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Assessment of Hydrogen Risk in French Pressurized Water Nuclear 
Reactors 

Abstract 

The provisions made to allow the French PWRs to behave 
satisfactorily in accident situations have been based for years on 
the concept of conservative, conventional design basis accidents, 
and were supposed to be sufficient enough to cover the consequences 
of all credible accident sequences. 

Due to the reactor operating experience and to the development 
of the risk assessment methods, such a philosophy has been refined 
and quantitative safety objectives have been set up for the plant 
design as regards the protection of the surrounding population and 
the prevention of core-melt. Risks resulting from the development 
of specific severe accident scenarios have to be first assessed, 
before decisions are made as regards the setting up of 
complementary design improvements and/or the elaboration of adapted 
operating procedures. 

During the course of a severe core accident, hydrogen 
evolving, mainly due to zircaloy cladding-steam reaction, may form 
early a flammable mixture in the containment. 

The risk of a short-term containment failure due to a hydrogen 
explosion, which would result in a large radioactivity release into 
the environment, is currently being assessed for the various types 
of large dry containments existing for French PWRs. 
In this framework, comparisons between pressure peaks, due to the 
most severe conceivable hydrogen deflagration, and the realistic 
ultimate strength of French containment buildings have led to the 
conclusion that containment integrity should not be questioned. 
However the problem of the likelihood of local detonations and of 
their impact on structures is still examined : studies on hydrogen 
spatial distribution within the containment, on hydrogen detonation 
wave modelization and on containment building response are 
underway. 
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Another aspect of the hydrogen risk is the possible 
impairment of safety-related equipment in the containment during an 
eventual hydrogen combustion or explosion ; this point will be 
probably emphasized in the future and some tests on materials are 
already envisaged. 

Information coming from the EPRI research program on hydrogen 
combustion and control, in which the safety body (CEA/IPSN) and the 
utility (EOF) jointly took a participation, is to back up our own 
studies on hydrogen risk analysis. 

Up to know all the results we gathered as regards the 
integrity of the large, dry containments of the French PWRs against 
hydrogen explosion tend to relegate such a risk to the level of a 
residual risk. 
Although the studies are going on, we do r.ot expect a drastic 
change of this trend in the future. Therefore no hydrogen specific 
design modification is presently required by the safety 
authorities. 
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INTRODUCTION 

As a general assumption one can say that the safety of a 
nuclear reactor is based on a good design, an efficient 
construction, and effective operating rules. Nevertheless the 
failure of major safety arrangements, even designed and implemented 
according to the state-of-the-art rules, is not inconceivable ; it 
has in fact one probability of occurrence and will result in 
radiological consequences for the general public. 

ihe terms of probability and consequence have to be considered 
jointly and compared to safety objectives ; this can result in the 
specification of some extra safety arrangements, for reducing the 
probability of failure, or mitigating the external consequences of 
such a failure, or both, so as to meet the aforementioned safety 
objectives. 

Hydrogen evolving, resulting from an hypothetical severe 
accident with an extensive core damage, may form flammable mixtures 
with air and steam within the reactor containment. When ignited, 
such mixtures burn or explode, possibly threatening the containment 
tightness, and/or impairing some safety equipment inside the 
containment. The relevant risk has to be assessed in a 
best-estimate manner, as far as feasible, and confronted with the 
safety objectives ; the decision to control hydrogen or not within 
the containment will be highly dependent on the issue of such an 
analysis. 

1 FRENCH APPROACH TO SAFETY DOCTRINE (1) 

1.1 The defense-in-depth principle 

The French safety philosophy, which was based it the origin on 
the NRC regulation for the first PWR plants, progressively took 
shape as were developed the programs to extend the production of 
electricity of nuclear origin. 

In fact the French safety approach is based on the 
defense-1n-depth principle, which can presently be formulated in 
the following terms : 
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a) The first level is to provide sufficient safety margins at the 
design, construction and operation stages in order to guarantee 
a good behavior of the plant in normal operation ; 

b) the second level requires to implement the protection systems 
with the necessary redundancy, so that they are able in all 
anticipated transients and incidents to bring back the plant 
into its normal operating demain ; 

c) the third level consists of an analysis of plant behavior in 
the event of accidents, which are supposed to cover all 
accidental sequences resulting from possible failures ; this 
analysis must demonstrate that the action of safeguard systems 
is able to limit the consequences to the plant and to the 
environment below given limits ; it must be done with 
conservative assumptions, both for the accidental scenarios and 
for the evaluation of plant behavior. However it raises some 
difficult questions, such as the guarantee of exhaustivity of 
the list of design basis accidents and their consistency with 
the overall safety level of the plant. 

1.2 Design basis situations 

According to such a safety approach, a list of accident 
situations has been prepared by the designers, the accidents beeing 
classified into four categories, depending upon their estimated 
probabilities of occurrence, as shown on the table below : 

Radiological consequences 

authorized releases 

500 mrem whole body dose 

15 rem whole body dese 

Class Annual frequency F 

I and 11 1 0 " 2 / F 

III 1 0 " 4

S F V 1 0 " 2 

IV 10"6< F 4 1 0 ' 4 
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It should be noticed that such a table is not actually part of 
any official regulation, and that the figures are to be considered 
as strictly indicative. 

The engineered safety features, which are intended to avoid 
unacceptable consequences both in the short term (automatic 
actions) and in the long term (A-type operating procedures in case 
of an accident), should the worst of these situations occur, are 
designed using, in particular, the single failure criterion. 

1.3 General design safety objective for population protection 

In 1977, after intense discussions between the safety 
authorities and the utility (EOF), the need for safety objectives 
was recognized in terms of probability and consequences ; this 
would solve the issue of accidents "beyond design basis", or "at 
the limit of design basis". These objectives were defined in the 
most simple way : 

"As a general objective, the design of the installations of a 
single unit comprising one pressurized water nuclear reactor should 
be such than the overall probability that the said unit can induce 
unacceptable consequences will not exceed 10" per year". 

In fact this probability level is to be considered as an order 
of magnitude, an indication of the objective to be sought, rather 
than a strict limit. 

1.4 Emergency planning for the public 

Later on it was specified that "unacceptable consequences" did 
refer to the necessity of short-term evacuation just around the 
site : there is no corresponding regulatory limit in France, since 
the medical experts think that it must be determined on a 
case-by-case basis, but the corresponding individual exposure is 
between 5 and 50 rems, equivalent whole body dose. 



7 

Adapted measures are elaborated to provide protection to the 
general public in the frame of the so-called Particular Emergency 
Plans ("Plans Particuliers d'Intervention", in French, PPI for 
short). 

So as to get a good chance of success in plan implementation, the 
PPIs are based on the following assumptions : 

a) No major release of radioactivity is anticipated during the 
first 12-24 hours ; this time allowed for a safe implementation 
of the plan is a basic assumption, which implies no early 
containment failure : this point is closely related to the 
assessment of the hydrogen risk ; 

b) the populations to be protected, before a major release of 
radioactivity occurs, shall not be situated farther than 10 km 
from the nuclear site ; more specifically, evacuation is to be 
envisaged merely within a 5 km radius from the nuclear site, and 
confinement beyond this limit, within the above 10 km radius 
from the site ; 

c) no further protective action is required in the few days 
following the actual release of the bulk of the radioactivity. 

Assumptions b) and c) imply a limitation of the activity 
released, according to the maximum acceptable individual exposures. 
At this stage, let us identifiy as S 3 the level of such a maximum 
source term compatible with an easily feasible PPI implementation. 
As ^ will be seen below, S, level corresponds, for core-melt 
accidents, to the normal leakage of the aerial part of the 
containment, plus a delayed release through the soil, following the 
basemat melt-through. 

1.5 Corollary design safety objective for core-melt prevention 

As a corollary to the above safety objective, a secondary 
objective was set up by the safety authorities as regards the rules 
for taking into account or not, for the design of the plant, some 
ominous "groups of events" as they can be identified in the evert 
trees : 
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"When a probabilistic approach is to be used to assess 
whether a group of events should be allowed for in the design of 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" per year". 

As similarly said for the general design safety objective for 
population protection, the "10" per year" level is to be 
considered rather as an order of magnitude than as a strict 
threshold. "Unacceptable consequences" refers here to an extensive 
core damage resulting in reactor vessel melt-through. 

As a consequence of this corollary design safety objective for 
core-melt prevention, it is necessary to evaluate the consequences 
of the total loss of several systems, important for the plant 
safety, for which the designers have provided some redundancy in 
application of deterministic safety criteria. 

The issue of such assessments makes it clear that, to satisfy 
the preceding corollary design safety objective, some complementary 
safety arrangements have to be provided, particularly on systems 
frequently in operation. 

Two directions are currently investigated : 

a) An increase in the redundancy and/or in the diversification 
of equipment of the systems concerned ; as an example, 
design modifications have been made on the 1300 MWe plants 
so as to take into account the anticipated transients 
without scram (ATWS) : the solution was found in the 
diversification of the signals ordering the turbine trip 
and the start-up of auxiliary feedwater ; for the nuclear 
power units of the N4 standard, ATWS will be taken into 
account in the design ; 

b) The elaboration of special operating procedures, aimed at 
preventing a major core degradation by stabilizing the 
situation at a safe level during a period of time 
sufficient for the recovery of the failed function. 
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1.6 The "H" operating procedures 

The above operating procedures, called "H" procedures, are at 
the limit of the design, which means they presently do not comply 
strictly with normal design rules. 

Due to this fact and also to uncertainties linked to human 
factors, the probability of failure of a particular H procedure 
cannot be assessed at less than 10 per reactor-year. This means 
that the implementation of an adapted H procedure allows the 
corollary design safety objective of 10" per year to be satisfied 
in the case of a series of failures that would otherwise result in 
an extensive core damage with a probability of occurrence possibly 

-5 as high as 10 per realtor-year. 

Up to now five H procedures have been defined for the 
following categories of events : 

a) Loss of external heat sink (H,) ; 
b) Total loss of main and auxiliary feedwater to the steam 

generators (H-) ; 
c) Total loss of off-site and on-site power supplies (H-) ; 
d) Long-term failure of safeguards in case of a LOCA (H.) ; 
e) Flood exceeding the one-in-thousand-year flood level, for some 

river sites (Hg). 

Procedures H,, H 2 and H 5 are presently operational ; procedure 
H 3 is due in one year, and procedure H- a little later on the 1300 
MWe reactor at Paluel. 

1.7 The "U," operating scheme for core-melt prevention 

The above procedures for accident management - either A, with 
correct operation of engineered safety features, or H, with failure 
of a redundant system - are based on an analysis of clearly 
identified families of accidental sequences. However all such 
measures nay be inadequate if the operator finds himself in a 
situation where the reactor does not behave as he expected, which 
is a very disturbing case, since he cannot be sure of the right way 
to reach a safe sta*°. 
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In order to attempt to stop the development of potentially 
serious situations which could lead to severe core degradation if 
the proper actions are not taken, a new approach has been proposed 
by the utility (EDF), based on the characterization of all possible 
cooling states of the core, with their stability ranges and 
transitions. This approach, which requires some additional 
instrumentation in the primary system, has been approved by the 
safety authorities. 

A preliminary operating scheme, called U, (U as "ultimate") 
has been drawn, based on the cooling state approach, which 
represents the final step in the prevention of core-meltdown. In 
this scheme any available means will be used to avoid core 
degradation or, if some degradation already occurred, to keep the 
core inside the reactor vessel. 

If U. operating scheme fails, it is clear that the 
containment, which is designed to withstand the consequences of 
specific design basis accidents, will not be able to support all 
severe conditions resulting from core melt-down. This is the reason 
why a subsidiary safety objective has been defined, which can be 
summarized as follows : 

"In the case of a core-melt, the containment should constitute 
an ultimate line of defense which would reduce with a reasonable 
probability the radioactive releases in the environment at a level 
compatible with a feasible off-site emergency plan". 

A reasonable probability is presently understood as 90-993, 
and the level of radioactive releases compatible with the 
feasibility of a PPI is the S 3 level we have already mentioned in 
§ 1.4. 

1.8 The "U" operating procedures for class-9 accident 
mitigation 

In the treatment of yery severe accidents, we have to rely on 
the knowledge of the physical phenomena which govern the 
propagation of damage in core, and on the analysis of accidental 
sequences leading to containment failure. 
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This is a field where intense research is developed around the 
world, and where more work is still needed before we can reach 
final conclusions. However our approach is funded on the following 
assumptions : 
a) A steam explosion, energetic enough to break the containment and 

lead to a very high radioactive release within a few hours after 
reactor shut-down, is very unlikely indeed, if not completely 
impossible ; 

b) Hydrogen explosions will not be able to give rise to large 
breaches in the containment, at least in the case of the large 
dry containments used in French PWRs ; this point results from 
the analyses we have made up to now on the hydrogen risk ; 
nevertheless studies are going on, and special provisions to 
control hydrogen concentrations could be needed if the results 
did not confirm the present evaluations : these aspects will be 
developed below in § 2 ; 

c) Containment isolation failures, which may result from leakage at 
penetrations or failure of isolation systems, must be taken into 
account. A specific procedure -U-- has been defined, in order to 
detect, localize and repair any containment isolation failure ; 

d) The basemat melt-through is the less improbable failure mode of 
the containment, but it is also the one which leads to the 
lowest radioactive release in the environment. Sp it satisfies 
the above subsidiary safety objective, except in some 1300 MWe 
plants, with double containment and a drainage system in the 
basemat, which could create a pathway for gaseous and volatile 
fission products towards the atmosphere. To prevent this 
unwanted phenomenon, the (J« procedure was set up ; 

e) Finally, depending on the assumptions made about the erosion 
speed of the concrete and the corresponding gas production, one 
cannot exclude a slow increase of pressure inside the 
containment, and after some time, a loss of integrity. 
The corresponding release of fission products is difficult to 
assess, and, as an extra precaution, it was decided to install 
on all French PWRs a system which would make possible a 
controlled and filtered venting of the containment. 
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The f i l t r a t i o n efficiency is modest : 10, as an objective, and 
a corresponding special procedure, U 5 , defines how i t should 
be used. 

To sum up, the treatment of class-9 accidents in our safety 
approach makes use of 4 ultimate procedures : 

a) U-, to cope with a containment isolation fa i lure (pmode, 
according to the WASH-1400 report) ; 

b) U., to prevent a direct pathway to the atmosphere in the event 
of a basemat melt-through (é-mode) ; 

c) Uc, containment depressurization through coarse f i l t e r s (cmode) 

d) IL , which deals with the use of mobile units to rescue the 
safeguard systems, and is a complement of the H. procedure 
mentioned above. 

Finally , for the other two fa i lure modes, we consider 
that the-^ -mode is very unl ikely, and that provisions for 
hydrogen control could take care of the )}-mode of f a i l u re , as far 
as necessary. 

2 HYDROGEN RISK ASSESSMENT IN FRENCH PWRs 

2.1 Probable containment fa i lure modes for typical core-melt 
accident scenarios. Relevant radioactive releases. 

In order to specify consequence mitigation measures, which 
would be part of the in-plant emergency plan, a set of three 
typical core-melt accident scenarios has been selected, to assess 
the delays before containment loss of integri ty and the 
corresponding releases of radioactivi ty into the environment. 
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These scenarios are, according to the WASH-1400 terminology : 

a) AB : A loss of coolant accident with a complete loss of 
electric power. This sequence represents what would happen 
after a design basis accident should all engineered 
safeguards be unavailable ; 

b) TMLB' : Loss of electric power with no feedwater supply. 
This accident was found in WASH-1400 as a dominant 
contributor to the risk. Because the primary system is 
pressurized at the time the vessel fails, an extensive 
release of steam occurs due to depressurization and to the 
interaction between the fuel and the water injected from 
the accumulators ; 

c) AC : A loss of coolant accident with failure of the 
containment spray system. In this sequence, a large 
fraction of emergency water is vaporized to the containment 
while no heat removal system is available. 

The BOIL code (2) has been used to treat the core heat-up, the 
hydrogen generation, the fission product release and the core melt 
progression. Pressure and temperature responses in the containment 
were calculated by the PAREO code (3). The failure p-essure ranges 
of the reactor containment were then estimated at 8 - 9 bar for the 
900 HWe units, which have a prestressed containment with an 
internal steel liner (figure 1), and at 6 - 6.5 bar for the 1300 
MWe concrete double-containment units (figure 2). 

These calculations, which assumed a likely quasi-continuous 
burning of hydrogen as it was generated, led to the following 
conclusions : 

a) AB and TMLB' scenarios 

- No containment failure would occur during the first stage 
of the accidents from steam overpressurizaticn ; 
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- Containment failure would occur beyond 16 hours from a 
competition between steam-gas accumulation in the containment (c-
mode) and floor melt-through (£mode) ; 

- The fission product release levels would be quoted at S~ for 
the two failure modes on 1300 MWe units, and at S« and S 3 for theo-
and ̂ .failure modes, respectively, on 900 MWe units. 

For clarification S- corresponds to significantly delayed 
(>16 hours) containment failures with substantial retention of 

the fission products in the containment, whereas S. - which 
is smaller than S 2 - is related to the normal leakage rate 
of the aerial part of the containment, plus a delayed release to 
the atmosphere through the soil after basemat melt-through ; 
S 3 is the reference level for radioactivity release that would be 
easily handled by emergency plans for usual site features ; 

b) AC scenario 

- The containment would fail at early times from steam 
accumulation ; 

- But the core would continue to be cooled during a long time 
delay corresponding*to the vaporization of recirculating 
water ; this time is expected to be employed to feed the 
recirculation system with extra water to compensate for 
vaporization ; 

- Early radioactive release associated with possible cladding 
failures will be low. 

2.2 Containment-scale hydrogen deflagration 

Calculations made for the AB and TMLB' sequences do not assume 
significant hydrogen accumulation in the containment, which is the 
most probable issue. However, the hypothetical case of a 
containment-scale hydrogen accumulation and explosion has been 



15 

examined, to assess the risk of an early release of radioactivity 
into the environment by a ^ -mode containment failure, which could 
severely hinder the implementation of a PPI. Figure 3 gives the 
amount of hydrogen that would be present during the second hour 
after the beginning of the AB sequence on a 1300 MWe reactor, 
assuming a best-estimate value of 75% for the fraction of zircaloy 
core inventory that could be oxidized. 

Due to convection flows in the containment, the corresponding 
hydrogen concentration is supposed to be homogeneous : figure 3 
gives the level of such a concentration in a 1300 MWe containment 
for AB sequence. It tends to prove - according to the SHAPIRO 
diagram of the fiammability and the detonability limits for 
hydrogen - air - steam mixtures (figure 4) - that a containment-
scale slow kinetics combustion of all the hydrogen accumulated 
would be conceivable, but not a detonation. 

Independently of any particular accident sequence, the highest 
possible quasi-static pressure would be obtained in combining a 
deflagration burning the totality of hydrogen possibly available 
from Zr-H^O reaction with the highest vapor pressure that makes a 
deflagration possible. 
A parametric study has been made to assess the temperature and 
quasi-static pressure in the containment, as a consequence of an 
adiabatic combustion of a hydrogen - air - steam ternary mixture ; 
the resulting containment pressures are plotted on figure 5 vs 
initial steam pressure - which is supposed to relate to saturated 
steam - for various hydrogen releases corresponding to a given set 
of zircaloy oxidation rates. 

Two criteria have been used to identify the domains where 
combustion is actually possible : the SHAPIRO diagram already 
mentioned, and a criterion based on a minimum flame temperature of 
710 °C which is, according to (4), necessary to ensure a 
self-sustained flame propagation ; in fact the latter criterion is 
to be considered as pessimistic at high vapor pressure. 
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The issue of the study is that, for a best-estimate zircalcy 
oxidation rate of 75», the maximum containment pressure is ibout 
7.5 bar. 

Such a pressure would not entail the 900 MWe containment 
integrity according to its estimated failure pressure range of 8-9 
bar, but would raise some questions as regards the tightness of the 
inner wall of the 1300 MWe containment. 

2.3 Improved estimates of the containment failure pressures 

Since the first assessments of the failure pressures of the 
French containments, the safety body (CEA/IPSN) and the utility 
(EDF) agreed to achieve more sophisticated calculations in the 
beyond-design domain so as to : 

a) Identifiy the parts or components of the containments which are 
the less pressure-resistant ; 

b) Assess the pressure causing concrete initial cracking ; 

c) Evaluate the failure pressure and the mechanisms of containment 
ruin ; 

d) Estimate the containment leak rate evolution as a function of 
the building behavior ; 

e) Assess the actual leak rate for air-steam mixtures. 

The accident conditions taken into account in such a 
calculation are those of an ADC-type scenario, according to the 
WASH-1400 terminology, that is a large break LOCA with the failures 
of the emergency core cooling Injection system and of the 
containment spray injection system. 

The initial conditions in the containment are a temperature of 
140 °C and an overpressure of 3.8 (1300 MWe) to 4 bar (900 MWe) ; 
the temperature and pressure increments during the course of the 
beyond-design transient are 2 °C and .3 bar per hour, respectively, 



17 

which is quite moderate. 

The temperature field in the structure is first calculated ; 
the displacements and the structure stresses under the above 
loading are then assessed by non-linear mechanics calculations. 

The main results to be kept in mind are the following : 

a) For the 900 MWe containments, the ruin of the upper part 
comes first, caused by the rupture of the prestressed liner on 
the dome ; the internal overpressure in then about 12 bar. 

b) For the 1300 MWe double containments, the ruin of the upper 
part similarly comes first, but at about 8 bar internal 
overpressure. Nevertheless some cracks propagating through the 
whole inner wall thickness are anticipated at an early stage 
before the ruin of the upper part of the containment. 
Whether such cracks would induce substantial containmert 
leakages or not is being experimentally studied ; however present 
assumptions consider that such a leakage could be satisfactorily 
dealt with by the venting of the gap between the two walls of the 
1300 MWe double containment. 

As a conclusion, if one supposes that hydrogen generated by 
severe core damage could accumulate without burning in the French 
PWR containments and that the convection flows mix it 
homogeneously, containment-scale combustion appears possible, if 
some delayed ignition occurs, leading to a maximum internal 
pressure of 7.5 bar. This pressure is not high enough, according to 
present calculations, to jeopardize the integrity of the large dry 
containments of French PWRs. 

2.4 Localized hydrogen detonation 

The potential detonation risk due to possible hydrogen 
pocketing has also been considered. A transient nor uniform 
distribution of hydrogen could indeed lead to a detonation, if 
ignited at concentrations higher than 19* in volume, provided that 
steam concentrations be lower than one bar at most (figure 4). 
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The identification of situations meeting these conditions 
requires complex studies taking into account breach location, time 
dependent flow rate and composition of the released gas mixture, 
compartment design and connections, convection flows, effect of 
containment spray. Several reasons however tend to indicate that a 
detonation hazard would be low : 

a) The hydrogen generation is usually preceded by an intense 
vapor release which heats up the atmosphere and structures of the 
compartment containing the breach, leading to high saturated steam 
pressures ; 

b) Hydrogen is released in a hot gas mixture, rich in vapor, 
which tends to rise and mix with air in the upper regions of the 
containment where convection flows and possible spray operation 
would enhance homogenization ; 

c) Hydrogen may burn when the mixture concentrations cross the 
deflagration domain on figure 4 before reaching detonation 
conditions ; 

d) Even if there was a coincidence between transient 
conditions allowing detonation and ignition of the mixture, a 
fraction of the total hydrogen amount would only be concerned 
in the detonation process. 

As regards the assessment of hydrogen spatial distribution in 
a PWR containment, some plans have been made at CEA to elaborate a 
simplified computer code. This effort will voluntarily be limited 
to the level necessary to a good valorization of relevant results 
of the EPRI research program on hydrogen combustion and control (cf 
§ 2-6), in which the safety body and the utility took a 
participation. 

Therefore hydrogen detonation natters have been dealt with in 
a conservative way. In the hypothetical case examined, the 
oxidation of 100% of the zircaloy core inventory of a 1300 MWe 
reactor is assumed, 2nd all evolving hydrogen is supposed to 
accumulate under the containment dome, forming a detonable 
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mixture ; ignition is then assumed on the containment axis. 

The time dependent pressure on the containment wall, 
corresponding to the direct impact of the detonation wave, has been 
assessed ; it consists of two parts a) a pressure pulse - about 60 
bar during some milliseconds - and b) the residual pressure roughly 
corresponding to constant volume combustion. 

Preliminary calculations of displacements and stresses have 
been made with the PLEXUS code (5) for a section of the cylindrical 
part of the wall : the present issue is that the static pressure 
has a dominant effect and that the pressure pulse will just induce 
some cracks in the concrete. 
Complementary calculations are still needed to take into account 
the cylinder heads, but our present feeling is that the above 
conclusion should not be drastically changed. 

Our provisional conclusion is then that hydrogen detonation is 
highly unlikely, but if it should occur, the dynamic effect of the 
pressure pulse on the containment walls would not impair 
significantly the containment tightness. 

2.5 Behavior of safeguard equipment 

Still limited data exist on the impact of an hydrogen 
explosion on the components of safeguard systems in the 
containment. These materials should withstand thermal loads, and 
mechanical ones too in the case of a local detonation. 

in fact, large mechanical elements of the safeguard equipments 
ire thought liable to survive high temperatures for minutes, due to 
their design and their important heat capacity. On the opposite, 
non-metallic parts, especially some electric components, are a 
source of concern and could require local protections. 
A list of small key components of safeguard systems used on French 
PWRs has been set up, including electrically-operated gates, 
pressure transmitters, connecting boxes, cables and filling resins. 
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These components are intended to be tested in a next future 
under the conditions of an hydrogen deflagration ; an adapted 
instrumentation should allow the tests to be performed in operating 
conditions. 

2.6 Next steps of the studies. Back-up from EPRI research 
program on hydrogen combustion and control 

In 1982, the safety body (CEA/IPSN) and the utility (EOF) 
decided jointly to enter the EPRI research program on hydrogen 
combustion and control. This program comprises several research 
subjects (6), some of them being liable to provide a sound back-up 
to the development of our risk analysis studies. 

As regards the problems of hydrogen mixing and distribution in 
the containment, the experiments at HEDL and the relevant modelling 
at Battel!e should help us to assess the risk of hydrogen 
pocketing, and better define the positions of hydrogen detectors to 
be placed in the containment, should such a decision be made in the 
future. 

3 The large scale demonstration tests in a 2100 m vessel at 
Nevada Test Site, for the study of equipment survivability, is 
liable to bring us valuable information for strengthening some 
component specifications. The large-scale qualification of hydrogen 
control systems is also an important item to look at, so long the 
eventual implementation of such systems on French PWRs will not be 
definitely ruled out. 
Apart from EPRI program support, efforts will be continued at CEA 
on the localized detonation case : a better characterization of the 
containment loading will be looked for, and the relevant 
containment response will be studied, taking into account this time 
the full building geometry. 

Conclusion 

As the hydrogen risk analysis study is still going-on, based 
on developing experimental data and improved phenomenon modelling, 
the present conclusion may not indeed be considered as final. 
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According to the design safety objectives presented in § 1, 
there are two key issues as regards hydrogen evolving and 
subsequent burning in a PWR containment : 

a) The eventuality of an early containment failure, resulting in 
large releases of radioactivity, which could not be dealt with 
by emergency planning ; 

b) The impairing of elements of safeguard systems, not specified 
tor the corresponding thermal and mechanical loads, which could 
leaa to a more degraded situation with a potentially higher 
release of radioactivity. 

As regards item a), pessimistic calculations of containment 
loading and response have been made, tending to prove that 900 MWe 
reactor building integrity should not be questioned. On 1300 MWe 
reactors, an hydrogen explosion will possibly increase the leak 
rate through the inner wall, due to some crossing cracks in the 
concrete ; this point is to be further investigated, but the 
present feeling is that the situation could be dealt with by the 
containment gap venting ; 
Concerning item b), the first results of equipment survivability 
tests from the EPRI program showed no visible or functional 
degradation. Further tests are needed at a larger scale and on the 
specific materials used in France, so as to confirm that trend ; 
anyway some "strengthening" of limited materials could be easily 
conceived and implemented, as far as necessary. 

As a result of the above considerations, no PWR design 
modification is presently required by the French safety authorities 
ana, in particular, no hydrogen control systems have yet beer 
planned to be set up. 
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