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CONSIDERATIONS ON NUCLEAR SAFETY IN 
FRANCE TWO YEARS AFTER CHERNOBYL 

L. BREGEON - Y. DROULERS - A. CHESNEL - J.P. MERLE 
(CEA/DAS, FRANCE) 

R. LENAIN (CEA. SERMA, FRANCE) 

I - INTRODUCTION 

We shall begin this talk by briefly outlining the sequence of 
circumstances which led to the Chernobyl disaster. 

Whatever the lessons learned and the corrective measures taken, 
the facts still speak for themselves, clearly revealing, in 
hindsight, the simultaneous existence of several 
"vulnerabilities", all converging towards a severe accident: 

no prior consideration of the nuclear safety implications of 
an experiment devised solely on electrotechnical grounds; 

determination of the operators to complete the experiment, 
disregarding successive out-of-limits conditions and 
tverriding automatic protection systems; 

features specific to the RBMK reactor type, tending to 
amplify prompt critical transients and under-estimate the 
importance of the ultimate containment barrier. 

Although this review of the causes of the disaster gave rise to 
no technical modifications to reactors built in France, the 
ability of the latter to withstand severe accidents had been 
reinforced after the TMI accident, where the same 3-fold 
failure pattern is apparent: mistaken diagnosis, inappropriate 
operator actions, penalizing design defects. 

In the first part of the paper, we shall briefly describe the 
three different categories of actions decided on in the wake of 
Chernobyl : 

1. research and development: physical phenomena and design 
feature» implicated in the accident 

2. measures concerning all nuclear installations 

3. measures specific to pressurized water reactors. 

In the second part, we shall give more detailed results of an 
initial re-assessment of PWR reactivity accidents. 



II - GENERAL OUTLINE OF POST-CHERNOBYL ACTIONS 

1 - Research and deve lopmen t : phys ica l phenomena and des ign 
f e a t u r e s i m p l i c a t e d i n t h e acc iden t 

a) Atmospheric t r a n s f e r model v a l i d i t y 

The u n c e r t a i n t i e s i n h e r e n t i n t he se models a r e mainly due o 
two f a c t o r s : u n c e r t a i n t y r e g a r d i n g long d i s t a n c e a tmosphe r i c 
t r a n s f e r c o n d i t i o n s and d i s p a r i t y between t h e r a d o a c t i v i t y 
measurement methods adopted in d i f f e r e n t c o u n t r i e s . I f t he 
f i r s t f ac to r of u n c e r t a i n t y i s not e a s i l y d e a l t w i t h , t he 
second problem cou ld be s o l v e d in the fu tu re by harmoniz ing the 
n a t i o n a l and i n t e r n a t i o n a l sampling and measurement methods . 

b) Containment c o n s i d e r a t i o n 

For several years now, a system based on the possibility of 
filtering the containment radioactive atmosphere through sand 
beds has been under development in France. These filte-s are 
not high efficiency devices but would enable release to the 
environment of gases from which a considerable proportion of 
the radioactive aerosols had been removed, so that the source 
term would remain compatible with French Public Emergency Plan 
requirements. A program is presently envisaged in France, 
whereby the Atomic Energy Commission (CEA) and the national 
electricity utility (EDF) would jointly implement full scale 
testing of the filtered venting system in order to check its 
effectiveness and performances, notably under transient 
conditions: valves, gas expansion, sand heating, stack 
discharge. Work must continue on definition of the type of 
containment best equipped to fulfill the functions of an 
ultimate barrier with respect to even the most serious 
situations of internal origin, at the same time providing the 
necessary degree of protection against external and internal 
hazards (hydrogen deflagration notably). 

c) Containment c o n s i d e r a t i o n s 

Another research area under investigation in France involves 
the preparation of an integral experiment program called PHEBUS 
PF (fission products). This is intended to supplement on-going 
analytical studies concerning subjects such as iodine chemistry 
in radioactive environments, the characterization of 
radioactive aerosols and their behaviour in the primary system 
and the containment. The conviction of the necessity for such a 
program, already under discussion prior to Chernobyl, was 
naturally reinforced by the occurrence of the accident. 

d) Corium cooling and corium-concrete interactions 

There are still significan* gaps in our knowledge of the 
possibilities of cooling a more or less completely melted core, 
as is shown by the difficulties experienced in interpreting the 
Three Mile Island core condition. The international cooperation 



organized for analysis of the TMI vessel samples is, for this 
reason, of great interest. In France, we are presently studying 
the feasibility of an ex-pile experiment aimed at obtaining 
further insight into subsisting cooling capabilities following 
partial core meltdown (corium). The official decision regarding 
this experiment has not yet been taken. 

An experiment in which concrete is attacked by real spent fuel 
is presently being examined in France, notably with a view to 
determining the fission products released in such circumstances. 

2 - Measures concerning all nuclear installations 

a) Improve safety training 

The Three Mile Island accident highlighted the importance of 
operating personnel training. The Chernobyl accident emphasized 
this fact even further and showed that the absence of ingrained 
safety reflexes could lead to a disaster. 

Efforts in this field currently concern in particular the 
design and construction of further simulators and the extension 
of Computer Assisted Training (CAT), together with the 
elaboration of individual career-oriented training courses, 
within the framework of an overall Training Guidance Plan. 

b) Develop the stock of PLC's for use in irradiated 
environments 

The program for the development of remote-controlled 
intervention devices, adapted to several types of requirements, 
and notably fire-fighting, has been extended. 

In 1987, an agreement wes signed between EDF, COGEMA and the 
CEA for the constitution of a stock of intervention devices. 
Preliminary definition studies have been performed by a design 
team. The IPSN (Institute for Nuclear Safety and Protection) 
has intensified development work on two remote-controlled 
scouting devices, one adaptable to any environment (VERI), the 
other designed for personnel tracking in a plant (CENTAURE). 
VERI was radio-operated on the Cadarache site in December for 
localization of a radiation source. 

c) Improve repair work conditions in radioactive environments 

Intervention on a highly radioactive site raises several 
general problems which are the subject of deep discussion. 

The public authorities have notably examined the efficiency of 
the PUI (Internal Emergency Plans). They have stressed the 
absolute necessity to provide intervention facilities adapted 
to radiation doses which could be extremely high on the plant 
s i te i tself. 



d) Improve the general public information system 

Four measures "ere taken following the Chernobyl accident to 
improve the system for information of the general public: 

Extension of membership of the Higher Council for nuclear 
safety and information to include communication and 
information specialists (March 2, 1987) 

Presentation of a daily nuclear news bulletin MAGNL'C (36-14 
MAGNL'C) on the national computerized information network 
(March 3, 1987) 

Improvement of the SCSIN (Central Service for the Safety of 
Nuclear Installations) publications (Nuclear Safety bulletin) 

Implementation of a severity scale for incidents and 
accidents in nuclear reactors (April 19, 1988). 

3 - Measures specific to pressurized water reactors 

a) Accelerate implementation of the special procedures defined 
after TMI 

The necessity to provide against the consequences of total loss 
of redundant safety systems has led to the setting up of 
special operating procedures, known as H procedures. 

In addition, provisions aimed at reinforcing the last 
containment barrier were defined. These are the ULTIMATE, or U, 
procedures, enabling, by simple means, the consequences of 
accidents to be limited, notwithstanding their causes. 

Provision for these procedures is gradually being made on plant 
units under construction and in operation. Following the 
Chernobyl accident, the safety authorities requested that this 
process be accelerated, despite the numerous problems involved 
in developing equipment and formulating operating rules well 
adapted to the extremely difficult working conditions 
characterizing a severe post-accident situation. 

b) Minimize reactor protection system inhibitions 

The Chernobyl accident was also a reminder of the seriousness 
of situations not in compliance with normal operating 
conditions: tests, servicing shutdowns, etc..., when automatic 
protection systems may be disturbed. The overall provisions 
made to minimize risks in this respect have been thoroughly 
checked. 

c) Reassess reactivity accidents 

This point will be discussed in the next part of the paper. 



Ill - PVR REACTIVITY ACCIDENT SURVEYS 

1 - General presentation 

For the PWR plants, scenarios liable to lead to a reactivity 
accident were studied from the outset and the results include^ 
in the Safety Analysis Reports. These studies are, in addition, 
partially revised every year, when the feasibility of refueling 
as planned is confirmed. 

Incidents or accidents inducing the most significant and 
fastest reactivity peaking are as follows: 

- uncontrolled boric acid dilution; 
- uncontrolled withdrawal of an RCCA bank; 
- rod withdrawal accident; 
- rod ejection accident; 
- steam line break. 

Reactivity insertion during these accidents differs 
considerably, from 0.1 percent per second for the steam line 
break tc 0.26 - 0.9 percent in one tenth of a second for the 
rod ejection accident. 

After the Chernobyl accident, two complementary actions were 
decided on. 

The first involved: 

examining all the accidents presented in the PKR safety 
analysis reports with a view to determining for each 
parameter {ejected rodworth, reactivity coefficient, for 
instance) the impact which variation of this parameter would 
have on the accident consequences; 

analyzing the means implemented to restrict variation of the 
parameter within an acceptable range (as an example, we 
would mention the precautions taken to keep the control rod 
assemblies in the upper part of the core so as to limit the 
consequences of inadvertent withdrawal) and checking that 
the reliability of these means is compatible with the 
potential consequences of an out-of-limits incident; 

limiting external hazards (falling objects, etc..) 
affecting the CRDM pressure housings, reinforcing relevant 
surveillance schedules if required and analyzing the 
consequences of fast failure of these components. 

The first approach has the advantage of being exhaustive but 
requires time before conclusions can be reached. The last 
results should be available by the end of 1988. 

It was decided to perform a second survey in tandem, limited to 
accidents liable to result in core damage and the dispersal of 
fuel in the coolant. The purpose of this second survey was to 
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determine the conditions under which the fuel could be 
dispersed in the coolant and the urgent precautions to be taken 
to limit this occurrence. 

The first of these surveys was carried out by EDF and the 
second by IPSN. 

The main results obtained, the difficulties encountered and 
future trends in the IPSN programs are presented in what 
follows. 

2 - Ejection of one or several rods 

In the event of rod ejection following a fast coolant leak in 
the upper part of a CRDM pressure housing, the reactivity 
released in the core may exceed the delayed neutron fraction 
(0.5 to 0.6 percent), with the result that the reactor core 
becomes prompt critical. Prompt neutron lifetime (about 20 
micro-seconds) is such that only the Doppler feedbacks can stop 
the reaction. In this type of accident, the decisive parameter 
determining plant behaviour is the energy stored in the fuel. 

Fuel behaviour under these conditions has been experimentally 
investigated, especially in the US (SPERT and PBF tests) and in 
Japan (NSRR tests). 

Study of this type of accident is carried out in two stages: 
calculation of the mean core power versus time, followed by 
calculation of fuel hot spot behaviour using as input data hot 
spot power fluctuations. 

The pointwise kinetic code CINEPOINT combines these two 
calculations. CINEPOINT was qualified against the 3D system 
CRONOS-FLICA (References 1, 2, 3 and 4). 

In the survey considered here, situations are studied where the 
energy stored at hot spot level exceeds 300 cal/g. These are 
consequently beyond design basis cases not included in the 
studies presented in the safety analysis reports, which do not 
go beyond rod ejection in situations where the stored energy is 
less than 200 cal/g. 

Analytical studies have shown that the main parameters 
affecting this accident are: the reactivity-worth of the 
ejected rod, initial core power, the hot spot factor, the 
delayed neutron fraction and the Doppler coefficient. First of 
all, a parameter study was performed, on the following basis: 



Initial core power 3.10" P 

Fq: hot spot factor 10 < Fq < 30 

w*̂ : Doppler coefficient (percent/K) - 0.015 < wo^ < - 0.0075 

^ rod reactivity worth (percent) 1 < Ç < 3 

B : delayed neutron fraction (percent)1 0.5 

At zero power, the calculations show that in order to obtain a 
stored energy of 300 cal/g, a reactivity input of about 1.2 
percent must be rapidly injected (Ref. 5). Under normal 
operating conditions (observance of the insertion limits 
stipulated in the operating technical specifications) and with 
a penalizing xenon buildup, the reactivity worth of an injected 
rod was shown to be below 0.7 percent. In addition, with 
present refuelling patterns, studies have shown that 1.2 
percent could not be reached, even if ejection of several rods 
were postulated, providing these rods were not originally 
inserted below the normal limits stipulated in the operating 
technical specifications. 

IPSN then decided to investigate load combinations involving 
ejection of 2 or several rods inserted in the core and 
corresponding to a reactivity-worth equal to or more than 1.2 
percent. 

Identification of highest rod worths (Ref. 6) 

The French PWR's are controlled in two different ways, either 
in A mode (power transferred to the boron and the black 
control rod assemblies) or in G mode (power transferred to the 
gray control rod assemblies). The A and G assemblies having the 
highest rod worth were then identified. As the A mode rresults 
were found to encompass the G mode results at zero power, 
attention was focussed more particularly on the former type of 
reactor control. 

Two control rod configurations were studied: one where the C 
and D banks are inserted to 45% of the active core height and 
the other where the D bank is inserted to 100% of the active 
core height, TheR*1 control rod configurations were calculated 
for beginning and end of cycle conditions, for different 
refuelling patterns maximizing the ejected rod worths. 

It was found that, for all the cases studied, rod H^ had the 
highest worth (varying at both beginning and end of cycle 
between 0.75 and 1.1 percent in the case with C and D 
inserted). It will be noted that, if we take into account a 10% 
margin for error on the reactivity calculated, the value of 1.2 
percent can be reached in cases corresponding to particularly 
penalizing radiation scenarios (pi?judicial modification of 
irradiation from the assembly adjoining the ejected rod and 



unfavourable xenon situation). 

Rod Hj, or its symmetrical equivalent, is the rod which is 
geometrically out of center. It is interesting to note that the 
additional ejection of a rod diametrically opposite (H14) 
involves a reactivity insertion of only 0.025 percent, which 
can be explained by the fact that the two rods considered are 
too far apart for the flux disturbance caused by the ejection 
of one rod to affect the other. The core in this case behaves 
like two independent cores. 

In conclusion, despite these results, it should be noted that 
under normal operating conditions and at zero power, the D bank 
is totally inserted, but the C bank is only inserted to 45% of 
the active core height. This observation highlights the fact 
that the 1.2 percent threshold could only be reached under 
highly improbable accident conditions. The only situation 
culminating in stored energy exceeding 300 cal/g during this 
accident would be that where the C and D banks were both 
totally inserted (which is not a normal operating 
configuration) combined with ejection of the rod with highest 
worth. 

3 - Coolant accident 

Secondary side drainage of one or several steam generators 
results in intense primary system cooling and, if the moderator 
temperature coefficient is very negative, in an increase of the 
reactivity in the core. 
On a 900 MWe PWR (3 loops), draining a steam generator inserts 
2 percent, draining two steam generators inserts 4 percent in 
200 to 300 seconds. 

The number of rods available to scram the reactor must be 
sufficient to prevent the fuel from being damaged during the 
ensuing power buildup when the reactor is restarted. 

The steam generator drainage accident provides the design basis 
data determining the total number of rods involved and the 
maximum allowable insertion when the core is critical. The 
insertion limits must also be such that consequences in the 
event of rod ejection will be acceptable. Extremely 
conservative hypotheses are used for this type of calculation, 
in particular for the jammed withdrawn rod case. However, there 
are two events which could alter the consequences of the 
accident : 

- drainage of more than one steam generator; 
- drainage of a steam generator when the rods are inserted 

beyond the insertion limits under end of cycle conditions. 
Studies involving drainage of two steam generators were 
performed for the 900 and 1 300 MWe PWR's in France. 
"Realistic" basic assumptions were used for this work; in 



particular, it was not assumed that a rod could remain jammed 
in fully withdrawn position. With these postulates, it was 
shown that consequences are no more serious than for the 
drainage of one steam generator, using conservative 
assumptions. 

In a case of cooling resulting from drainage of one or several 
steam generators, the reactivity change rate will be situated 
between 0.03 and 0.05 percent per second. If the rod worth is 
insufficient, there will be a power buildup in the core, 
reaching DNB and, if the cooling continues, there will be 
danger of clad and/or fuel meltdown. Calculations with a simple 
pointwise kinetic model show that, for the reactivity change 
rates considered, a high stored energy value (300 cal/g) could 
only be reached after exceeding the clad meltdown temperature. 

Calculation codes are presently being adapted to study fuel 
behaviour during this stage. 

4 - Fast injection of slightly borated water into the core 

The third type of study consisted in identifying situations 
involving a risk of sudden propulsion of non-borated water into 
the core. In this type of scenario, two stages are to be 
considered: 

- the first stage, when non-borated water is accumulated in the 
primary loops, whilst the core is moderated with borated 
water ; 

- the second stage where, when the pumps are restarted, non-
borated water is suddenly injected into the core. 

During the first stage, water circulation in the primary loops 
has to be very low or nil, implying that the primary pumps have 
been shut down and that natural circulation is very slight. If 
we add dilution in the loops to these two conditions, it 
becomes evident that we are dealing with perhaps plausible but 
certainly extremely unlikely situations. 

The scenario studied was as follows (Ref. 7): 

1) Total loss of power with failure to start of the equipment 
indicated in t.hfi H3 procedures (standby turbine generator, 
reactor coolant pump seal water pump, turbine-driven steam 
generator feed pump) over a period of one hour; 

2) Startup of a steam generator auxiliary feed pump one hour 
after the beginning of the accident; 

3) Voltage recovery a few minutes later and startup of a 
primary pump. 

The calculations performed show that boiling takes place during 
stage 1, followed by condensation and accumulation of slightly 



borated water in the crossover leg during stage 2. Pump startup 
in stage 3 injects this water into the core. 

The main uncertainty in this analysis concerns representation 
of the extent to which the pure water plug and the strongly 
borated water from the bottom of the vessel coalesce when the 
latter is injected. If mixing is assumed to be perfect, the 
water will be driven through the core leaving it amply sub-
critical. If there is no mixing, the impact of the gush of 
water will render the reactor largely critical resulting in 
severe core damage. 

The perfect mixing postulate seems justified if we consider the 
amount of pure water (500 kg) and the mass of borated water 
(15 T). However, only by fine calculations, using tools 
specially elaborated and qualified for this type of 
investigation, could this assumption be confirmed. 

In the meantime, in order to limit the formation of diluted 
water plugs, EDF has taken a series of measures, which include 
instructions to operators not to restart primary pumps until 
the control room team is sure that dilution is not under way. 

t t t t t t t t t t t t t t t t t t t t t t t t t 
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