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ÖZET

Nükleer santrallerin ilk yıllarında güvenlik stratejisi, geniş bir kaza senaryosu tayfını içeren ve lisanslama
prosesinde hesaba katılan bütün kazaları kapsayan, "tasarıma temel oluşturan kazalar" kavramına odaklanmıştı.
Altmışlı yılların sonunda, tasarıma temel oluşturan kazaların ötesindeki kazalar hesaba katılmaya başlandı. Bu
"ciddi" kazalar, koruma ve güvenlik sistemlerinin bağımsız olarak bütünü ile kaybedilmesinin tasarıma temel bir
kaza ile birlikte meydana gelmesi sonucu oluşabilir. Koruma binaları ve bunların güvenlik sistemleri, bazı ciddi
kaza koşullarında meydana gelebilecek radyasyon kaynak terimine karşı tasarımlanmışlardır. Ancak, halen işlet-
mede olan koruma binaları, ciddi kazalar sırasında oluşabilecek mekanik ve ısıl yüklere arşı tasarımlanmamışlar-
dır. Günümüzdeki koruma binaları tasarımlarında yapılacak bazı değişikliklerle, bu binalar, ciddi kaza etkilerine
uygun hale gelecektir ki, bu değişikliklerin bir çoğunun yeni nesil santral larda yapılması düşünülmektedir.

ABSTRACT

In the initial years of nuclear power stations, safety strategy focused on "design basis accidents" which in-
corporated a broad scenario of accident possibilities, and which acted as an envelope for all accidents taken into
account during the licensing procedure. The later sixties began consideration of accidents beyond the design
basis accidents. These "severe" accidents could be assumed to be the result of an accident coupled with an inde-
pendent and extensive failure of protection and safety systems. Containments and their safeguard systems have
been designeed for radiation source terms which could only occur under some severe accident conditions. Howe-
ver, containments to date have not been designed for the mechanical and thermal loads that could accompany
severe accidents. Containments will be capable of accommodating the effects of severe accidents with relatively
modest changes to the present containment designs, many of which changes are already contemplated in the
next generation plants.

I. Introduction

With very few exceptions, discussion about future energy supply generates controversy in any
country, particularly one which may be embarking on a major energy development program. The ener-
gy resources that can be used to any reasonable extent to generate electricity are fossil (coal, gas or
oil), hydropower, or nuclear. Fossil fuel utilization depends to a large extend on availability of indige-
nous fuels or of the major infrastructure necessary to support the vast quantity of imports. Moreover,
the commitment to reduce CO2 emission by the year 2050 to 1/2 of the 1988 emission rates make de-
pendence on fossil fuel generated energy undesirable while power demand is sure to increase.

The two other energy resources, hydropower and nuclear, experience strong opposition to their
utilization albeit for different reasons.

The amount of electricity to be generated by hydropower is generally rather limited. These con-
siderations, as well as the desirability to have a mix in the type of energy supply, argue that nuclear
power should receive serious consideration.

Many critical questions have been raised about the safety of nuclear power and in some coun-
tries there have been strong movements to banish it or at least to prevent construction of new plants.
The latter has certainly been the case in the United States. While the main reason for the lack of new
orders in nuclear plants, at least in the U.S., has been their high capital and generating cost, ft should
be recognized that in large measure these high costs are due to the regulations imposed to improve
and strengthen the safety of the plants in order to get a positive acceptance by the public.
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We need to ask ourselves two general questions. First, can a new economical product be de-
veloped for new plants and to gradually replace the existing older nuclear facilities? Second, has the
safety strategy employed to date been incomplete and do we need a revised approach to improve
both the safety standards and acceptance of the public?

Can we build economical nuclear power stations thar are so safe that we can guarantee that
serious radioactive impacts even in catastrophic events are limited to the station itself with no other
risk to the environment?

While the answer to the first question is not our topic, it is important to note that design and cer-
tification of considerably less costly nuclear plants is in advanced stages of progress in the U.S. and
France. If the answer to the second question is yes, then clearly the answer to the first one is yes as
well. The discussion that follows centers on the second question and shows that indeed it is possible
to design a facility for which the safety and environmental risk is so obviously small that no emergency
plans need to be developed.

2. Development and Status of Nuclear Safety Strategy

Nuclear power plants worldwide are almost exclusively equipped with water-cooled reactors so
that the discussion is limited to these types of reactors. Further, only those reactors that meet the "de-
fense in depth" safety strategy, are considered since only such reactors would be acceptable in the fu-
ture. Reactors with positive reactivity feedback, such as was the Chernobly RBMK reactor, are there-
fore excluded.

The water cooled reactors have an exceptional safety record. Not a single death has resulted
from the operation of nearly 400 reactors worldwide. The worst accident, Three Mile Island, which in-
volved partial melting of the core, resulted in minimal releases of radioactivity to the environment even
though the safety systems had not been specifically designed to cope with "severe" accidents

In the initial years of nuclear power stations, safety strategy focused on "design basis acci-
dents" which incorporated a broad scenario of accident posibilities, and which acted as an envelope
for all accidents taken into account during the licensing procedure at that time, including the so called
"Maximum Credible Accident" usually defined as the double ended break of a large pipe in the primary
system.

The latter sixties began consideration of accidents beyond the design basis accidents. These
"severe" accidents, which were assigned a so-called residual risk, could be assumed to resul out of an
operating transient or accident, coupled with an independent and extensive failure of protection and
safety systems. The likelihood of such failure is negligibly small and is thus beyond the situation consi-
dered in the licensing procedure.

In the late seventies, the original purely deterministic treatment of safety was supplemented by
probabilistic considerations. Nevertheles, it is important to recognize that licensing at this stage (and
to a large extent yet today) still followed a strictly deterministic procedure in which probabilistic investi-
gations to assess risk are of supplementary character only. The deterministic procedure relies on the
"defense in depth" strategy.

The first level of protection is afforded by fission product barrier and primary system integrity
during normal operation. This is provided by strict quality assurance measures supplemented in de-
sign, manufacturing, construction and operation which ensure that appropriately large safety factors
exist.

The second level of protection is afforded by inherent characteristics and systems which limit
the consequences of anticipated operational occurrences/faults. As an example of inherent character-
istics, light water reactors have sufficient negative reactivity feedback to stabilize the system to a safe
base after disturbances or accidents. As an example of systems, the reactor protection system moni-
tors all important signals of the plant and actuates protection devices to shut down the reactor if cer-
tain thresholds are exceeded.

The third level of defense is formed by the safety systems which protect the fission product bar-
riers against damage. Examples of such systems are the decay heat removal, emergency feedwater
safety injection systems, and emergency diesels. These safety systems are available in redundant
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numbers, are physically separated, are protected against internal and external hazards and are de-
signed to be tolerant against human errors.

If all of the three levels of defense work, then clearly there would be no significant radioactivity
release from the core. However, Thre Mile Island clearly demonstrated, and risk studies before and
after Three Mile Island have confirmed, that there are sequences of low probability events which un-
der certain conditions could lead to radioactive releases from "severe accidents", i.e. accidents with
partial or total core melting.

Three Mile Island and the risk studies, however, have also shown that the period of time within
which transients or accidents escalate to a severe accident is not short, and is, in fact, generally long-
er than one hour. This length of time permits a number of possible measures to be taken to prevent
the accident from escalating even in case of failure of all automatic protection and safety devices.

All of these measures are included in the concept of "Accident Management" which presently
constitutes a "fourth barrier" in the defense in depth safety strategy. We are now at a crossroad in
safety strategy. Despite the fact that engineering studies and phenomenologial computer simulation of
accident escalation have proven that there exist extensive measures to reliably prevent serious core
damage or core melting, the emphasis today appears to be on aspects of how to mitigate the conse-
quences of such severe accidents rather than on efforts to avoid escalation of an acccident by preven-
tive measures and by accident management.

Core melt scenarios are almost elevated to design basis accidents and the previous distinction
between risks to be fully controlled by the safety systems and the so-called residual risk has nearly
disappeared.

This is very controversial. The controversy stems from the fact that if core melt scenarios are
taken to be design basis events, then containments would have to be designed for a set of accident
loads for which heretofore they have not been designed. Further, this approach appears to deempha-
size prevention of accidents which has been the cornerstone of the safety strategy to date, since no
matter how low the risk of a severe accident is made by design features, one would have to consider
severe accidents as design basis. De-emphasizing prevention would clearly be wrong as it is always
the best way to success.

On the other hand, containment are the last line of defenseagainst radioactivity release and it is
not inconsistent then that they should be designed for the classes of accidents that present the chal-
lenge for which this last line of defense is needed. At present they are already assessed for their cap-
ability to withstand the consequences of severe accident. In several countries, in fact, discusion in li-
censing bodies are underway so that new reactor plants must be designed so that under any
imaginable severe accident scenarios, the radioactive release is limited to the extent that evacuation
of people is not necessary outsied the fence of the power station and that serious damage is limited to
the area of the site. This implies a containment which is capable of accommodating severe accidents,
regardles of their low probability. The remainder of the discussion centers on whether this is possible.

3. Containment Design for Severe Accidents

Containments and their safeguards systems have interestingly enough been designed for radia-
tion source terms which could only occur under some severe accident. However, containments to date
have not been designed for the mechanical and thermal loads that could accompany severe acci-
dents.

The mechanical and thermal loads in excess of those for which containments are presently de-
signed (peak pressure and temperature resulting from a spectrum of design basis breaks) can result
from the following phenomena which could be postulated to occur under severe accidents:

• Direct heating from high pressure injection of molten debris which penetrate the reactor ves-
sel.

• Vessel or ex-vessel steam explosions from the interaction of the molten core with water.
• Heat (steam) released from the interaction between the melt which escapes the reactor ves-

sel and the concrete in the reactor cavity.
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• Combustion of the hydrogen generated by the metal water reaction and the core concrete
interaction. Depending on the quantity of hydrogen generation and its distribution in contain-
ment, the combustion can be either a deflagration or a detonation.

• Long-term heating if the systems designed to cool the containment fail.

To determine the response of the containment to such phenomena, one needs to look not just
at the containment proper, but the features of the primary system, the internal geometry of the con-
tainment, and the specific safeguards features which are provided for lont-term cooling, hydrogen con-
trol, and airborne fission product removal.

In regard to direct containment heating, the designs of the next generation of reactors include
safety depressuriaztion systèmes that prevent such heating from high pressure core melt injection.

The same designs also provide means for passively flooding the reactor cavity following an ac-
cident. Flooding of the cavity, if it can be ensured for the long term, provides the means to preclude
penetration of the vessel by the molten core. This is, of course, what happened at TMI.

Theoretical work and experimental results now confirm that nucleate boiling at the surface of
the vessel immersed in the water, provides ample heat transfer to maintain thetemperature of the ves-
sel below that at which creep fatigue failure would occur. Exhibit 1 illustrates results obtained by full
scale tests conducted at Sandia laboratories which demonstrate the effectiveness of the nucleate boil-
ing in the vavity water in maintaining the vessel surface sufficiently cool.

With functioning active containment cooling systems, the proper level of cavity water is easily
assured. Replenishment of the cavity water that is boiled off is also assured indefinitely for those con-
tainmens which are passively cooled, and about which more is said later, by the condensation of the
steam on the containment surfaces and the return of the condensate to the cavity. For other types of
containments this can be assured by providing sufficient quantity of water for the arbitrary period dur-
ing which power to the containment heat removal systems is presumed to be absent (duration of sta-
tion blackout).

The important consequences of rapidly flooding the cavity after an acident are that it precludes
concerns over ex-vessel steam explosions and any accompanying hydrogen generation as well as
core concrete interaction.

The prevention of molten core vessel penetration achievable in the next generation of nuclear
power plants, and to a large extent present in today's plants, considerably reduces the challenge to
containment integrity and simplifies containment design.

There is still the issue of steam explosions in vessel and of combustion of hydrogen generated
by the in-vesel metal water reaction.

The steam explosion concern primarily relates to whether significant missiles, i.e. the reactor
vessel head, bolts, control rod drives, etc could be generated which in turn could penetrate the con-
tainment. Studies conducted to date indicate that the energy available from the steam explosion in
vessel is insufficient to generate major missiles like the vessel head, or to rupture the vessel. Other
missiles can be stopped from reaching the containment by appropriately designed missile shields.

Rapid sources of hydrogen (metal water reaction) can result in hydrogen concentration in con-
tainment that can be well within the flammable limits. For small containments the hydrogen concentra-
tion could even be within the detonable limits. While containment concepts have been proposed that
could accommodate a global detonation of hydrogen, none of the next generation of nuclear plants
have adopted this concept. Rather, global hydrogen detonation is precluded by relatively large con-
tainment volumes or inerting, and addition of hydrogen igniters. Prior to hydrogen combustion, high
pressures in containment coincide with significant steam volume fractions. The steam inhibits defla-
grations from initiating at a relatively high pressure or alternatively reduces the peak overpressure that
can result from a deflagration. Exhibit 2 shows the pressurization that could occur in containment fol-
lowing an accident. The deflagration is assumed to occur at different times and to result in he maxi-
mum overpressure producible by the particular mixture of air, hydrogen and steam in the containment
at that time. While the pressure is above what is generally the range of design pressures of modern
containments, it is important to note that it is below the pressure at which tests indicate that significant
yielding of containment would occur. Significant yierding is needed for learage to become significantly
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above its nominal design value. Hydrogen igniters, which are now becoming available as passive sys-
tems, serve to burn the hydrogen before it can reach deflagrable and certainly detonable concentra-
tions and thus preclude local detonations. From Exhibit 2 it is clear that containments are capable of
accommodating the pressures generated from the constant volume combustion of the hydrogen as
would occur with the igniters.

This leaves the last question of long term pressurization that would occur if all systems de-
signed to cool the containment fail. This, for instance, would occur if all AC power to the plant is lost.
Note that containment long term overpressurization, i.e. above design pressure, is not an issue if the
avtive containment safeguards system work. These are the fan coolers, containment sprays and resid-
ual heat removal system in PWR and the RHR system and drywell spras in a BWR.

Two main options are possible to cope with such conditions. One is to use accident manage-
ment schemes to bring external cooling means, i.e. water via fire pumps to the containmet. Provisions
have to be made for this in design. The second is to design containments which are passively cooled,
sufficient data has been obtained from small scale and large scale tests to validate the theory upon
which the design of passively cooled freestanding steel containments for PWRs is based. Following
an initial period during which the containment is cooled via evaporative cooling of water sprayed on its
external surface, the containment shell is cooled by air which rises in the annulus separating the frees-
tanding steel shell from the concrete shield building (See Exhibits 3 and 4).

Schemes have been proposed that would avoid the necessity to use water spray during the ini-
tial period. One such scheme utilizes a suppression pool concept to absorb the initial energy (se Ex-
hibit 4). The supperssion pool is connected to a water filtration system which provides containment
overpressurization protection.

Fission products are then retained in the suppression pool and the water filter. This is, of
course, an adaptation to PWRs, of the suppression pool containments employed in BWRs. These
suppression pool containments are passive for a period of time which depends on design. For an Ad-
vanced Boiling Water Reactor, the period of time depends on the size of the suppression pool, and if
total power is lost make-up of water from external means would be necessary. Containment overpres-
surization is prevented by overpressure protecton devices. Fission products, however, would be re-
tained in the suppression pool water. For GE's Simplified Boiling Water Reactor, the system can per-
form for three days without power. Thereafter, make-up water must be added to continue the passive
cooling. The period of time can be increased by increasing the volume of the isolation condenser pool.

For PWRs, indefinitely long passive cooling of containments is difficult in practice when secon-
dary containments are provided. With secondary containments the atmosphere between the primary
and secondary containment is maintained at a negative pressure so that any leakage from the primary
containment can be collected and filtered prior to release. The closed nature of the secondary contain-
ment prevents air cooling of the primary one. Schemes have been proposed to exchange the heat via
steam.to-water external heat exchangers. This, however, requires additional containment penetra-
tions, replenshment of the water at some time, and have had no testing to validate the concept.

An alternative can be utilized to ensure that secondary containment is provided when power is
available (the secondary containment function would not be possible without power anyway), but pas-
sive cooling of containment would ensue if power is lost. This can be accomplished by use of dampers
at the inlet and outlets of the annulus between containments. The dampers would be powered close
and spring open if all power fails.

It should be clear from he preceding discussion that with relatively modest changes to the pre-
sent containment designs, many of which changes are already contemplated in the next generation
plants, containments will be capable of accommodating the effects of severe accidents and of protect-
ing the environment outside the plant area. The issue is not so much whether the containment should
be designed for severe accidents as what will be the acceptance criteria utilized by the licensing bod-
ies to decide whether emergency plans are needed or not.

4. Conclusion

From the preceding we have established that it is indeed possible to have containments that
provide an ultimate successful line of defense. It is up to us to establish how such containment should
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be licensed, that is what basis should be established for the acceptance of those designs.

No matter what such basis is, however, it must follow on the well proven strategy of defense in-
depth. We still have to do everything within our power to prevent accidents from ocurring, and to pre-
vent their propagation and mitigate their effects by accident management.

Preventive means in design of internal features and passive systems within containments such
as reactor vessel cavity geometry, passive means to flood it, and passive igniters systems can facili-
tate the ability of containment to function as the last successful line of defense. It is doubtful that we
can ever guarantee it in a deterministic way against all imaginable, however, physically or technically
irrational scenarios. It would be wrong to make the public believe that the operating risk from a nuclear
power plant can be made to be zero. What has happened is that the definition of residual risk has
changed.

There will no longer be a "maximum credible accident". Residual risk will be considerably small-
er as it will no longer include those scenarios protected by the containment with and without acident
management schemes.

The level of politically acceptable "residual risk" will define in each country the extent of addi-
tional measures taken in containment design against severe accdents. For now, however, it is impor-
tant to note that containments designed for the new plants afford an extraordinarily degree of protec-
tion to the environment and provide a reliable last line of defense for even extremely low probability
nuclear accidents.
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