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ABSTRACT 

After placing the development work on reactivity accidents in the 
various actions decided upon further to the Chernobyl accident, this 
note describes the first results obtained and the further develop
ments. 

As a general rule, the Chernobyl a accident has not provided, from a 
strictly technical viewpoint, any fundamentally new material which 
had previouly been unkown. Analysis have made it possible to more 
clearly establish the safety importance of certain operating rules, 
in particular concerning handling whithin coolant system pumps. They 
have not show the need to modify the design of the french PWR.s. 

This development work must be continued to gain a fuller understan
ding of the behaviour of fuel, specially' after irradiation and power 
cycling. 



2/3 

CONTENTS 

ABSTRACT 

1. THE ACTIONS INITIATED AFTER THE CHERNOBYL ACCIDENT 

2. REACTIVITY ACCIDENTS 

3. CONTROL ROD CLUSTER EJECTION 

U. INTRODUCTION OF DILUTED WATER INTO THE CORE 

5. STEAM BREAK ACCIDENT 

APPENDIX 1 - DESCRIPTION OF PHYSURA CODE 

APPENDIX 2 - PHEBUS PROGRAM 

.../... 



4 

1. THE ACTIONS INITIATED AFTER THE CHERNOBYL ACCIDENT 

After the Chernobyl accident, the minister in charge of Industry 
requested the two French operators of nuclear reactors (Electricité 
de France and Commissariat à l'Energie Atomique), as well as the 
Institute for Nuclear Safety and Protection of the Commissariat à 
l'Energie Atomique which provides the governement authorities with 
technical support in matters of safety, to examine the nature of the 
different studies on measures which it would appear to be appropriate 
to initiate to draw from the Chernobyl accident information liable to 
concern the safety of French nuclear reactors. 

The materials supplied by these three organizations was the subject 
of a first synopsis in July 1986, which was supplemented after the 
INSAG meeting in September 1986. 

As a general rule, the Chernobyl accident has not provided, from a 
strictly technical wiewpoint any fundamentally new material which had 
previously been unknown. This confirmed French policy, which is 
based, on one hand, prevention backed up by the implementation of 
additional measures to render acceptable the consequences of 
situations previously considered to be "outside design limits" and, 
on the other hand, the implementation of simple arrangements for 
limiting consequences. One of the results of the accident have been 
the intensification of the efforts made to make all the arrangements 
operational as soon as possible. In this field, additional study has 
been initiated on the modes of failure of pressurized water reactor 
containments by explosion (steam explosions and hydrogen explosions). 

In the field of human error, the Chernobyl accident has led to 
additional consideration being given to two points. The first is the 
safety culture of the operating staff, the 3econd is the arrangements 
made to avoid any accidental manoeuvres which may inhibit certain 
safeguard actions. 

.../... 
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The lessons essentially relate of the problems of managing crisis 
situations. In particular, re-examination of the internal emergency 
plans of the installations has been carried out for the principal 
purpose of confirming their operational nature, in the event of heavy 
contamination of the site. 

As concerns reactivity accidents (FIA) in pressurised water reactors 
the examination has covered bot^ prevention (in particular the 
maintaining of the integrity of the control rod mechanism housing), 
the margins available in the calculations of the consequences and the . 
response of the reactor in the event of ejection of a number of 
clusters or other severe reactivity accidents. 

This presentation of the post-Chernobyl program shows that re-exami
nation of reactivity accident has not been only action taken, or even 
that to which the most work was devoted. 

2. REACTIVITY ACCIDENTS 

For pressurised water reactor units, the scenarios reliable to lead 
to a reactivity accident have been studied from the beginning and the 
results are shown in the safety analysis reports, These studies are 
partially remade every year to confirm the possibility of refueling 
the core in the planned manner. 

Incidents and accidents which lead to the most significant and rapid 
increases in reactivity are the following. 

. uncontrolled dilution of boric acid, 

. uncontrolled control rod cluster group whithdrawal, 

. withdrawal of a control rod cluster, 

. ejection of a control rod cluster, 

. steam line break 
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The reactivity insertion rates during these accidents are very 
different, from 10 pcm- per second for steam line break to 5 to 6C0 
pcm in 0,1 s for control rod cluster ejection. 

The actions decided upon in 1986 related to two complementary 
approaches. 

The first approach consists in : 

. examining all accidents studies in PWR safety reports to determine 
for each parameter (value of control rod cluster ejected, coefficient 
of reactivity for example) the impact of a variation of this 
parameter on the consequences of the accident. 

• analyzing the means implemented to limit the initial statement 
variation of the parameter to within the acceptable range (e.g. the 
precautions taken to keep the control rod clusters whithin to top of 
the core to limit the consequences of accidental whithdrawal) and to 
verify that the reliability of these means is compatible with the 
potential consequences of an excursion from the authorized range. 

This first approach has the advantage of being comprehensive but 
takes a long time to complete and '-.he last results should be obtained 
by mi-1988. 

It was decided to carry out in parallel a second study limited to the 
accidents liable to lead to fuel fragmentation in the coolant. This 
second sudy was intended to determine the conditions in which the 
fuel could be dispersed in the coolant and the immediate precautions 
to be taken to limit the risk. 

The first study was carried out by Electricité de France and che 

second by Nuclear Safety and Protection Institute. 

.../... 
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The first results obtained, the difficulties encountered and the 
future developments in the work of the Institute for Nuclear Safety 
and Protection are described below. 

3. CONTROL ROD CLUSTER EJECTION 

In the event of control rod cluster ejection after a coolant leak in 
the top of a control rod mechanim housing the reactivity released in 
the core can be greater than the fraction of slow neutrons (500 to 
600 pern) and the reactor core then becomes prompt critical. The 
lifetime of the prompt neutrons (approximately 20 micro seconds) is 
such that only the Doppler feedback can halt the reaction. In this 
type of accident, the parameter which determines the behaviour of the 
installation is the energy stored in the fuel. 

The behaviour of fuel under these conditions has been experimentally 
studied, mainly in the USA (SPERT and PBF tests) and in Japan (NSRR 
tests). The results have shown that for non-irradiated rods : 

. the fuel is no long sealed (cracking of the cladding by interaction 
between it and the pellets) for an enthalpy of the order of 205 or 
225 cal/g or U02. 

. the rod is badly damaged and distorted from 280 cal/g and cooling 
of the core may become problematic, 

. above 300-325 cal/g fragmentation of molten fuel appears. 

The studies included in the safety analysis reports use a criterion 
of 230 cal/g for new fuel and 200 cal/g for irradiated fuel. The 
results show that there is a margin of at least 20 cal/g with regard 
to this criterion in 1300 MWe units. For 900 MWe units, the mar-gin is 
even greater. 

.../... 
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Examination of the corresponding studies shows that the hypotheses 
used are extremely conservative but that two points nevertheless need 
to be examined in greater detail. 

3.1. Confirmation of the criterion concerning the everage enthalpy 
not to be exceeded 

All the experimental results have been obtained with new or weakly 
irradiated fuel (30.000 MWXD/Mtu)and no tests have been carried out 
on fuel which has undergone power cycles comparable to those 
resulting from load following and frequency adjustement as carried 
out in French power stations. As concerns the pheomenon of 
fragmentation of the fuel, the fact that the cladding may cr may not 
have undergone a number of power cycles should not be a fundamental 
parameter. It is nevertheless necessary to confirm this hypothesis 
experimentally. 

The development program provides for : 

. recalibrating the PHYSURA design code (appendix ') with the NSRR 
experimental results, 

. contact with research workers in charge or the NSRR program to 
examine the possibility of studying the behaviour of fuel at a high 
burnup and the fuel cycle, 

. and the possibility to confirm the emission ratio of fission 
products in case of LOCA, with the PHEBUS PF results (Appendix 2). 
This experiment should give indications on the possibility to gain 
reactivity by expulsion of gazeous fission products which are 
neutrons absorbers. 

3.2. Effectiveness of the ejected control rod cluster or clusters 

The calculations show- that to obtain a stored energy of 300 cal/g, it 
is necessary to rapidly inject reactivity of the or tier of 1.200 pern. 

.../... 
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Under normal operating conditions (observance of limiting insertions 
imposed by the technical operating specifications) and in view of the 
worst Xenon distribution cases, it can be demonstrated that the 
effectiveness of an ejected control rod cluster is less than 700 pern. 
This value is thus significantly below the limit. 

This leads us to two questions : must allowance be made for 
ejection of a control rod cluster when inserted, under the insertion 
limit for physic tests at the beginning of the cycle for example, and 
must the ejection of several control rod clusters be considered ? 

The Institute of Nuclear Safety and Protection considered that, in 
view of the difficulty in establishing the uncertainty concerning the 
probability of combinations of events of such low frequency, the 
decision should not be made on a probabilistic basis alone. It was 
therefore decided to calculate on a "realistic" basis the 
effectiveness of an ejected control rod cluster including that liable 
to be ejected during the test periods at the beginning of each cycle. 
The results, which should be available at the end of 1987, will make 
it possible to confirm whether it is possible to continu to carry out 
the tests at the beginning of each cycle. 

The Institute for Nuclear Safety and Protection decided to 
investigate combinations of two control rod clusters liable to be 
present at the same in the core of which the total reactivity is 
1.200 pem or more. The results of these studies should be available 
at the end of 1987. 

As concerns the ejection of a number of control rod clusters, it must 
be noted that if they are to be efiective the control rod clusters 
must be ejected at the same time (within C.1 s). Indeed, if the 
second control rod cluster is ejected after the first has heated the 
fuel, the effect is not cumulative. 
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In the field of prevention, a study has been begun of hazards liable 
to result in simultaneous fracturing of a number of control rod 
mechanisms housing. The first spin off of this analysis will be a 
formal basis for a rule already applied in French nuclear units. This 
rule consists in forbidding any handling of heavy loads in the 
reactor building, specially that of the anti-missile slab, when the 
reactor coolant system is under pressure. 

The possibility of improving in-service checking of control rod 
mechanism housing is also being studied. 

4. INTRODUCTION OF DILUTED WATER INTO THE CORE 

The second type of study has consisted in investigating situations in 
which there is a risk of borate-free water being suddenly introduced 
into the core. In this type of scenario, borate-free water is first 
accumulates in the reactor-coolant system loops, while the core is 
moderated by borated water, then when punps restart, borate-free 
water is suddenly introduced into the core. 

During the first phase, flow in the loop must be very slow or null, 
which means that the primary pumps must be stopped and natural flow 
must be very slight. If dilution of the loop is added to these two 
conditions, it becomes clear that we are dealing with situations 
which are plausible but are highly ulikely. 

At the present time, two scenarios are being analyzed. 

.../... 
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Scenario No.1 assumes : 

1. Total loss of the electrical power supplies and failure of the 
equipment involved in procedure H3 to start (standby turbo-alter
nator, primary pump seal injection pump and turbine-driven feedwater 
pump) for one hour. 

2. Restarting of one steam generator auxiliary feedwater pump one 
hour after the start of the accident. 

3. Electrical power available a few minutes later and startup of a 
primary pump. 

The calculations carried out show that during phase 1 boiling takes 
place, during phase 2 condensation occurs and water with a low borate 
content accumulates in the crossover leg ; restarting of the pump 
in phase 3 sends this water into the core. 

The second scenario envisaged concerns the case of a new reactor 
(without residual heat) which during dilution (ie for example 10 
m3/hour for the first criticality) looses the primary pumps, the 
operator then failing to stop dilution and restarting the primary 
pumps, without taking precautions, a few moments later. 

The purpose of these studies is to determine which precautions should 
be taken before restarting the first primary pump. The only conclu
sion which can be drawn at the present time is that it has not been 
possible to demonstrate that it is impossible to form a plug of water 
of low borate content and for it to be suddenly send into the core. 
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Until the results confirm or infirm the risk, associated with this 
kind of scenario, EdF has confirmed to the operators, the need to 
stop any dilution when reactor coolant pumps are out of service. 

5. STEAM LINE BREAK 

Sudden draining of the secondary part of one or more steam generators 
whould lead to significant cooldown of the reactor coolant system 
and if moderator temperature coefficient is highly negative for an 
increase in core reactivity. 

In a 900 MWe PWR (three loops) draining of one steam generator 
introduces 2.000 pern, and draining of two steam generators injects 
4.000 pem in 200 and 300 s. 

The number of control rod clusters available for scram must be 
sufficient to avoid fuel damage when the core return to power. 

The steam generator draining accident determines the total number of 
control rod clusters and establishes maximum control rod insertion 
when the core is critical. The insertion limits must also limit the 
consequences in the event of ejection of a control rod cluster. The 
hypotheses used in this type of study are extremely conservative, in 
particular those concerning the stuck control rod cluster, but two 
events could change the consequences of the accidents : 

.../... 
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. draining of more than one steam generator, 

. draining of a steam generator while the control rod clusters are 
inserted below their insertion limits at the end of cycle. 

Studies of draining of two steam generators have been carried out for 
900 MWe and 1.300 MWe units. The hypotheses have been chosen on a 
"realistic" basis, in particular it was not considered a stuck 
control rod cluster. Using these hypotheses, it is demonstrated that 
the consequences are not greater than those with draining of a single 
steam generator under conservative hypotheses. 

The likelihood of an accident occurring when the reactor is under 
testing at the end of a cycle is extremely remote as the tests are 
normally carried out at the beginning of the cycle during restarting. 
The occasion might nevertheless arise of tests being made at end of a 
cycle to check certain safety parameters. The Institute for Nuclear 
Safety and Protection considered it necessary to determine the 
consequences of an accident occurring under these conditions in order 
to be able to make a decision as to the appriateness of continuing to 
authorize such tests. 

In the event of cooling caused by the draining of one or more steam 
generators, the rate of variation of reactivity is of the order of 
some tens of pern per second. If the effectiveness of the control rod 
clusters was not sufficient, the core would go in power, the DNB 
could be acheived and if cooling then continues there is a risk of 
melting of the cladding and/or the fuel. Calculations with a simple 
point kinetic model have shown that the rates of reactivity variation 
considered, it is only possible to reach a high stored energy (300 
cal/g) value after the melting point of the cladding has been 
exceeded. 

.../... 
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To study the behaviour of fuel during this phase, it is necessary to 
have a fuel behaviour model linked to a thermo-hydraulic model. An 
initial study has been begun to provide the PHYSURA code with a 
suitable thermohydraulic model. 

.../... 
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1. BASIC APPROACH 

In an undercooling accident in a fast breeder reactor, the fuel pins 
are subjected to power transients leading to failure of the cladding 
and movement of materials. As such movement of materials results in 
variations of radioactivity, it is important for it to be accurately 
described. 

The approach adopted by CEA in this field is to establish experiments 
making it possible to understand the fundamental phenomena without 
the tests necessarily involving prototypes. The purpose is to 
separate the parameters and develop models which can be applied to 
accident situations, the principal requirements for such models being 
simplicity and satisfactory experimental validation. These models, 
once developed and tested, are then linked together to constitute the 
PHYSURA code. 

This code is described in the following three sections : 

. pre-irradiation, 

. phenomena preceding cladding failure, 

. phenomena following cladding failure. 

2. PRE-IRRADIATION 

Before making calculations for transients, it is important to 
determine the initial condition of the fuel pin. This is carried out 
with the TOSURA model which calculates the geometry of the pin, the 
axial and radial distributions of plutonium and oxygen, the retention 
of fission gas and the porosity up to the end of the pre-irradiation 
period. The results of TOSURA are then introduced into PHYSUPA as 
input date. 
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3. PHENOMENA PRECEDING CLADDING FAILURE 

Calculation models of PHYSURA code are able to : 

. calculate for transients the temperature changes in the fuel, the 
cladding, the sodium (to boiling point) and the structure, 

• determine axial and radial expansion of the fuel, loading of the 
cladding and contigent failure, 

. calculate the behaviour in transients of the fission gases,, 
particularly their availability for fusion, 

• calculate the hydraulics, the boiling of the sodium and drying out 
of the cladding, 

. calculate the axial movement of the molten fuel withir. the central 
cavity of the pin (if there is one). 

All these --odels can be considered to be validated for fast breeder 
reactors. Extension of their validation to PWR calculations is in 
progress. 

4. PHENOMENA FOLLOWING CLADDING FAILURE 

At the time of loss of pin geometry, three separate situations 
require consideration : 

. channel unstressed : 3odium channel drained, cladding melted, 

. channel stressed : sodium liquid, cladding intact, 

. channel semi-stressed : boiling of sodium but cladding inte.ct. 

Models have been ajusted for each situations. 
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1 . BASIC OBJECTIVE 

The purpose of the PHEBUS fission product program is to carry out, in 
the PHEBUS installation of CEN/CADARACHE, experiments for overall 
validation of calculation tools used for assessment of the "source 
term" ir. the event of a severe accident in a PWR. 

2. SPECIFIC OBJECTIVES 

The principle of the experiments consists in studying, in a pile and 
on a cluster of 21 pre-irradiated fuel rods (20 to 30.000 MW j/t) the 
principal phenomena governing tranfer of fission products as far as 
the containment in a postulated accident involving dryout of the core 
without avaibility of standby cooling systems. 

The phenomena studied are more specifically : 

. The kinetics of the release of fission products as a function of 
the fuel temperature, 

Accumulation of fission products in a system simulating the reactor 
coolant system of a reactor for different values of the principal 
parameters governing damage to the core when dry, power per unit 
length, flow rates of steam and hydrogen, temperature and pressure of 
mixed gases. 

Identification of the physicochtmical natures of the fission 
products, 

Behaviour of fission products discharged into an enclosure 
simulating the containment of a reactor. 

.../... 
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3. EXPERIMENTAL INSTALLATIONS 

This consists of two principal parts : the Phebus reactor and the 
expsrimental circuits. 

The Phebus reactor is provided with a cooling tower and will be able 
to operate continuously at a power level of the order of 40 MW. It 
includes, along its axis, a cylindrical irradiation cavity for the 
test fuel. 

The test fuel is an assembly of 21 rods of which one simulates 
components of a control rod. The fuel is U02 already irradiated in a 
reactor which is representative of a power reactor under normal 
operating conditions. Also, it will undergo additional irradiation in 
Phebus in order to reconstitute the stock of short life fission 
products. It will be housed in a structure which enables it to be 
manipulated in the pile and its containment, whatever its degree of 
degradation. 

The experimental system (or fission product system) includes : 

. a reactor coolant system simulation : horizontal length, relative 
position in elevation and component unchanged, 

. a tank simulating the containment, 

. a tank enabling depressurization of the preceding tank, making it 
possible to reproduce : 
- a containment failure at various time after the accident 
- l eaks , 

- programmed venting with or without f i l t r a t io - . before release to 
the atmosphere. 

A pressurized water system (280°, 80 barfc) for externally cooling the 
test device. 

. . . / . . . 



BACHE D'EAU 
ALIMENTAIRE 

I X ] VANNE OUVERTE 
• - « VANNE FERMEE 

PHEBUSP.F. 
CIRCUITS EXPERIMENTAUX 

PHASE D'ESSAIS 

Fig. 1 



ci» 

-Vl'l 
•Z uj > S S u o w £ z S 55 ^ u 3! x 

«- N U I « « n e r*ooa< 
O «— <N m TT m 



- 6 -

i 
H 

3 < " I U 
I t - T PONT ROULANT ^ — J 

.«.vers 
><'AERO 40 M W 

N 

3 

s 

i 

i 
> 

HALL REACTEUR 

* CELLULE EN PILE 

CUVE PISCINE 

CIRCUiï DE 
REFROIDISSEMENT 
.DU CŒUR 

*>>î2£Î2 

»,".ir;r 

izccssr: 22HZSS3 
POMPES 

v^^^^.^^l^^^u^^^^ 
jW^f-l &T&&3 
ÏUfÂ CRYPTE ^ f c < r 

TJ80C 

PHEBUSPF 

PROJET DE MODIFICATION DU CIRCUIT 

DE REFROIDISSEMENT 

Fig. 3 



DESTINATAIRES 
Décembre 19S7 

DIFFUSION CEA 
M. le Haut Commissaire 
DSE 
DDS 
IPSN 
IPSN : M. SCHMITT 
IPSN : M. CANDES 
OSSN : M. GOMOLINSKI 
DRSN : M. BUSSAC 
DRSN : M. PELCE 
DAS/DIR 
DAS/SASICC 
DERS Cadarache 
SES Cadarache 
SERE Cadarache 
SIES Cadarache 
SESRU Cadarache 
SRSC Valduc 
SEAREL 
DPS/FAR • DPS/DOC : Mme BEAU 
DPT/FAR 
DSMN/FAR 
CDSN/FAR : Mme PENNANEAC'H 
UDIN/VALRHO 
DEDR Saclay 
DRNR Cadarache 
DRE Cadarache 
DER Cadarache 
DEMT Saclay 
DMECN/DIR Cadarache 
DMECN Saclay 
DRE/STT Grenoble 
DRE/SETH Crenoble 
Service Documentation Saclay : Mme COTTON (3 ex.) 
Service Documentation Cadarache : Mme REY 

DIFFUSION HORS CEA 
Secrétariat Général du Comité Interministériel de la Sécurité Nucléaire : M. CUREAU 
Conseil Général des Mines : M. DE TORQUAT 
Service Central de Sûreté des Installations Nucléaires : M. LAVERIE (+ 3 ex.) 
Service Central de Sûreté des Installations Nucléaires - FAR 
Monsieur le Président du G.P.d. : M. GUILLAUMONT 
Direction Générale de l'Energie et des Matières Premières : Mlle TISSrER 
FRAMATOME : M. le Directeur Général 
NOVATOME : M. le Directeur Général 
TECHNICATOME : M. le Directeur Générai 
TECHNICATOME : Service Documentation 
EDF / L'inspecteur général de sûreté et de sécurité nucléaires : M. TANGUY 
EDF / SEPTEN (2 ex.) 
EDF/SPT 
M. HOHLEf ELDER 1 Bundes Ministerium für UMWELT, NATURSCHUTZ 
M. BREEST > und REAKTORSICHERHEIT - BONN (RFA) 
M. KREWER - Bundes Ministerium für Forschung und Technologie - BONN (RFA) 
M. BIRKHOFER - Gesellschaft für Reaktorsicherheit - KÖLN (RFA) 
M. JAHNS - Gesellschaft für Reaktorsicherheit - KÖLN (RFA) 
M. HAUBER - U.S.N.R.C. - WASHINGTON (E.U.) 
M. BECKJORD - U.S.N.R.C. - WASHINGTON (E.U.) 
M. E.A. RYDER - U.K.A.E.A. - Safety and Reliability Directorate - R1SLEY (G.B.) 
M. J.S. Mc LEOD - Nuclear Installations Inspectorate - LIVERPOOL (G.B.) 
M. CONZALES - Consejo de Seguridad Nuclear - MADRID (ESPAGNE) 
M. José DE CARLOS - Consejo de Seguridad Nuclear - MADRID (ESPAGNE) 
M. C. BORREGO - Département de l'Environnement- Université d'AVEIRO (PORTUGAL) 
M. E. HELLSTRAND - STUDSV1K ENERGITEKNIK AB -

Nuclear Division, Safety and System Analysis - NYKOPING (SUEDE) 
.../... 



Décembre 1987 

M. NASCHI - Direttore Centrale délia Sicurezza Nucleara e délia Protezione Sanitaria 
ENEA - ROMA (ITALIE) 

M. P. VANNI - Direttore relazioni esterne e informazione -
ENEA - ROMA (ITALIE) 

M. ZHANG YU MAN - National Nuclear Safety Administration (CHINE) 
M. MA FUBANG, Director of the Nuclear Electricty Office - MIN (CHINE) 
M. KANDA - MITI (JAPON) 
M. EIICHI TSUJI - Science & Technology Agency -

Director of the Nuclear Safety Division (JAPON) 
M. OKASAKI - Science & Technology Agency - Nuclear Safety Division (JAPON) 
M. FUKETA - JAERI - Center of Safety Research (JAPON) 

M. CHAVARDES (Attaché près de l'Ambassade de France aux Etats-Unis) 
M. MÛRIETTE (Attache près de l'Ambassade de France au Japon) 
M. GOURIEVIDIS (Attaché près de l'ambassade de France en Chine) 

COPIE (SANS P J . ) 

SRDE 
LEFH 
SAIN 
GCSR 
SASR 
SACP 
SAEP 
SGNR 
SAREP 
SAPN 
SASLU 
SASLU/VALRHO 
SEC 
SAET 
SAED 
STAS 
SASC 
SAEG 
SAM 
SPI 

M. WUSTNER (Attaché près de l'Ambassade de France en RFA) 


