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I N T R O D U C T I O N 

French PWR power plant design relies basically on a deterministic approach. 
Nevertheless, an overall safety objective was issued in 1977 by the safety 
authority which set an upper probability limit for having unacceptable 
consequences ; this resulted, in particular, in the elaboration of the "H" 
procedures, aimed at reducing significantly the risk of core uncovery 
subsequent to the loss of redundant safety-related systems. The Ul 
symptom-oriented procedure, based on the nuclear steam supply system "cooling 
states", was introduced later, in order to prevent core melting in situations 
where the operating crew was confused by multiple failures and/or 
inappropriate previous actions. In the event that a core-melt should occur, 
the ultimate procedures U2, U4 and U5 - the latter providing a venting of the 
containment through a filtration system - should enable the radioactive 
releases to be limited to characteristics compatible with the feasibility of 
the off-site emergancy plans. 

Such emergency management procedures necessitate a significant study effort 
in order to be elaborated and qualified ; this also presupposes that an 
adequate level of scientific knowledge has been gained as regards the 
response of specific components of a PWR under beyond-design conditions. The 
purpose of severe accident research in France is to attain a level of basic 
knowledge such that emergency procedures may be conceived and ultimately 
tested. Thermal hydraulic research is devoted to keeping control of core 
cooling ; fuel behavior research is aimed at understanding the degradation 
mechanisms of an uncovered core, bearing in mind the opportunity of a 
not-too-late recovery of water to terminate the accident ; source terra 
research is devoted to gaining knowledge on fission product transport from 
the heated fuel to the environment in the case of a core-melt, with the 
purpose of limiting the relevant releases to characteristics compatible with 
tha off-site emergency plans, or even below, when some cost-effective 
mitigating devices can be backfitted. 

Of course, resources for such research are not unlimited, giving rise to the 
need for pooling efforts, skills and results among organizations involved in 
the nuclear safety arena. 

The present meeting is a good example of an exchange of results in the 
framework of the NSRR-PHEBUS overall agreement ; we hope that such exchanges 
may turn into a closer collaboration, in particular for the PHEBUS P.F. 
(fission products) program, in which most of the European nuclear 
organizations already showed a major technical interest. 
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1. FRENCH SAFETY RATIONALE AND ACCIDENT MANAGEMENT 

French PWR power plant design relies basically on a deterministic approach. 
In such an approach, the consequences of a limited number of conventional 
situations are assessed, as well as the relevant frequencies of occurrence, 
which are classed in frequency categories expressed in terms of orders of 
magnitude (Table 1). The conventional situations retained are such that their 
consequences are representative of those of all other situations of the same 
frequency category. These situations are called "design basis situations". A 
probabilistic approach was introduced in France in the early seventies to 
define safety provisions against external impacts (aircraft crashes and risks 
related to an industrial environment). In 1977, an overall safety objective -
more a target than a mandatory value - was issued by the safety authority in 
the following terms : 

"The design of a nuclear unit comprising a PWR should be such that the 
overall probability that the said unit can induce unacceptable consequences 
will not exceed 10"» per year". 
"From here on, when a probabilistic approach is to be used to assess whether 
a group cf events should be allowed for in the design cf a unit, it should be 
assumed that this group of events must be allowed for if the probability that 
it may lead to unacceptable consequences exceeds 10' 7 per year ; such a 
threshold cannot be exceeded for the said group unless it can be proved that 
the calculation of the relevant probabilities is sufficiently conservative". 

Following that ruling, the utility - Electricité de France, EdF for short -
was required to prove that the loss of the redundant safety-related systems 
would meet the safety objective. 

The first results of the probabilistic studies performed by EdF in 1978 
showed that the probability of unacceptable consequences associated with such 
situations was higher than the safety gcal, considering, in this particular 
case, that the core melt was 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. This resulted in the definition and the development of 
the five following "H" event-oriented operating procedures : 

HI for the total loss of the ultimate sink 

H2 for the total loss of steam generator feedwater (normal and auxiliary) 

H3 for the total loss of electrical power supplies (off- and on-site) 

H4-U3 for the mutual back-up of the spray system and emergency low pressure 
injection system during the recirculation phase 

H5 for the protection of sites along rivers against floods exceeding the 
reference level (millennial flood) 

The initial "H" is for "hors dimensionnement", that is "beyond design" : 
actually, the designation "at the limit of the design" would be more 
appropriate. 



-3-

The TMI-2 accident enhanced the interest in confused situations in which 
possible multiple equipment failure and/or inappropriate previous actions of 
the operators impede the implementation of any of the existing event-oriented 
procedures. In such situations, the objective becomes to avoid core-melt by 
any means available : this is the goal of the Ul symptom-oriented procedure 
currently developped at EdF. Such a nsw procedure, which provides for the 
characterization of every possible cooling state of the core, is due to 
afford an exhaustive coverage of all accident situations. 

Implementation of such an approach, which necessitates a water level 
measurement in the vessel, already installed on all 1300 MWe plants, is 
slated for 1989 at the start-up of the Penly plant and will be achieved 
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 of the state approach has 
already been implemented on the 900 MWe and 1300 MWe plants where the Ul 
procedure is used by the safety engineer in all incidental and accidental 
situations. 

Figure 1 outlines the organization of the work in the control room between 
the operator team and the safety engineer. The safety engineer is called to 
the control room in case of shutdown or loss of subcooled margin. He is in 
charge of post-incident supervision and carries out monitoring of 
criticality, primary and secondary parameters, safety injection and 
containment spray systems and containment activity. The safety engineer, 
using given criteria, can decide to adopt the Ul procedure, which specifies 
the actions for each of the nuclear steam supply system (NSSS) states defined 
by functional and by physical criteria. The Ul actions are performed by the 
operator team, and during this time the safety engineer is in charge of 
permanent ultimate supervision to verify the efficiency of the actions. This 
procedure will be on line very soon ; computer aids are developped and will 
be integrated into the safety panel display system. 

The principle of incorporating into French PWRs ultimate procedures devoted 
to the mitigation of the radiological consequences of severe accidents was 
accepted in 1981 by the parties involved - the safety authority and the 
utility - in order to meet a requirement which can be summarized as 
follows : 

- in case of a core melting, the third barrier, i.e. the containment and 
the various systems passing through it, must constitute an ultimate line of 
defense, which must reduce the radioactive releases to the environment to a 
level compatible with the feasibility of the off-site emergency plans. 

On the strength of the studies made on the basis of the WASH 1400 report, one 
was led to the definition of the following three typical source-terms to be 
used for the assessment of a severe accident, all of them assuming a complete 
core melt-down. 
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In order of decreasing severity, they are (Table 2) : 

- SI, which corresponds to a total and very early loss of containment 
tightness ; such catastrophic scenarios are difficult to picture physically 
and thus are currently considered as a part of the residual risk, that is, 
not requiring, a priori, any specific arrangement ; 
- S2, which corresponds to a large and direct release of radioactivity to 
the atmosphere one day after the beginning of the accident (for example 
5 mode in the HASH-1400 terminology) ; 
- S3, which corresponds to an indirect release to the atmosphere, starting 
one day after the accident's onset, through leakpaths between the containment 
and the atmosphere, involving a substantial fission product retention ; S3 
also incorporates the minor, normal releases of the containment before its 
impairment ; S3-level is about a few thousandths of the core inventory in 
iodine and cesium. 

These sources terms derive from U.S. assessments established more than ten 
years ago (essentially the WASH-1400 report), which were adapted in the late 
seventies to PWRs built in France. 

Feasibility studies on off-site emergency plans (FPIs) in France were 
completed in the early eighties ; they resulted in the following 
conclusions : for French PWR sites, when using classical operational means, 
it appears feasible to evacuate the population within a radius of about 5 km 
around the plant, and to confine it within a radius of about 10 km, provided 
there is at least a 12-hour advance warning before the postulated releases. 
This being considered, in addition to the necessary compliance with ICRP-40 
recommendations on doses to the population, it appears that S3 corresponds to 
release characteristics that can be correctly accommodated by the current 
PPIs. 

This means that steps had to be taken to mitigate the consequences of still 
conceivable core-melt sequences that could otherwise result in a S2-type 
release. This is the purpose of procedures U2, U4 and U5. The U2 procedure 
addresses the search for and processing of abnormal containment tightness 
defects (p mode according to WASH-1400 terminology) ; relevant operating 
rules are currently being written for each PWR standard. The U4 procedure is 
aimed at suppressing or mitigating the effects of potential direct pathways 
to the atmosphere during the early stages of the basemat penetration by the 
corium (e mode). The U5 procedure uses a device (a sand-bed filter, Figure 2) 
making it possible to effect planned and filtered releases, conceived : 

- to reduce the internal pressure of the containment to the design value, 
thus preventing the Ô mode of failure, 
- to decrease significantly tht» release of some radioactive products to the 
environment, 

- to direct the filtered gases towards the stack, where their radioactivity 
is counted before dispersion into the environment. 
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The proper implementation of the above safety rationale and PWR accident 
management procedures relies on the achievement of an adequate level of 
knowledge in the severe accident arena, which is the purpose of the relevant 
R and 0 effort described below. 

2. SEVERE ACCIDENT R AND D IN FRANCE 

2.1 Thermal hydraulic transients 

2.1.1 Development of the 1-D, 2-Fluid CATHARE best-estimate code 

The first version of the code has been operational since October 1985, 
following an extensive, in-depth validation based on a large set of 
separate-effect experiments. Such a code permits a realistic description of 
the accident physics and kinetics. This knowledge is essential to defining 
the criteria for initiating the actions prescribed in the procedures, 
particularly in the symptom-oriented procedures currently developed. In this 
type of approach the operator actions are indeed defined at each point in 
time on the basis of the actual course of events affecting the NSSS, rather 
than on a supposed sequence resulting from an initiator. Therefore, 
correlations between the measurable physical parameters and the various 
states of the NSSS have to be established so as to define criteria for 
operator action. In addition, based on the CATHARE code models, the SIFA 
software is developed as a simulator for studies. 

2.1.2 Construction and operation of the Integral Test Facility BETHSY 
(Figure 3) 

The Integral Test Facility BETHSY has been designed for the analysis of-FWR 
accident situations controlled by automatic circuits and/or operator actions. 
It is a joint research action of CEA, the utility EdF and the vendor 
FRAMATOME. The inain technical objectives are : 

- the validation of the physical assumptions made for the definition of 
operating procedures, whether event-orientend or symptom-oriented ; 

- the global validation of the CATHARE code. 

The reference reactor for BETHSY is a three-loop, 2775 MWth FRAMATOME PWR 
with 17 x 17 fuel rod assemblies. The scaling factor of the facility is one 
in height and 1/100 in volume and power ; 428 full-length, electrically 
heated fuel rods provide a 3 MW core power, with a cosine axial shape, which 
represents 10 % of the nominal power. The various PWR circuits and systems 
are modeled, which will provide proper initial conditions and a physical 
evolution similar to that on the power reactor. Operator actions will be 
automatically implemented according to the criteria in the procedures, taking 
into account the time available for intervention, which can be adjusted. Such 
an option eliminates bias that an interface and various operating crews 
implementing the actions could generate. Beside the above objectives, the 
BETHSY facility should provide elements for assessing the post-accident 
reactor operation. 
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The general test matrix can be divided into four main categories : 

- Characterization tests of the facility. The purpose of these tests is to 
permit an accurate quantification of some of the characteristics of the 
facility (pressure drop along the different parts of the circuits, heat 
losses, behaviour of certain components). They are essential for a good 
preparation and a reliable interpretation of the tests and must be performed 
at the beginning of the test matrix. 

- Tests under successive steady state conditions : "physical states" in the 
BETHSY facility. Steady state tests are performed with different values 
assigned to certain parameters (primary coolant mass inventory, secondary 
coolant mass inventory, pressure, core power, number of primary pumps in 
service, amount of non-condensable gases). By means of these tests it is 
possible to characterize different physical statss, to check their stability 
and the possibilities of transitions between them. In principle, all these 
physical states are encountered during accident sequences and the steady 
state nature of these tests will allow a good physical analysis. 

- Transient tests : accident sequences. À number of typical accident 
sequences have been defined and will be performed on BETHSY with their 
associated Emergency Operating Procedures (EOP), deduced from reactor 
procedures after computer code transposition. This will make it possible to 
confirm the relevance of the EOPs. 

- Counterpart tests with nuclear plants and with other integral test 
facilities. Some comparative tests with reactor transients are planned. 
Moreover, among transient, tests it is planned, in the scope of existing or 
projected international agreements, that some comparative tests will be 
performed with other integral test facilities presently in operation. These 
tests must be as comparable as possible to reveal only geometry and scaling 
effects, in order to check the ability of the computer codes to take them 
into account and to extrapolate to full reactor scale. 

Steady state and transient tests have been classified according to general 
physical criteria ; the whole test matrix is the following : 

- Characterization tests of the facility 
- Counterpart tests with reactor transient 
- Primary circuit in single phase flow 
- Natural convection in two phase flow 
- Secondary side heat transfer degradation 
- Energy removal by primary circuit 
- Presence of non-condensable gases 
- Two-phase flow forced convection 
- Combination of previous situations, with multiple failures. 
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Up to now the following tests have been completed : 

- two counterpart tests with reactor transients (piston effect in the 
pressurizer - test 2.4 - and spray efficiency in the pressurizer - test 
2.5) in September 1987 ; 

- one characterization test of the facility (mixer of the downcomer - test 
1.3 c) in October 1987. 

The next test (study of single phase natural convei.tion - test 3.1} is 
scheduled at the end of November 1987. The comparative test BETHSY - LSTF on 
two-phase natural convection is expected to take place next May. 

2.2 Severe core degradation phenomenology and mitigation 

2.2.1 Objectives of the PHEBUS Severe Fuel Damage prog? JD 

The PHEBUS Severe Fuel Damage (SFD ; CSD is the French acronym) program 
aims at providing : 

- a better understanding of the physical phenomena governing the 
degradation of uncovering fuel assemblies in a PWR core and of the impact of 
possible corrective actions, for typical accident situations ; 
- a set of adequate experimental data for the validation of models and 
codes, such as the ICARE code, demoted to PWR core severe accident 
assessment. 

In this perspective, and due tc the limited dimensions of the test train (a 
21-rod bundle, 80 cm in height), the purpose oi each PHEBUS SFD experiment is 
to investigate the actual behavior of a specific part of a PWR core ("space 
window") during a time lapse ("time window") beginning when the fuel 
temperature exceeds 1000'C ; the corresponding upper temperature limitation, 
beyond which cooling is initiated, depends upon"the test ; stage 3 tests are 
stopped before the zircaloy melting point, whereas stage 4 trials go beyond, 
possibly resulting in some fuel relocation. Various cooling kinetics will be 
tested to assess their impact on embrittled, but still standing fuel rods. 

Four typical PWR accident sequences are currently considered ; 

- a large break LOCA with safety injection failure (Scenario A) ; 
- a small break LOCA with safety injection failure (Scenario B) ; 
- a prolonged loss of all water sources to the steam generators (Scenario C) 
.- a prolonged core uncovery a few days after reactor shut-down (Scenario D). 
Besides, nine positions have been identified in the core as candidates for a 
PHEBUS test (Figure 4). Hence, eac.i test selected will address one core 
position during a given "time window" of the scenario considered. The alleged 
boundary conditions for the PWR core element of concern during the time 
window are provided by the VULCAIN assessment code ; they constitute a guide 
for setting the boundarv conditions of the test train. 
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2.2.2 PHEBUS Experimental Facility 

The tests are performed in the PHEBUS test reactor, comprising three main 
parts (Figure 5) : 

. the driver core, which supplies nuclear power tc the test fuel ; 

. the SFD loop, which produces the thermohydraulic environment corresponding 
to a PWR core degradation phase, around the test fuel ; 

. the pressurized water loop, which forms a buffer circuit between the SFD 
loop and the driver core. 

- The driver core (Figures 6, 7 and 8) 

The PHEBUS reactor is a pool-type reactor capable of operating at 30 MW 
maximum power. Cooling is ensured by an open circuit water circulation. As 
the storage capacity is only 500 m 1 of water, the reactor cannot operate for 
more than 10 minutes at full power. The core is made up of 1576 fuel rods 
having the same diameter as those of the power ieactors. The rods are grouped 
to form square or triangular sub-assembly cross-sections, so that the 
irradiation cavity on the core axis is approximately cylindrical. The rods 
have a fissile length of 800 mm, while the overall length of a sub-assembly 
is 1433 mm. The fission product inventory in the test fuel differs from that 
of a PWR fuel during normal operation. Accordingly, the time-history of a 
specific PWR decay heat after shutdorm will be simulated by varying the 
driver core power. 

- The SFD loop (Figures 5, 9 and 10) 

The SFD loop is an open loop which, during the experiment, is designed to 
submit the test fuel to the thermal hydraulic conditions of an uncovered 
core. The test fuel is made up of 21 PWR-type fuel rods in a matrix of 12.6 
mm pitch. Enrichment is uniform and has been set at 2.6 %. The total fissile 
height is 800 mm. Two inconel grids, 560 mm apart, placed on either side of 
the bundle mid plane, hold the rods in position. The fuel bundle is fed at 
the bottom by a controlled mixture of steam and hydrogen heated to a 
temperature of around 1000'C by an electric superheater. The top of the test 
train ensures the routing of the gas mixture heated to a temperature of 
1800°C or more when passing through the fuel bundle, and cools it down to a 
temperature of around 300"C. 
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The water and hydrogen supply circuits are located in the reactor hall. 
Continuous monitoring of the hydrogen concentration is ensured by sampling 
circuits which include, among others, a mass spectrometer. A pressure 
regulation valve is used for setting the pressure required for test 
conditions. At the end of the experiment, a supply line directly injects 
water or helium at the inlet of the bundle, in order to cool down the test 
train. 

To enable the bundle of fuel rods to simulate a PWR core region, an effort 
has been made first to obtain a flat radial temperature distribution, and 
second to approximate more closely the heat source profile corresponding to 
the PWR zone under study ; this resulted in the installation of a borated 
steel shield between the driver core and the test section. 

- Pressurized water loop (LOCA loop) (Figure 5) 

The experimental device of the SFD loop is placed, in the reactor, inside a 
pressurized water loop forming a buffer barrier between the reactor and the 
test section and ensuring two major functions : 

. From the safety point of view, it provides external cooling for the test 
device. The selected operating conditions are : 

••• temperature 280 °C 
••• pressure 80 bar 

. From the experimental standpoint, as the water and hydrogen feed lines of 
the SFD test section are located in the pressurized water of such LOCA 
loop, the water is vaporized and reaches the inlet of the superheater as 
280°C dry steam. 

The circuits for controlling fluid pressure and temperature are located 
outside the reactor. 

- Instrumentation 

Temperature measurements in the test section are made by two different kinds 
of high-technology thermocouples ; in both cases, the thermocouples are 
tungsten-rhenium alloy vires insulated by hafnium oxide ; the cladding 
ensuring resistance to oxidization, is composed of rhenium, lined with 
rhenium silicide or tantalum lined with zircaloy. These thermocouples are 
located in the fuel, inside and outside the clad, on the zircaloy octagonal 
tube, in the porous zirconia insulator, at the gas inlet and outlet. 
Conventional thermocouples are used in the colder areas. 

The steam flow is regulated by two metering pumps ; the hydrogen feed is 
regulated from a tank (cylinder) by a valve-flow meter servo-system. The gas 
flow at the outlet of the test section is measured by a turbine meter. The 
hydrogen concentration in the gas mixture iaaving the loop is continuously 
monitored by a mass spectrometer. 
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2.2.3 PHEBUS SFD test matrix 

Seven tests have been selected for implementation before mid-1989. They all 
use fresh fuel, and the corresponding PWR residual power will be simulated by 
fission power in the bundle. Three of them address the sane "space window" 
(number 9 on Figure 4) of a PWR core during a small break LOCA with safety 
injection failure, assuming that cladding oxidation will largely dominate 
liquified fuel formation, which is the other major core degradation process. 

. Test B9 was performed on December 3, 1986 ; its main features are a 
progressive fuel heat-up to 1800°C, with a large steam flow rate, then a 
fission power drop and helium cooling aimed at preserving the end state of 
the bundle for PIE. Some preliminary results are given in the next paragraph. 

. Test B9R is scheduled for next February. Test conditions are similar to 
those of B9 but the cooling, which will be effected by a strong steam flow 
rate, possibly followed by a water droplet injection below a 1000°C fuel 
temperature, with the fission power continuing, in order to investigate the 
oxidized bundle behavior under some PWR typical cooling conditions. 
. Test B9+ is expected to take place early in 89. Test conditions are similar 
to those of B9, but the fuel heat-up will be extended to 2200°C and more, 
resulting in the melting of unoxidized zircaloy. Bundle cooling will be 
ensured by a moderate steam flow, still with the fission power in progress. 

Two of the seven tests will address "space windows" of a PWR core and 
scenarios where the formation of liquefied fuel is expected to be dominant vs 
cladding oxidation. 

. Test C3 (scenario C, central volume on figure 4) was carried out on October 
30, 1987 ; its main design features were the following : a relatively rapid 
fuel heat-up under pressure with a continuous non-oxidizing flow rate 
(hydrogen), a small amount of steam injected over a short lapse of time to 
obtain a limited axial gradient of oxidized zircaloy, and a progressive 
cooling down from 1800°C by fission power drop and a helium flow. Actually, 
a pressure decrease occurred below 1100'C, which was compensated by an 
increased hydrogen flow rate ; although this event is still under 
investigation, the main objectives of the test are thought to have been met. 

. Test B5+ is scheduled for June 1988. Test conditions up to 1800°C will 
differ only slightly from those of C3, but the system pressure, which will be 
low enough to prevent the collapse of the cladding on the pellets, resulting 
in an early formation of liquefied fuel. The experiment will be prolonged 
beyond the zircaloy melting point until there is an indication of significant 
fuel relocation or the instrumentation fails. 

Two other tests are expected to have been completed by mid-89 ; currently 
they are not fully specified and will depend, to some extent, of the lessons 
learned from the previous tests of the series. 
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2.2.4 First results of the PHEBUS SFL B9 test 

The test objective was to obtain a dominant cladding oxidation between 1000°C 
and 1800°C. Typical time histories obtained for the cladding temperature, 
system pressure, steam flow rate and linear power in the bundle are 
represented on Figure 11. The unexpected temperature plateau around 1500°C is 
under investigation ; there are some indications that it could result from 
hydrogen-enhanced radial heat losses through the zirconia thermal shield. 
Oxidation model predictions for the actual test boundary conditions are 
currently compared with PIE results. Figure 12 displays the state of the 
bundle 18 cm below the top of the test train : extensive cladding oxidation 
and inconel molten grid relocation are visible. Figure 13 is a micrography of 
the highly oxidized clad of fuel rod no. 2 of the outer row at bundle 
raid-height. 

2.2.5 TMI-2 accident evaluation program 

Within the framework of OECD/CSNI, CEA contributes to the DOE TMI-2 accident 
evaluation program ; core samples, including core bores, are currently 
examined at the CEA Saclay hot cells, while CATHARE calculations are 
performed to reconstitute the early stages of the accident ; further ICARE 
calculations are envisaged. 

2.2.6 Reactivity initiated accidents (RIAs) 

The analysis of the Chernobyl accident resulted in an enhanced joint 
reflexion with the utility on a large spectrum of such accidents, ranging 
from ATWS to rod ejection. The current paucity of data regarding irradiated 
fuel cladding rupture under these boundary conditions is a subject of 
concern ; the issue is all the more crucial when claddings have endured load 
follow as usually practiced in France. Several means are presently examined 
for expanding research on RIAs, involving specific experiments to gain more 
adequate basic data on fuel behavior and code development. French fast 
breeder experience on similar accidents could prove very beneficial ; 
besides, the NSSR team could constitute a valuable support in solving such 
issues. 
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3. REALISTIC ASSESSMENT OF FISSION PRODUCT RELEASES 

3.1 Methodology 

In view of the very low probability of severe PWR accidents, the current 
French approach for assessing their consequences is characterized by a 
pursuit of realism. This means that, as far as possible, an attempt is made 
to identify the physical processes involved and to quantify their uffects in 
the least conservative manner possible. An experimental approach to the 
problems raised cannot suffice, mainly for the following two reasons : 

- truly realistic experiments are not feasible, 
- the number of accidental sequences to be investigated is very large. 
Therefore the assessment of radioactive releases resulting from severe 
accident sequences necessarily involves the use of a system of computer codes 
for extrapolating the knowledge gathered from analyses and experiments to the 
reactor case. The procedure adopted for the development, qualification and 
validation of such a system of computer codes comprises, schematically, the 
following steps : 

- a preliminary analysis of the problems aimed at : 

. identifying the risk-dominant sequences of events, 

. drawing up the list of the major physical phenomena that might be 
involved, 

. identifying the ranges of variation of the parameters involved in the 
physical processes (pressure, temperature, concentration, etc...) ; 

- the modelling of physical processes in computer codes ; 
- separate-effect experiments designed to qualify the physical models one by 

one, under realistic conditions for the parameters involved ; 

- more integral experiments, dealing for example with parts of the fission 
product leakpath, to test the validity of the hypotheses made in modelling, 
the possibility of cumulating the effects of the individual phenomena 
considered and the completeness of the models as regards important phenomena, 
for the most realistic values of the parameters involved (validation) ; 

- applications of the code system to the reactor case, particularly to check 
the pertinence of the assumptions made during the preliminary analysis. 

By implementing the successive steps of the above approach, the current 
situation appears to be as follows. 



- 1 3 -

3.2 The computer code system ESCADRE 

After a preliminary analysis had been made, a realistic system of computer 
codes has been progressively developed from the beginning of the eighties : 
its present flow chart is given on Figure 14. The development work recently 
concentrated on the VULCAIN, JERICHO and AER0S0LS/B2 modules. Figure IS 
displays the engineered safety features and physical phenomena currently 
taken into account in JERICHO and Figure 16, the phenomena allowed for in 
AEROSOLS/B2. 

A comparative exercice of the ESCADRK and Source Term Code Package (STCF) 
models has been recently initiated, following the transmission by USNRC to 
CEA/IPSN of the STCP ; the first step, currently going on, involves MARCH 3 
and the corresponding ESCADRE codes (VULCAIN, JERICHO and WECHSL). The CEA 
objective is to achieve a good understanding of the STCP capabilities, 
compared to those of ESCADRE, and possibly to introduce into ESCADRE any STCP 
models which might prove more appropriate than the current ones. 

3.3 Analytical qualification of physical models 

Separate effects experiments were carried out - some are still to be 
completed - at the Nuclear Research Centers of Grenoble and Cadarache, 
relative in particular to : 

- the release of fission products from the fuel (hot cell HEVA program) ; 

- the behaviour of iodine in the containment (impact of radiation, 
interaction with metal or painted surfaces) ; 

- the behaviour of solid aerosols in a containment with a dry atmosphere 
(sodium fire experiments ; EMIS program) ; 

- the efficiency of the ultimate procedure U5 (joint CEA-EdF PITEAS 
filtration programme : 3and bed filtration) ; a full-scale demonstration 
test of the efficiency of the sand bed filter as installed on French PWR 
units is expected in 1988 at the Cadarache center. 

Returning to the HEVA program, its objectives are the following : 

- to simulate a defined accident sequence, deriving from a PWR severe 
accident scenario, on a section of irradiated rod ; 

- to study qualitatively and quantitatively the kinetics of fission product 
release during the sequence ; 

- to determine the physical and chemical characteristics of the species 
released. 
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The experimental sequence for the first tests is as follows : 

- temperature increase at a rate of l'C.s"1 up to 1800°C or 200C°C in a mixed 
atmosphere of steam and hydrogen ; 

- a stable temperature for periods time ranging from 15 to 100 min ; 

- slow cooling under helium sweeping. 

The tests are performed at CEA Grenoble hot laboratories wit.i irradiated fuel 
samples burn-ups ranging from 28 to 40 GWd/tU. 

Figure 17 represents the general arrangement of the facility in the hot cell. 
The fission products released by the fuel are analysed using on-line 
gamma-spectrometry. Aerosols are sampled and sorted by means of a cascade 
impactor, located directly above the sample. The condensed water is analysed 
by means of two specific electrodes (for H* and I" ions). 

The experimental program includes a parametric study of maximum fuel 
temperature and impactor temperature. Some samples will be re-irradiated in 
the SHOE reactor just before the test in order to be able to monitor 
short-lived fission products (especially iodines). In the near future, 
aerosols from control rod materials will be generated simultaneously. 

Three tests have been already performed. HEVA 03 was held in February 25, 
1986 on a BR3 fuel rod section (27 GWd/tU, 8-year decay) without prior 
re-irradiation ; HEVA 04 was carried out on December 3, 1986 ; it used a 
Fessenheim fuel rod section (35 GWd/tU, 5-year decay) with a re-irradiation 
such as to generate short-lived nuclides. 
HEVA 05 was held on July 17, 1987 on a section of the same fuel rod that was 
used for HEVA 04 ; short-lived nuclides were produced by a re-irradiation ; 
the temperature plateau was extended to 96 min to investigate any variation 
in the release rates ; the cascade impactor temperature was set at 250°C, 
instead of 600'C in HEVA 04 and 800°C in HEVA 03.' 
Table 3 shows a good agreement of HEVA 03 results with NUREG 0772. 
Figure 18 displays the fission product release rates measured in tests HEVA 
03 and 04 compared to NUREG 0772 evaluations ; it appears from these tests 
that the measured release rates are lower than in NUREG 0772 for I, Cs, Xe 
and Kr, similar in the case of Te, Sb, Ba, Sr and Ce, and higher than in 
NUREG 0772 for Ru, Zr and U. Besides, a significant release of Mo is observed 
in HEVA 04, probably due to the formation of the volatile compound Mo 03 ; 
there are some indications that tellurium is reemitted as Te and Te2 by the 
cladding as the latter is oxidized, and ultimately reacts Cs OH in the 
impactor to form Cs2 Te. 

Other separate-effect studies and/or tests have been recently contemplated of 
initiated : 

preliminary studies on corium-water interactions after vessel 
melt-through ; 

- elaboration of the SOPHIE module for ESCADRE (behavior of gaseous fission 
products in the RCS) ; currently in progress ; 
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- aerosol deposition and resuspension tests in a pipe ; initiation pending 
Marviken V tests full interpretation : 

- study on the containment response to a localized hydrogen detonation ; 

- the participation in the Molten Core Concrete Interaction (MCCI) 
_ experiments of the ACE program is strongly env: aged. 

The above experiments allowed, among others, the qualification of the models 
introduced into : 

- the VULCAIH code, as regards the emission rate of fission products from the 
fuel, as functions of temperature and time ; 

- the AEROS0LS/B2 code, as regards the behavior of dry aerosols in a 
containment with a relatively quiescent internal atmosphere (weak 
convection currents). 

3.4 Overall validation of the code system ESCADRE 

CEA/IFSN has contribued to the MARVTKEH V program, designed for studying the 
behavior of radioactive products in the primary circuit of a FWR under 
accident conditions. Our initial interpretations of these experiments 
revealed a lack of knowledge of the two basic parameters influencing the 
processes involved in the agglomeration of aerosols : the collision 
efficiency coefficient, generally called c in computer codes, and the 
turbulent energy dissipation rate (e ). Further computations of experiments 
will be carried out in France to reassess these parameters more accurately 
and therefore to enable the interpretation work to be completed. 

CEA/IPSN has also participated in the American LACE program, another overall 
experiment that is now completed, the object of which was to examine the 
various modes of release of radioactive products to the environment, and the 
behavior of aerosols in a containment. 

Furthermore, it has been deemed necessary to verify that the ESCADRE system, 
as well as other appropriate code systems, can describe in a satisfactory 
manner the whole series of events that control, in the reactor case, the 
progression of radioactive matter along the leakpath from the core to the 
environment. This concern resulted late in 1985 in the proposal of a new 
integral test program - the in-pile PHEBUS F.F. project - Aimed at providing 
prototypical benchmarks for the integral, ultimate verification of advanced systems 
of codes, for source term reassessment. 

PHEBUS P.P. ("produits de fission" - fission products or P.P.) project refers to large-
scale, integral experiments in a set of pipes and capacities connected to an in-pile 
loop in the PHEBUS reactor, intended to furnish a satisfactory representation of the 
radioactive matter history on its leakpath», in a variety of P W R accident scenarios. 
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Preliminary analyses of the PWR scenarios of interest to be simulated in the 
PHEBUS F.P. project resulted in focusing attention on the following three 
major boundary conditions : 

- the mode of fuel degradation (dominant oxidation of the cladding or 
prevailing liquefied fuel formation) ; this has a clear impact of F.P. and 
aerosol in-core emissions ; 

- the degree of steam saturation in -the containment ; 

- the time of residence of F.P. and aerosols within the containement, which 
has a major effect on natural process removal. 

The corresponding tentative test matrix is represented in Table 4. Such a 
grid is preliminary and subject to modifications in function of on-going 
feasibility studies at CEA and of specific interests which could be expressed 
by potential partners. 

The PHEBUS plant has to be modified (Figures 19 and 20) : the goal is to 
enable continuous driver core operation for the test bundle re-irradiation 
during a few weeks, at a power of approximately 17 kW/m, in order to perform 
four to five tests at a rate of one test per year. 

A "Fission Products Circuit" will be created which will include (Figures 21 
and 22) : 

- simulation of the primary circuit : horizontal lengths, the relative 
positions in altitude and height of components will be maintained. The 
individual features of thr circuit (pump barrel, bends, etc...) and the 
t dpment (steam generators, pressurizer, discharge line, discharge tank, 
etc..) will be represented ; 

- the two EPF 30 and PF 100 tanks, the former simulating the containment and 
the latter, the surrounding atmosphere, where the F.P. are ultimately 
released. 

This circuit will be adapted according to the scenario chosen for a given 
test. It will be decontaminated before the next test. It is not intended to 
modify the circuit used for LOCA type experiments. It will be used for 
cooling the outer wall of the test train and fuel bundle during irradiation. 
The circuit currently used within the framework of the PHEBUS SFD test 
program will be isolated except for the feed section, which may be used for 
the new program if the fluid volumes concerned are sufficient. 

The test fuel is housed in the test train (Figure 23), which is brought into 
the loop, re-irradiated and can be removed after the experiment. The burn-up 
of the test fuel, before any re-irradiation in the PilEBUS reactor, will range 
from 0 (fresh fuel for the first test) to about 33 GWd/tU. 
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No major obstacle has been identified up to now in the feasibility studies. 
The current time chart for the implementation of the first test at mid-1990 
is represented on Table 5. 

3.5 Application of the ESCADRE system 

The ESCADRE system has been applied to the assessment of radioactive releases 
resulting from various accidental sequences, in view of comparing the 
releases computed in this way with the reference source-terms SI, S2, S3, 
derived from WASH-1400. It is evident that such a comparison cannot be 
considered as rigorous due to many uncertainties and must be considered only 
as an indication of a tendancy. 

The knovledge gained since the proposal of the reference source terms tends 
to demonstrate the following : 

a) provided no early, large containment failure is induced, the accident 
scenarios considered up to now - when the above ultimate emergency 
procedures are implemented - result in significantly smaller releases of 
radioactivity than the S3 level, the relative abundances of the various 
radioactive species released being unchanged (S3 pattern) ; 

b) conversely, the spectrum of plausible scenarios to be considered is 
presumably larger than previously anticipated (e.g. various f$-raodes of 
containment failure to be dealt with using U2 procedures) and the effect 
of some adverse physical phenomena (e.g. F.F. resuspension in the 
containment) has to be assessed with greater precision. 

Studies are in progress to ascertain a realistic value of the releases for 
the p-raode of containment failure and to adjust the U2 procedure when 
appropriate. 

In conclusion, the desx^n of French FHRs ià not affected by current source 
term developments, except the addition of a venting/filtering system and the 
plugging of sone cavities in the basemats. 

4. RESEARCH IN RADI0EC0L0GY 

Although the probability of a severe accident involving unacceptable 
consequences is remote, an important program on the recovery of contaminated 
soils and water bodies has been initiated for returning to normal living 
conditions, which does not necessarily mean to living conditions piior to the 
contamination. This issue has been highlighted by the Chernobyl accident and 
is currently considered in national exercices, where a severe nuclear 
accident is simulated, in order to test emergency operating procedures on the 
NSSS as wall as on- and off-site emergency plans and subsequent recovery 
actions. 
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The overall objective of the RESSAC program (Réhabilitation des Sols et des 
Surfaos après un Accident - radiological reclamation of contaminated land 
after an accident) is to provide technical elements for an improved 
assessment of the possibilities of land recovery after a radioactive 
contamination resulting from a severe PWR accident ; only natural soil 
whether cultivated or not, is considered at the present stage. 

Such a program comprises three parts : 

- A survey aimed at defining the scope of the studies : what are the type of 
land, the flora, the weather conditions, the variations of level of the water 
table, the radionuclides and the decontamination materials and techniques to 
be examined ? 

- Outdoor experiments to test the capabilities of standard equipments and 
techniques used in agriculture or road construction, for removing plant 
materials and contaminated soil surface scraping , minor technical 
modifications are sought, which could result in an improved decontamination 
efficiency. 

- Indoor experiments aimed at investigating radioactive matter transfers in 
the soil itself (water table contamination problem) and from the soil to the 
plant ; the parameters examined are : the radioactive substance (Cs, Sr or 
Ru), the soil, the weather conditions, the level of the water table, the 
flora, the cleaning methods and the time. Low cost trials in small containers 
are currently carried out ; from 1990 on, integral tests in lysi-.-ters, four 
m2 surface area, 1.5 m in depth, are contemplated, in which fission products 
of concern will be used. 

Other issues could be included in the RESSAC program in the future : among 
them is the reclamation of contaminated, constructed areas and the management 
of the solid waste generated by decontamination. 

5. MULTI-NATIONAL COOPERATION IN NUCLEAR SAFETY RESEARCH 

As mentionned above, CEA is significantly involved in multi-national 
exchange and cooperation agreements : global agreements with USNRC, BMFT,..., 
various specific agreements, among others MARVIKEN V, LACE, the TMI-2 
accident evaluation program and the NSRR-PHEBUS agreement. 

The high degree of technicity required for, and the high cost of the large 
integral experiments, capabi* of providing better answers to some pending 
safety issues, require an enhanced cooperation of the organizations involved. 
The PHEBUS F.P. program will probably be one of the largest such experiments 
worldwide in the noxt years ; its scope is unique and corresponds to a 
high-priority issue : source term réévaluation, with the perspective of 
improving mitigation measures whether on the plant (ultimate procedures) or 
off-site (emergency planning). A strong support of the CEC has already been 
obtained for the PHEBUS P.P. program ; we are sure that other contributions 
would be mutually beneficial for the sake of safety and we will welcome 
them. 
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CsA Table 1 

Frequency 
Category 

Estimated 
Frequency 
( per year ) 

Maximum radioactive consequences 

1 
Normal 

operation 
1 

limited by the 
radioactive waste release 
authorizations 2 

Minor but 
frequent 
incidents 

1 0 - 2 - 1 

limited by the 
radioactive waste release 
authorizations 

3 
Unlikely 

incidents 
1 0 " 4 - 1 0 " 2 

0.5 rem ( whole boby ) or 5 m Sv 
1.5 rem ( thyroid ) or 15 m Sv 

4 
Hypothet. 
accidents 

1 0 " 6 - 10~ 4 15 rem ( whole body ) or 0.15 Sv 
45 rem ( thyroid ) or 0.45 Sv 



A Table 2 

CALCULATED SOURCE TERMS INTO the ENVIRONMENT 
( INTEGRATED VALUES in % of CORE INVENTORY at REACTOR SCRAM ) 

for all PWRs as BUILT in FRANCE 

Source Noble Iodine (1) Cs(1) Te(1) Sr(1) Ru(1) Lanthanum 
Term Gases (1) as 1131 as Cs 137 as Te 132 as Sr 90 as Ru 106 Actinides 

as Xe 133 Inorganic Organic as Ce 144 

S1 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 

(1) For other isotopes of the same chemical category adequate decay half-lives may be taken into 
account where appropriate. 
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Table 3 

COMPARISON of MEASURED RELEASE RATES 
with NUREG 0772 

ELEMENT 
RELEASED 
FRACTION 

( % ) 

RELEASE RATE 
AT 1800 ° C ( m n - 1 ) 

ELEMENT 
RELEASED 
FRACTION 

( % ) HE VA 03 NUREG 0772 

Cesium 

Antimony 

U 238 

38 

20 

^ 7 . 1 0 - 3 

1.48.10" 2 

6 .8 .10 - 3 

> 2 . 3 . 1 0 " 6 

3.7.10" 2 

2 .6 .10 - 3 

1 0 - 6 (2400 ° C ) 



Table 4 

TEST MATRIX (provisional, August 1987) 

^ \ ^ CONTAINMENT FAILURE 
^ \ . MODE 

CORE ^ ^ . 

RUPTURE MODE / PF RESIDENCE TIME ^ \ ^ CONTAINMENT FAILURE 
^ \ . MODE 

CORE ^ ^ . 

CONTAINMENT . ^ 
BY-PASS ^ ^ 

^ ^ ^ VERY SHORT 
/ ^ S H O R T 

6,e/ 
yS LONG 

A B - large break «rapid heating of the 
fuel 

• unsaturated vapor 

• Pump, SG 
• Cold leg break 

• Pump, SG 
• Cold leg break 

S D - Small break • dominant oxydation 
• saturated vapor 

• Primary circuit, SG 
• Secondary circuit 
• By-pass of containment 

• Break location 
either before or 
after SG 

TLB transient with total • eutectics 
loss of SG feedwater • satured vapor 

• Pressurizer 
• Discharge tank 

of pressurizer 
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PHEBUS F.P. - SCHEDULE* dated August 1987) 

HYPOTHESIS : FIRST TEST: 1990 
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PROJECT DRAFT 

SIMILITUDE 
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R. AND D. 
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PROJECT STUDY 

INSTRUM. 

PROJECT STUDY 
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WORKSITE 
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Stuc lies Fa 

i — -

3. and I 

-I I 
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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.) 

.../... 



Janvier 1988 

M. E A . RYDER - U.K-A.E.A. - Safety and Reliability Directorate - RISLEY (G.B.) 
M. J.S. Me LEOD - Nuclear Installations Inspectorate - LIVERPOOL (G.B.) 
M. GONZALES - Consejo de Seguridad Nuclear - MADRID (ESPAGNE) 
M. José DE CARLOS - Consejo de Seguridad Nuclear - MADRID (ESPAGNE) 
M. C. BORREGO - Département de l'Environnement - Université <fAVEIRO (PORTUGAL) 
M. E. HELLSTRAND - STUDSVIK ENERGITEKNIK AB -

Nuclear Division, Safety and System Analysis - NYKOPING (SUEDE) 
M. NASCHI - Direttore Centrale délia Sicurezza Nucleara e délia Protezione Sanitaria -

ENEA - ROMA ÛTALIE) 
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) 
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