved gaseous iodine I2, the concentration of which tends

to balance with that present in the containment atmosphere

(partition coefficient).
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This radiolysis is only

significant if the water pH is

acid (failure of containment

spraying and dissolution in the

water of the CO2 from the

corium concrete interaction).

In addition, gaseous iodine

deposition on paintwork,

especially on concrete, is

relatively fast, which consti-

tutes a further potential trap.

Finally, it would appear that

the dissolved iodine in contact

with submerged paintwork and

under radiation produces a

small quantity of organic

iodine which escapes from the

water and is not retained by

the paintwork.

iCinetique simplifies des transferts d' IODEI
Aecktents gravM •nceini* REP

T ^ t J\

Ordfe d« QfQno«ur d«s constants de i«mot ! ! « • ' )
raaioivse io"PH caraqe eau-ga: 10'*

aeobt oefosois 10"5 6 10'4 O'e I0"8 a 10's !

aeobt oemiure gaz 10"* a 10'^ -ecc c eau ?

'eemission o gaz ? •eeTvss-.cr o eou ? 1

Figure 5.6 : IODE code - main

phenomena modelled

Calculations with the IODE code are used to assess the influence

of the main parameters involved (mass of water, pH, dose rate,

deposition rate, etc.) on the final location of the iodine in a

PWR severe accident.

5.4 IPSN reference source terms SI. S2. S3

Studies undertaken by the IPSN between 1977 and 1979, based on the

WASH 1400, have resulted in classification of atmospheric releases

into three categories SI, S2 and S3. These three reference source

terms correspond to three major accident categories having in

common a LOCA situation, with loss of power and fuel meltdown.

More generally :

- si covers accidents with early loss of containment

integrity (a few hours).

- S2 covers accidents giving rise to direct atmospheric

release in less than one day.
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- S3 covers accidents giving rise to indirect atmospheric

release after about one day.

These three source terms were calculated by means of the ESCADRE

codes previously mentioned, for an AB type accident (large break,

total loss of power and consequently of all safeguard systems),

using French containment characteristics. We obtained a

containment failure mode by basemat erosion after a few days of

corium-concrete interaction. In the S3 case, besides natural

leakage, it was admitted that all the noble gases and organic

iodine escapes through the ground, which inhibited, on the other

hand, all but one thousandth of the molecular iodine and the

aerosols in suspension in the containment atmosphere. The results

of these calculations are presented in the table below.

Core inventory fractions after reactor shutdown (%)

Source terms

Noble gases (cf. Xe 133)

Mineral iodine (cf. I 131)

Organic iodine (cf. I 131)

Cesium (cf. Cs 137)

Tellurium (cf. Te 132)

Strontium (cf. Sr 90)

Ruthenium (cf. Ru 106)

Lanthanides and Actinides

SI

80

60

0.7

40

8

5

2

0.3

S2

75

2.7

0.55

5.5

5.5

0.6

0.5

0.08

S3

75

0.30

0.55

0.35

0.35

0.04

0.03

0.005

These results have been used since they were obtained in 1979 to

assess the environmental consequences of atmospheric radiological

contamination. Source term SI is based on postulated extensive

containment destruction in the short term ; the low probability of

this type of situations (for exemple a failure mode) , due to

extensive prevention measures, allows to classify them in the

residual risk category, which a priori requires no special

provision.

S3 was deemed compatible with Peculiar Emergency Plan (PPZ in

French) possibilities as to level and time requirements. It

consequently formed the technical basis for definition of these

plans.
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The potential S2 consequences, on the other hand, were considered

too difficult to be controlled by PPI means, and it was decided to

equip the reactors with devices designed to reduce potential

release to a value below or equal to S3, compatible with PPI

application. These devices constitute the emergency procedures

which we shall discuss further on, the best known being the

containment atmosphere filtered venting system (sand filter).

The most recent realistic assessments have shown that potential

releases, apart from natural leakage, would be significantly below

S3 (S3/10 to S3/100) in the event of containment failure at a

later stage in the accident. Early failures are physically highly

unlikely. A slight tightness defect, on the other hand (a few cm2

over a circular cross-section, which nevertheless corresponds to

more than 10 times the minimum leak which can be detected by the

containment instrumentation) which existed before the accident

could involve consequences close to those covered by S3. It is

thus easy to understand the importance attached to containment

isolation procedures under accident conditions.

5.5 FP transfer to the environment

Radioactive products can be transferred to the environment by

atmospheric or hydrogeological pathways (Figure 5.7).

Figure 5.7 : Transfer pathway to the environment

5.5.1 Atmospheric transfer pathway

In most cases, in the event of a severe nuclear power plant

accident, involving loss of containment integrity, the atmospheric

pathway is both the main and fastest release route.
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Fission products, as gas or aerosols, are liable to escape to the

atmosphere with outleakage from the containment.

Atmospheric dispersion depends on the conjunction of two

phenomena : wind transport and diffusion around the mean path. If

a homogeneous atmosphere is assumed, a gaussian solution may be

found to the transport-diffusion equation (Figure 5.8). The

standard deviations (along the three axes) are related to

atmospheric turbulence characteristics. Values derived from

experiments on diffusion of pollutants in suspension are used.

Figure 5.8 : theoretical solution Figure 5.9 : solution adopted

Atmospheric transfer coefficient (s/m3)

under "DN5" conditions without rain

The model input parameters are, apart from the nature (gas or

aerosols) kinetics and elevation of the release, on the one hand,

average wind velocity and direction, presence or absence of

precipitations and atmospheric stability, on the other hand. The

available models also differ according to whether the release is

extremely brief (bursts model) or lengthy (plume model).
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There are also corrective terms to take wind fluctuations into

account during emissions over very long periods (Figure 5.9).

Radioactive product dispersion calculations yield atmospheric

concentration and surface activity values. On the basis of these

values, using a dose conversion factor library, it is possible to

calculate short term effects due to external exposure (plume and

deposition) and internal exposure (inhalation under the scattering

cloud). As regards long term effects, the extent of certain

phenomena roust be known (resuspension of deposits, foodstuff

habits, etc.) and transfer coefficients (soil-plant, plant-animal,

etc.) in order to calculate inhalation and ingestion doses.

In the 1980's, various organizations, such as the CEC, the ICRP

and the IAEA proposed a set of dose values (effective whole body

dose - Figure 5.10, thyroid dose - Figure 5.11) which corresponded

to measures for the protection of the general public in the event

of a severe accident.
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Figure 5.10 : ICRP recommendation for effective whole body dose
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Figure 5.11 : ICRP recommendation for thyroid dose

In the short term, protective measures consist in confinement

indoors (5 to 10 mSv whole body dose, 50 to 500 mSv organ dose) ,

evacuation from the zone concerned (50 to 500 mSv whole body dose,

500 to 5000 mSv organ dose), possibly distribution of stable

iodine tablets and, in the longer term, restrictions on \:he

consumption of plant or animal products or, in extreme cases,

relodging provisions. The ICRP criteria have led to adoption of

evacuation and confinement distances of respectively < 5 km and

< 10 km for the PPI emergency plans, which are based on source

term S3.

5.5.2 Hydrogeological transfer pathway

In the long term, it cannot be excluded that an accident may

result in the contaminated water from the reactor, containing the

main fission products, escaping through the subsoil and reaching

the water table. The hydrogeological transfer calculations show

that velocities are low or even very low, depending on the nature

of the soil (a diagram of the mechanisms involved will be found in

Figure 5.12). An attendant advantage of this is that the activity

of iodine, the most harmful product, would be significantly

depleted by the time the ground water was reached.
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This could leave a problem regarding long half-life elements.

However, there is a solution, consisting either in restoring

geotechnical containment tightness, for sites where this is

provided, or in building one, using the molded wall technigue.

Figure 5.12 : Hydrogeological transfer path mechanisms

It was demonstrated at Chernobyl that, despite far more penalizing

conditions than would be encountered on a PWR, this solution was

perfectly feasible and could be implemented within a time period

well below that of migration to the water table.
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L 6 - LIMITATION AND CONTROL OF RADIOACTIVE PRODUCT TRANSFERS

•i 6.1 Emergency measures U2. U4. U5

£ In the extremely remote eventuality of failure to control a severe

| accident, a certain number of emergency measures have been defined

since 1981 for the purpose of minimizing the ensuing radiological

consequences. These measures, designated U2, U4 and US are

respectively devised to counter modes fl (early containment

failure), c (basemat perforation by the corium) and 6 (large

containment leak induced by internal overpressure).

6.1.1 U2 procedure

The purpose of the U2 procedure is to check containment tightness

integrity with respect to an internal overpressure. It in fact

covers a wide range of degrees of accident severity, since it is

obviously advisable to implement it as soon as there is the

slightest threat of significant radioactive release inside the

plant. It defines, firstly, containment monitoring conditions

(activity levels in the stack, sumps and containment and state of

the containment isolation systems) and secondly, the actions to be

performed to keep release as low as possible (for example :

confinement of a room or reinjection of liquid effluents in the

reactor building).

6.1.2 U4 procedure

The general term U4 procedure covers a variety of provisions aimed

at eliminating or remedying the presence of environmental pathways

for the early and non-filtered release of radioactive products,

following postulated basemat erosion by the corium. The general

principle of this procedure consists in the systematic preventive

elimination of all potential escape routes. Application of this

procedure is specific for each type of basemat (single

containment, double containment, earthquake resistant raft, etc.).
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6.1.3 U5 procedure

The U5 procedure uses a system providing for planned filtered

release in the event of an uncontrolled severe accident. Its

purpose is three-fold :

- lower internal containment pressure to the design value

- significantly reduce potential environmental release of

radioactive products

- route filtered gases to the stack where their radioactivity

is measured before dispersion in the environment.

This system consists basically of a leaktight housing containing a

sand bed, 40 m2 in area and 80 cm in depth, isolated by valves, and

connected upstream to the containment atmosphere via an existing

penetration and downstream to the stack. This filter underwent

full scale prototype tests at the CEN/CADARACHE facilities, where

its efficiency was found to be higher than specified requirements

for S3 compatibility.

6.2 Crisis organization

The national crisis organization for civil nuclear installations

comprises three distinct levels : decision, discussion and action.

Interchange between the organizations involved (operating utility

and public authorities), at both local and national level, takes

place at each of the decision and discussion levels (Figure 6.1).

Q DECISION

ANALYSIS • PROPOSALS

MAINUNKS

LISTEN MTO AUMOCONFERENCES

Figure 6.1 : National crisis organization



53

6.2.1 Task assigned to the safety authorities

In the event of an accident on a civil nuclear installation, the

DSIN (Direction for the Safety of Nuclear Installations) ,

Department of the Ministry of Industry, together with its

technical assistance organisation, the IPSN (Institute for Nuclear

Safety and Protection) is entrusted with the main task of advising

local authorities as to the necessity of implementing population

protection measures. This function is particularly important if

radioactive release has not yet occurred and if decision has to be

based on an assessment of plant condition and an estimation of how

the accident situation will develop. After any release and in the

longer term, monitoring activities around the site will provide

further elements for decision making. In this second stage, an

important role will be played by the SCPRI (Central Service for

Protection against Ionizing Radiation). Depending on how the

accident develops, the DSIN may also be required to give its

agreement to certain technical measures taken by the plant

operator, such as the emergency release of radioactivity from the

containment.

6.2.2 Organization of the safety authorities

The safety authorities have two crisis centers :

- a decision center on the DSIN premises in Paris

- a reflexion center in the IPSN facilities in Fontenay-aux-

Roses.

They may also delegate representatives from national or regional

directorates of the Ministry of Industry to assist the Prefect and

the plant operator, their role being mainly to facilitate

interchange between the organizations concerned. The crisis

centers are equipped with special telecommunication lines and

audiophone conference facilities.
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Figure 6.2 : Organization of the IPSN Technical Crisis Center

The IPSN Technical Crisis Center, which disposes of an exhaustive

documentation and appropriate calculation facilities, comprises

four cells (Figure 6.2) :

- an "executive" cell, responsible for recapitulating

discussions and informing the DSIN

- a "plant assessment" reflexion cell, responsible for

assessing accident severity and forecasting mean term

developments, especially environmental radioactive releases

- a "radiological safety" reflexion cell, responsible for

assessing atmospheric transfer of radioactive products and

the corresponding radiological consequences

- an "information" cell, responsible for receiving and

circulating information within the crisis team.

With regard to nuclear power plants, the first source of

information consists of the messages periodically telexed by the

plant operator :

- first message : sent when the internal emergency plan (PUI)

is implemented and describing the initial state of the

plant and the beginning of the accident



55

- follow-up messages: indicating about every 15 minutes the

evolution of main plant parameters

- environment messages: giving the meteorological parameters

measured on the site together with various elements for

assessment of radioactive release.

6.2.3 Means at the disposal of the crisis team

The means at the disposal of the "plant assessment" cell are

presently constituted by a set of documents, main screen printouts

for the unit concerned (TCI, KPS) and appropriate computer codes

and equipment. The basic technical documentation for all basic

nuclear installations, together with the internal emergency plans,

are also available.

The means at the disposal of the "radiological safety" cell are

presently constituted by a set of maps of the areas around the

French nuclear sites, population data files, copies of the

external emergency plans (PPI) together with charts for

calculation of atmospheric dispersion. The cell is moreover real

time connected to data emitted by the national meteorological

office and also disposes of computer-based equipment (for

calculations, mapping, etc.) enabling more detailed assessment of

radiological consequences.
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