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TAKING INTO ACCOUNT SEVER* ACCIDENTS IN THE DESIGN 
AND THE CONTROL OP FRENCH PWR'S 

by J. 3RIS30IS md A. L'HOMME (CEA-IPSN FONTLNAY-AUX-ROSES) 
N. SCHEKTMAN (EDF/SPT) 

I - DESIGN BASES FOR FRENCH PVR'S 

The French PWR program relies heavily on the design, construction 
and operation of series of reactors ; all the reactors in each series being 
identical except for modifications imposed by the site. 

For each series, the design adopted to avoid any unacceptable 
risk is justified by deterministic studies on the radiological consequences 
of a limited number of predetermined operating situations. These studies 
must include adequate safety margins (choice of pessimistic basic 
assumptions and calculations). These predetermined operating conditions are 
classified by their- estimated frequency in A categories, and must be 
selected such away, that, within each category, their radiological effects 
cover those of the other operating conditions in the same category. 
Obviously, in addition to the operating conditions described above, events 
originating outside the reactor are also examined, bearing in mind the site 
selected (exposure to aircraft crashes, earthquakes, extreme meteorological 
conditions, flooding, proximity of dams, explosions, etc.). 

The French regulations require that an authorization be obtained, 
for each site, for the release of gaseous and liquid radioactive efluents. 
The authorization fixes, on a case-by-case basis, the maximum overall 
activity level authorized and may include specific activity limits for 
certain radioactive elements. On the other hand, French regulations do r.ot 
impose limits on the dose equivalent to which the public may be exposed 
during accident situations. 

However, it should be noted that Electricité de France - *r.o 
operates the P'rfR stations - has itself fixed the following limits to ie 
used in designing the plants : 

Category 
i 
i Estimated freque 
| (per year) 

ncy 
i 

I Maximum radiological 
consequences 

i 
i 

4 
i 
! 1 

i 
| Limited by the radioac-

2 1 :o" 2 - i 
| tive effluent release 
! authorizations 

3 :o- 4 - io- 2 

i 
|0.5rem (whole organism) 
jl.ôrem (thyroid) 
1 

4 
I 
! 15rems (whole organism) 
! 45rems (thyroid) 
1 

These values have r.sver :een questioned to date. 
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i i - DISH» nasuBEs TO PRKVKRT SEVEHI ACCIDIMTS DI PVR*S 

In 1977,. after discussions between the safety authorities and the 
u t i l i ty EDF, the safety authorities defined a risk objective which i s the 
following. 

As a general objective, PWR design should aim at a probability of 
unacceptable consequences less than 10 per reactor and per year. The 
translation in terms of plant performance has not been off ic ial ly defined. 

Ve must not that this value of 10 /reactor/year must be 
interpreted as a goal to be achieved and i t should not interpreted either as 
a probabilistic criterion or regulatory requirements in the licensing of 
plants. 

In practice, this general objective has been applied to the 
probability limit for a family of events. Taking into account this safety 
goal, i t has been demanded to EOF, if EOF decides not to take into account a 
family of events in the design, to demonstrate that the probability to 
induce unacceptable consequences is less than 10~ /reactor/year. 

To meet this safety goal, i t was necessary to evaluate the 
consequences of the loss of the redundant systems and more generally to 
examine measures to take into account the multifailure equipment or 
operator's inappropriate previous actions. 

II.1 - Loss of redundant systems 

Five situations have been analyzed : loss of heat sink, loss of 
steam generator feedwater supply, loss of e lectr ic power supply, loss of 
safety injection system during the long term post-LOCA and ATVT. The f i r s t 
results of the probabilistic studies performed by EDF in 1978 showed that 
the probability of unacceptable consequences associated with these s i tua
tions was higher than the safety goal, considering in this particular case 
that the core melt wa3 inducing unacceptable consequences. The safety 
authorities asked EDF to propose design modifications and adapted procedures 
to reduce this risk to acceptable values taking into account all normal 
operating conditions. 

II. 1.1 - Lossjaf heat^sink j_ Hl_proced_ure 

The HI procedure specifies the actions to be taken in the event of 
a fa-lure of the component cooling system, residual heat removal system or 
the cold source i t3elf following the failure of the pumping station or 
failure of the A service water pumps. If these events are initiated at fu l l 
power, there i s a risk of damaging the primary pump seal which induces small 
break and leads to a core melt due to the unavailability of the safety 
injection pumps. 

The purpose of the procedure i s to bring the plant to a stand-by 
situation (T < 180aC, primary pressure < 45b) which allows the cooling 
injection to pump seals to oe shutdown with no risk of damage. To reach this 
stage, the operator cools iown the reactor cooling system using the steam 
generator, the steam being dumped to the atmosphere. 
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The water reserves on site and the procedures specified to 
resupply the auxiliary feedwater tank allows considerable time for repair of 
the heat sink (one month). 

If these events are initiated at shutdown, the loss of heat sink 
leads to a total loss of reactor cooling and core melt. The purpose of the 
procedure in these situation is also to bring the plant to a standby 
condition where the reactor cooling is provided by the steam generator 
(availability of one of two steam generators is required by the Technical 
specifications). When the reactor cooling system is open in case of 
maintenance during shutdown, it may be necessary to start injection by the 
chemical and volumetric control system taking water from the refueling water 
system tank and eventually opening the pressurizer valves. 

All these actions are described in the HI procedure which is 
available on all the 900 MW and 1300 MW plant sites. For the N4 reactor. EDE 
evaluated the risk induced by this event and has found around 10 
/reactor/year for the core melt probability. Evaluation by the safety 
authorities of this study is in progress. 

II.1.2 - Lcss_of st£am generater-feedwater : H2 procedure 

This situation results either from the failure of the main, 
feedwater system followed by failure to start the auxiliary feedwater 
system, or from the failure cf the auxiliary feedwater system when it is in 
operation. 

This event leads to the opening of the pressurizer relief valves. 
Due to the high pressure in the primary vessel, the safety injection system 
is inefficient and this situation would lead to core melting. 

The H2 procedure consists of voluntary opening of the operated 
valves of the pressurizer before the steam generators are completely dried. 
The safety injection signal, triggered by depressurisation is confirmed 
manually. The thermalhydraulic studies performed with the Relap code show 
the allowable time for the operators is about 40 minutes which is sufficient 
to take this difficult decision. 

The H2 procedure is available on all 900 MWe et L300 MWe sites. 

For the N4 reacwr, SDF evaluated she risk associated with this 
event and found around 10" /reactor/year for the core melt probability. This 
study is under review by :he safety authorities. 

II. 1.3 - t a£ 9_°£ £ i e . c K i ° _ p £ w £ r _ : H^ procedure 

This situation results either from the loss of external power 
supply followed by the loss of the two diesel generators, or from the loss 
of electric switchboards 5.6 k Volts. 

At full power, these events lead to the damage of the primary 
punrçs seals due to the loss of cooling and water injection on these seals. 

Thi3 situation results in a small break and leads to core melt due 
to the unavailability of the safety injection system. In reactor shutdown 



situations where the reactor is cooled by the residual heat removal system, 
these events lead also to core melt due to the loss of reactor cooling. 

At full power, the major objective of the procedure is to keep the 
water injection on the pump seal by using another small pump powered by a 
turbine-generator driving by the steam of the steam generators. This 
turbo-generator also produces power for the control of the plant. In 
addition one gasturbine is installed on each site which can be on line 3 
hours after the beginning of the accident. 

In shutdown situations, the procedure consists of cooling the 
reactor by the steam generators whenever possible. All these design changes 
have been taken into account during the construction of the 1300 MWe plant 
and have been decided for the 900 MWe plant for which their complete 
availability is planned in the next year. 

For the N4 reactor- EOF evaluated the risk associated with these 
events and found around 10 /reactor/year for the core melt probability 
f 1 ] and for the 900 MWe plant IPSN has found a value 2 to 3 times higher 
due to the fact the 900 MWe plant have only one turbo pump for the auxiliary 
feedwater system in place of two for the 1300 MWe plant [2]. 

This result has been judged acceptable by the safety authorities. 

II. 1.4 - Loss_of £a£«^y_i-îiJaction system : H4/U3 procedures 

After a LOCA when the break cannot be isolated and when the 
residual heat removal system is not available, the long term decay heat 
removal is assured by recirculating borated water from the containment sump 
by the low pressure injection pump ; the heat passing from the core to the 
containment is evacuated to the cold source by the containment spray system 
heat exchanger. Taking into account the fact that this situation can extend 
during some months, the probabilistic studies showed that it was necessary 
to improve the reliability of required functions by increasing the 
redondancy of the pumping systems after a few days. 

The studies showed it was possible in case of total loss of CSS 
pump, by using connexions sleeves between the low pressure injection system 
(LPSI) and the containment spray system (CSS), to use LPSI pumps to assure 
the functions of the two systems and vice versa. 

For the 1300 MWe plant, flanges are installed on the pipes of the 
systems and the connecting 3leeves can be installed after a period of 
15 days after an accident. 

In addition a mobile unit including one pump and one heat 
exchanger can be installed 15 days after an accident in case of loss of ail 
pumps and CSS heat exchangers. 

For the 90.0 MWe plant, the decision to undertake this modification 
is taken and it will be completed in two years. 

For the M4 plant, the safety authorities asked IDF to demonstrate 
the probability of core -neit in case of LOCA followed by a loss of the 
safety injection .system or containment spray system is coherent with the 
safety goal ( < 10 /reactor/year). 
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II.1.5 - ATVT 

The study has covered the consequences of anticipated transsients 
without trip and the reliability of protection systems and has shown that 
the loss of steam generator feedwater was the most severe transient, with 
respect to overpressurization of the primary circuit. 

The solution of the ATVT issue has been found in the complete 
diversification of the signals ordering the turbine trip and the start-up of 
auxiliary feedwater system. These design modifications have been done on the 
1300 MWe plant but for the 900 MWe plant a complete baclcfitting was 
difficult to implement, and it was accepted that the logics only were 
diversified. 

For the N4 plant, the safety authorities asked EDF to demonstrate 
the probability of core melt due to ATVT is coherent with the safety goal 
( < 10~ /reactor/year). 

II.2 - Ultimate core cooling 

The objective of the measures described in chapter II. 1 is to 
attempt to fulfill the general safety goal in the particular case of the 
loss of redundant systems. Sut all the design measures taken at the 
conception level, may be inadequate either due to multiple equipment 
failures or to operator's inappropriate previous actions. In order to 
attempt to stop the development of potentially serious situations which 
could lead to core degradation, EOF has proposed a new approach, based on 
the characterization of every possible cooling state of the core which will 
provide an exhaustive coverage of all accident situations [3 ] . Implemen
tation of such an approach, which necessitates a water level measurement in 
the vesselT already installed on all 1300 MWe plant3, is foreseen in 1369 at 
the start-up of Penly plant and progressively on all other 1300 MWe plants. 
This delay is due to the time needed to develop the corresponding set of 
procedures and to train the operators, 

Nevertheless a limited application 
;> •̂I""M, """i?""" of «he state approach has already 

f i.<.r ; ( been implemented on the 900 MWe et 
1300 MWe plants where the Ul procedure 
i3 used by the safety engineer -.r. 
all incidental and accidental situations. 

The figure below gives a descrip
tion of the organization of the worK :.-. 
the control room between the operator 
team and the safety engineer. Tn<» 
safety engineer is called to the control 
room in case of shutdown or losse of 
3ubccoied margin. He is in charge of 
post incident supervision and carries out 
monitoring of criticality, primary an.o 
secondary parameters, safety injectior. 
and containment spray systems and con
tainment activity. The safety engineer, 
using given criteria can decide do adept I ••'•••••*mt* 1 ,„ ' • " , . 

ÎÎ3UCTUM V TH 7-1S7 «CJEiT -J1(*!3*iS.Ci» 
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Ul procedure which s p e c i f i e s the a c t i o n s for each of the nuclear steam 
supply system s ta tes defined by funct ional and by physical c r i t e r i a . The Ul 
ac t ions are performed by the operator team and during t h i s time the sa fe ty 
engineer i s in charge of permanent ult imate supervision to ver i fy the 
e f f i c i e n c y of the act ions. 

This procedure w i l l be on l i n e very socn ; computer a ids are 
developped and wi l l be integrated into the safety panel display system. 

I I . 3 - Component conception r u l e s 

As we have seen, the implementation of the H e t Ul procedures 
implies the use of supplementary systems or non-safety systems to perform 
the act ions described in the procedures. The question ar i ses about the 
d e f i n i t i o n of the conception and q u a l i f i c a t i o n rules to be used. For the 
900 and 1300 Mw>, no special requirements have been formulated except the 
se ismic qual i f i cat ion for the supplementary systems related to the H3 
procedure. 

For the N4 project , a general approach wi l l be es tabl i shed between 
EDF and the safety a u t h o r i t i e s . A general rule i s already defined in a 
fondamental safety rule indicat ing that a l l the supplementary components 
used in the H procedures w i l l be sa fe ty grade component but the conception 
ru le s of the components wi l l be defined on a case-by- case bas is taking i n t o 
account the ro le and the importance of the components in these s i t u a t i o n s . 

XII - ULTDttTK PHOCEDURIS DKVOTXD TO THE MITIGATION OF THE RADIOLOGICAL 
CONSBQUKMCSS 07 SSVKRX ACCIDENTS 

The principle of incorporating in to French PWR's ult imate procedu
res devoted to the mitigation of the radio log ica l consequences of severe 
acc idents was accepted in 1981 by the involved part ies - the Safety 
Authority SCSIN (Service Central de Sûreté des Ins ta l l a t ions Nuc léa i re s ) , 
i t s technical support IPSN ( I n s t i t u t de Protection et de Sûreté Nucléaire) 
and the u t i l i t y EDF ( E l e c t r i c i t é de France) - in order to meet a 
requirement, which can be summarized as fo l lows : 
- in case of core melting, the third barr i er , i . e . the containment and the 
various systems passing through i t , must const i tute an ultimate l i n e of 
defence, which must reduce the radioact ive re lease to the environment to a 
l e v e l compatible with the f e a s i b i l i t y of the emergency plans (PPI : Plans 
P a r t i c u l i e r s d'Intervention)-

Start ing from the s tudies made on the basis of the WASH 1400 
report , one was led to the de f in i t ion of three typical source- terms to be 
used, for the assessment of severe acc ident s , namely : SI, S2 and S3, whose 
main c h a r a c t e r i s t i c s are given in the table below. * 
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Fraction of core inventory {%) 

Noble 
1 Iodine . 

Strontium Noble gases. 
organic 

non 
organic 

Strontium 

si 80 1 0.6 60 40 5 
S2 75 1 

1 0.55 2.7 5.5 0.6 
53 1300 MWe 

7 5 
1 

1 
0.55 0.31 0.35 0.04 

These three source terms are representative of scenario families, 
whose probability decrease from S3 to SI. 

SI, representing accidents that are difficult to picture physica
lly, is considered as forming part of the residual risk, that is, not 
requiring any a-priori special technical arrangement. 

S3 represents scenarios where the base mat of the reactor 
building is perforated by the corium ( c mode of containment failure) one 
day after the beginning of the accident, the above-ground part of the 
containment having retained its integrity and the soil acting as a filter 
for all the contaminants other than the noble gases. This source-term was 
judged compatible, in level and delay, with the carrying out of the 
emergency plans (PPI). 

S2 represents accidental sequences where the tightness of the 
containment is threatened within a period greater than one day, either by a 
high internal overpressure ( 5 mode) or by a major leakage ( 3 mode, 
c mode for some PWR's). As the potential consequences of this source-term 
are too difficult to be covered by the emergency plans (PPI), provision was 
made for the installation of measures aiming to reduce releases to a value 
compatible with the application of the emergency plans. These means are the 
ultimate procedures U2 (search for and processing of abnormal containment 
tightness defects), U4 (minimization of releases to the atmosphere in case 
of perforation of the base mat of the reactor building by the corium for 
certain PWR's) and U5 (depressurization and rough filtration of the 
containment internal atmosphere). 

Of course, these procedures rely on a general programme of 
studies that IPSN (Institut de Protection et de Sûreté Nucléaire) leads 
since several years with respect to PWR's severe accidents (A), 

III.l - U2 procedure ( S mode) 

The U2 procedure must in fact cover a wide range of accident 
severity, because it is obviously desirable to activate it as soon as any 
threat of significant release of radioactivity inside the containment has 
been discovered. It defines : 

- the condition of containment surveillance (radioactivity at the stack, 
in the 3umpj and inside the containment, state of containment isolation 
systems), 
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- the action to be taken to mitigate the radioactive releases (for example 
: isolation of an unit, reinjection of liquid waste inside the reactor 
building). 

This having been accepted by the safety authority, the operating 
rules are now being written for each PWR standard. 

111.2 - U5 procedure ( 5 mode) 

The U5 procedure uses a device making it possible to effect 
planned and filtered releases, conceived : 

- to reduce the internal pressure of the containment to the design value, 

- to decrease significantly the release of some radioactive products to the 
environment, 

- to canalize the filtered gases toward the stack, where their radioac
tivity is counted before dispersion into the environment. 

This device includes mainly a tight container, holding a 40ra2 
sand bed, 80 cm deep, isolated by valves, connected upstream to the 
containment atmosphere by a pre-existing penetration (used to perform the 
containment tightness tests) and downstream to the stack (5). 

A research and development programme, called PITEAS (6), was 
performed on the sand filtration in the CADARACHE Nuclear Research Center ; 
it made it possible to define the system, to check the efficiency of the 
device and its ability to accomplish its task, under conditions representa
tive of accidents liable to occur. 

Today EDF has defined the design of the system to be incorporated 
into the CP1-CP2 standard and has submitted it to the final agreement of 
the Safety Authority. Taking into account the installation period, the 
first filter would then be in place two years from now. At the same time 
the writing of the operating rules will be undertaken. 

This device will be adapted to the 1300 Mwe standard and included 
at the design stage for the N4 standard. 

111.3 - U4 procedure ( £ mode) 

During the studies devoted to the analysis of the consequences of 
the oasemat melthrough by the corium, it appeared that, in the 900 and 1300 
MWe standard basemats, direct pathways to the atmosphere of early releases, 
not filtered by the ground (basemat auscultation, draining systems), were 
to be found. 

For the N4 standard, these pathways were eliminated at the design 
stage. For the 900 and 1300 MWe standard, various arrangements are under 
study, covered by the jeneral term of U4 procedure, aiming to supress or to 
mitigate the presence of tnese pathways. 
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IV - COHCLUSION 

In France, we have engaged an important program to define the 
measures to prevent severe accident. These iceans are mainly based on a 
functional diversification of the safety systems. The design modifications 
have been taken into account at the conception level for the 1300 MW plant 
and backfitted on the 900 MWe plant. For the new standard plants N4, this 
principle justified by probabilistic studies has been renewed. As a matter 
of fact, the functional diversity appears as efficient as an increased 
redondancy of the safety systems. 

Although these preventive measures give to the french PWR a high 
level of safety, it is appeared the need to define ultimate measures, in 
the unlikely event of core melt, in order to give to the shift some means 
to control the radioactive releases and to mitigate the consequences of the 
accident. 
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