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SUMMARY

During the week of 26-30 November 1990, the International Atomic Energy
Agency, in co-operation with the German Gesellschaft fiir Reaktorsicherheit mbH
(GRS) organized at the GRS Forschungsgeldnde in Garching, Germany, a Technical
Committee Meeting on Plant System Utilization for Accident Mitigation. The
objectives of this meeting which is part of a series of meetings to develop a
user's manual on accident management in nuclear power plants, were to review
and assess anticipated system utilization for the mitigation of the
consequences of severe accidents and the implementation of corresponding

guidelines to the operating and support staff.

Strategies to prevent and mitigate severe accidents will be conditioned
by the availability of first line and support systems in the plant to perform
the necessary functions. Therefore, as part of the preparation for severe
accident management it is necessary to identify all plant systems (including
non-safety related systems) that could be used, perhaps in a non-conventional
manner, to control the accident and mitigate its consequences. This should
include the identification of back-up systems which could be used to perform
the same functions. Another aspect concerns other equipment and systems that
might have to be obtained form another part of the_site or eisewhere. For
example, it may be possible to use a non-standard water source to provide long
term cooling to the reactor core, or special equipment may be needed to get
firemen close to the scene of a fire and to protect them from high radiation
levels or contamination. The availability of such systems or equipment needs
to be considered at the planning stage, as well as the means of transport that
may be necessary in the event of a rapidly developing accident. In some
cases, it may be desirable to install additional equipment to make a strategy
feasible. Examples are filtered vents and hydrogen igniters which have been

introduced into nuclear power units in some Member States.

The purpose of this meeting was to review and assess the current status
and future trends in the use of available and/or additional systems to prevent

and mitigate severe accidents.

The meeting was opened by Mr. K. Wolfert, Head of the Thermalhydraulics
Department of the GRS who stressed the importance of accident management

measures and the necessity of international co-operation in the field.
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The meeting was attended bQ 25 participants from 10 countries. The
participants presented technical papers on the subject and provided comments
for the preparation of a draft report on the use of plant systems for accident
management. Based on a Polish/USSR proposal, a few members of the TC proposed
a scheme to generalize systems utilization for different reactor types. This
proposal will serve as basis for the completion of the draft report on the
subject which should then be evaluated by independent consultants to produce

the final daft.
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1- GENERAL SAFETY CONSIDERATIONS

Nuclear safety is defined in the IAEA’s nuclear safety standards (NUSS) as "achievement of
proper operating conditions, prevention of accidents or mitigation of accident consegquences,
resulting 1n protection of site personnel, the public and the environment from undue radiation
hazards".

Three basic functions must be ensured if those objectives are to be attained :

- the chain reaction must be controlled,

- the reactor core must be cooled,

- the radioactive fission products must be kept confined inside the power plant.

Power plant design and operation is based on the fundamental principle that the greater the

conseqguences for the public of a hypothetical accident, the lower must be the probabiiity of it

actually occurring. That principle is satisfied by means of a dual approach :

- prevention or, if total prevention is not possible, reduction of the probability of an
accident,

- mitigation of the consequences of an accident, should the preventive measures fail.

Three complementary methods have been developed, all of which comply with those generatl
principles : the deterministic and probabilistic approaches (which are in general ciosely
linked) and the systematic use of feedback from experience in order to :dentify and correct
weak points, thus reducing risks.

The practical implementation of these methods necessarily involves drawing up ground rules
that set limits for the precautions to be taken (earthquake intensity that the plant must
withstand, probatility below which it is not considered necessary to take any particular
precaution ; feedback from experience that would be taken into condideration only for tuture
plants, since it would not result in any significant improvement in the safety of existing piants.
etc). Such grounds rules, which reflect the ALARP (As Low As Reasonably Practicabie)
concept, are laid down by the safety authorities in each individual country. They vary shghtly
between different Members States, but are remarkabty homogeneous on the whoie, while the
few differences that do exist can be ascribed to local factors.

Aware of the complexity of the physical phenomena taking place inside a nuclear reactor. the
research bodies concerned have always been condicting major theoretical and experimental
studies with the dual aim of more precisely identifying the margins introduced n accident
prevention and gaining a better understanding of the physical, ana more particularly
radiological, consequences of potential accidents,

Since operators play an essential role in plant safety, it 1S universally acknowledged that they
must both be very highly trained and have a genuine safety “"culture” and that the resources
olaced at theuwr disposal must be czpable, up to a point, of ensuring the safety of the plant
even in the event of human error or inadequate fault diagnosis.

Work by the UNIPEDE Safety Working Group (NUCLESUR) and the Working Group n® 1 on
Reactor Safety has made 1t possible to stress the consensus between the Member States and
the European Commission on the meaning and value of the harmonization of safety within the
Community,
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A large measure of agreement has thus been sho./n to exist on the most important points,
namely general safety objectives and principles and the above mentioned methods of obtaining
those objectives and complying with those principles.

The membership of WG1 has also allowed wide-ranglﬁg exchanges of views to take place
concerning the - sometimes different - technical means used in the different countries and the
domestic organization of each country enabling the Internal consistency of the means
chosen to be ensured. Discussions of those means have been extremely fruitful in the past and
will not doubt continue to be so in future,

Lastly, the activities of NUCLESUR and WG1 have clearly reflected the increasing atttention
devoted to severe accidents, more particularly in the wake of the Three Mile Island accident
and the Chernobyl accident. They have revealed that a great deal of work 1s continuing n the
different countries and that exchanges of information and discussions are stiff needed in order
to harmonize approaches to mitigation measures and plant operating practice.

The main effort should now focus on severe accidents management. All existing nuclear power
plants were built according to designs incorporating considerabie margins over and above
the design basis accidents ("umbrella" assumptions and margins in design codes). Such
margins make it possible to mitigate the consequences of severe accidents. This paper
presents a state of the art report by NUCLESUR on accident management in PWR pilants.

—/3-




li- REVIEW OF THE APPROACH TO PARTICULAR ASPECTS OF SEVERE ACCIDENTS
IN LWRs

2.1 - Introduction

This review follows the more detailed and wide ranging review by NUCLESUR of the approach
to both design basis and severe accidents in LWRs which was completed in 1988. Since this
«<arlier report showed a lack of uniformity in relation to severe accident aspects a decision was
made to reconsider this area. A NUCLESUR study group on severe accident management was
set up to perform this task. The objectives of the review report produced by this group were to
consider in more detail the general approach to severe accidents and by considering how
spectfic 1ssues are addressed within this framework, tc determine any underlying similarities
and differences in approach.

The countries included in this review are Belgium, Finland, France, the Federal Republic of
Germany, Spain, Sweden and the United Kingdom. Some details of the position in the USA are
also noted since historically this country has had a strong influence on the practices in Europe.
A summary of the position in the Netherlands is included in the tables only.

The approach to severe accidents and severe accident management can be seen to vary
between countries depending on the existence of regulatory requirements, public opinion and
the source of the technology which designed, built, and may still be supporting, the generating
reactors.

The historical approach to severe accidents has been to design reactor plant such that severe
accidents can be assumed not to occur. That is they were considered to be incredibie and iittle
or no design provisions were included to address such conditions. Off site emergency
measures, if any, were |eft to the care of regulatory authorities.

The emphasis on severe accidents over the past decade has increased with the occurrence of
the accidents at Three Mile Island and Chernobyl. Although the Nuciear Community consider
these to be at opposite ends of the spectrum in relation to both the safe design and operation
of nuclear power plant, they have both had large If different influences and effects on the
industry and on the public at large.

Analysis in the severe accident field has been twofold. On the one hand, assessing the many
Severe accident phenomenological aspects has provided the tools to predict the capability of
existing designs to cope with such conditions, to enable the inherent safety margins in the
designs to be taken into account or to assess the effect of possible design or operational
changes postuiated to mitigate the effects of severe accidents. On the other hand, predictions
of the probability of occurrence of such conditions have been made to provide further
information to decide on the importance of severe accident phenomena.

These aspects are usually considered together in a balanced way via Probabiistic Safety
Assesments {PSA}. in any case they provide the 100is 10 enable decisions or the need for
further research or design or operational changes to be made against existing designs and
regulatory requirements in each country.




This summary paper concentrates on severe accident aspects which are important in ensuring
that the containment does not fail in the long term so that benefit can be taken of the miargins
inherent in the containment design. The items considered are hydrogen control in the
containment, containment venting and the assessment of the safety of containment. Generally,
loadings which occur in the short term. or are of short duration such as direct containment
heating, are not included, since design measures or (and) operating procedures are very
generally impiemented to prevent such short term containment failures.

2.2 - The Approach to Specific Severe Accident Issues

The general approach to severe accidents can be seen to depend on regulatory requirements
or self imposed safety criteria as summarised in Table 1.

PSA

The role of PSA varies between countries and has been used as a starting point for severe
accident considerations in many countries (Belgium, RFA, UK) or is baing used to complement
the severe accident programme (France, Sweden, Finland) or will now be required or included
as part of licensee renewal reports (Spain). (Table 1}.

The total scope of severe accident programmes has expanded over the last few years but these
are generally weil underway in most countries and are now considered to be complete in
Sweden. The level 1 PSA studies for both Finnish plants are compieted, except for external
events. The planned level 2 and 3 studies will continue for some years. Belgium and Spain
expect their programmes to be completed in 1991 whilst work in the UK should be finalised
with the Sizewell B POSR in 1992. In the FRA, the overall PSA based on Biblis B as reference
NPP has been finaiized in June 1989. On this basis, an individual PSA (mainly level 1) has to
be performed to each NPP within the next ten years. In the USA the Individual Plant
Examination (IPE) programme, assessing the vulnerabilities of all operating plant to severe
accidents, should also be completed in 1992. The French 900 MW and 1300 MW level 1-PSA
are now complete. The evaluation of the lesson of these PSA for future plants is presently
underway and should be completed this year.

Hydrogen Control

Systems for hydrogen control are generally included for design basis accidents in all countries.
(Table 2). BWRs are generally inerted which prevents problems with hydrogen contro! during
severe accidents. The Spanish BWR design with the Mark Il containment type has electric
igniters fed by batteries to cope with hydrogen concentrations above 4 %.

The severe accident mitigation programme (containment venting, etc) 1s completed for the
Finnish BWRs. The mitigating measures for the PWRs are not foreseen to be completed before
1991.

In general PWRs with large dry containments do not have and do not reguire specific
measures for hydrogen control under severe accident conditions. Some design specific
problems exist with German PWRs which have spherical steel containments and no
containment spray systems. Suitable igniter and recombiner systems are therefore being
assessed prior to installation. Belgium has investigated possible igniter systems for severe
accident purposes but no decision or requirement to install them has been made. Other
countnes are re-examining their existing designs but have not identified the requirements for
further measures to be taken.
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Contailnment Venting

in both Sweden and France the decisions 10 install filtered vented containment systems were
made to fuifil requlatory requirements. The marked difference between these systems relate to
these specific requirements.

In Sweden a sophisticated and efficient muiti venturi scrubber system has been installed for
some BWRs and all PWRs, where, as the Barseback BWR units are furnished with a grave!
filter. The decontamination factors for these BWR and PWR designs are between 100 and
1000. In France a simple system has been chosen since the requirement was to reduce
releases due to late containment failure by a factor ot ten to fit in with existing emergency
plans. A full scale test has shown the decontamination factors are significanly higher than the
requiIrement.

Germany's decision to implement FVC systems arose as a direct result of the Chernobyl
accident. Hydrogen is a potential threat to their muiti venturi scrubber venting systems and s
currently being considered.

Other countries which are considering the need for such systemis are addressing the
requirements as part of their integrated severe accident programmes. Plant specific PSAs are
generally used to determine such requirements as well as the need for any other severe
accident measures. (Table 2).

It is also worth noting that this is also the case in the USA where decisions on FVC will not be
made until the IPE programme is compiete.

Assessment of Containment Safety

Containment safety and integrity under severe accident conditions is recognised to be of major
importance to all countries. Most countries have assessed their own containment designs using
less conservative methods than required for design purposes. This has shown significant
margins to failure which gives assurance of the beneficial effect of the containment under
severe accident conditions. Margins 2 - 5 times the specification have been predicted. (Table
2).

Instrumentation and Procedures

The requirements for instrumentation and procedures to specifically cater for severe accident
conditions arise from the overall severe accident strategy and programme in each country.
Sweden, Finland for the BWR units and France have implemented their necessary
requirements. Germany is currently implementing severe accident procedures and the
necessary instrumentation.

Belgium, Spain and the United Kingdom expect their existing instrumentation 10 be adequate
for this purposes. (See Table 2).
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- CONCLUSIONS

The role of severe accidents in each of the countries reviewed in this report can be seen to
have taken on a greater emphasis in the last ten years. The adequacy of the many different
design features have been or are being assessed to determune their ability to cope with the
demands set by severe accidents for which they were not originally designed.

Some design changes have been implemented to ensure the adequacy of these designs to
meet reguiatory requirements which now exist in each specific country, and to provide specific
mitigation for some severe accident conditions.

The role of the operator and accident management in both preventing and mitigating severe
accidents are other important areas where increased emphasis has been piaced in recent
years. For example this has identified the need to determine the actual piant conditions during
fault conditions such as the margins to failure of the fuel rods, primary system and
containment during fault conditions.

The signiticant role of the containment under severe accident conditions is recognised in every
country. For extremely severe accidents beyond the design of the containment, mitigation
measures such as containment venting can be seen to add to this role as they increase the
prospects of maintening the integrity of the containment.

The status of PSA has been seen to increase in all countries in line with the growing
awareness of severe accident considerations. Completion of the many plant specific PSAs that
are currently underway, including the IPE Work in the USA, should provide a useful benchmark
against which to assess the effect of design specific differences, aoperating procedures and
regulatory requirements in each country.

Compietion of the current severe accident programmes in each of the countries reviewed are
expected by 1992. This does not imply that all work in these areas will cease. It is seen to be
the starting point for ensuring the continuing sate operation of existing plant taking into
account the possibility of appropriate measures for preventing unacceptable consequences of
such situations.

For example, there are other aspects of severe accidents and in particular severe accident
management outside the scope of this review which are currently being considered. These
include measures such as water addition to degraded or degrading cores in or ex-vessel (to
which existing methods are being appiied) and the need tor further analysis tools and
refinements to current designs or methods of operation being determined. These are further
exampies of severe accident aspects where requirements are seen to be country and design
specific.

L ast but not least, it would appear important to arrive at a consensus within the Community on
how to approach and present to the public the twin aspects of the prevention of severe
accidents and the mitigation of their consequences. To simplify matters to the extreme, two
trends are emerging : one ts to incorporate sufficient margins to prove that there is no need to
be concerned with severe accidents whose probability is very iow (less than 1O'G/year) or theiwr
consequences, Nno matter what human errors should be made, while the other approach s to
ensure that the consequences of any such accidents would be strictly limited.

REFERENCE :

Convergence of approaches to safety In the Member States of the Eurcpean
Communities
P. BACHER and J.P. PELE - NUCSAFE Conference AVIGNON 1988

Nuclesur Report 1989 "A Revlew of the Approach to Particular Aspects of Severe
Accldents In LWRs
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SCOPE OF THE OPERATING DOCUMENTS

The safety pliilosophy deveioped in France for PWR's has lead to the division of
operating conditions into three main fields as defined beiow :

Design basis operating conditions :

These concern all normal unit operating states and transients, incidental or
accidental which it is agreed to take into account during design and dimensioning.
These operating conditions have been divided into four categories according to the
size of their estimated frequency of occurrence. Within each categery, a limited
number of conventional operating conditions has been chosen, whose
consequences are envelope conditions when compared with those of other
operating conditions which could have been considered.

Complementary operating conditions :

In particular, the field covers events linked :

- either to total loss in the short term of the safety systems frequently called into
play in design basis operating conditions of the 1st and 2nd categories,

- or to the total loss in the mid and long term of the redundant safety features
coming into play in the operating conditions of the 3rd and 4th categories,
particularly the loss of coolant accident.

The field completes that covered by the design basis operating conditions ; the

union of the two being callead the operating conditions considered as being

plausible.

Operating conditions not considered as being plausibie

The studies of operating conditions considered as being plausible taken together
make it possibie to guarantee a satisfactory and homogenous leve} of safety. Ta'*ng
into account conditions not considered as plausible aims, in keeping with the
concept of defence in depth, at protecting populations in the case of severe and
hypothetical accidents i.e : with inevitable core meltdown.

From an operating point of view, all the operating occurrences defined above are
managed by operating documents which are :

- the operating procedures : these exist for the whole of the operating fieid
defined above,

- a special document, called the “"severe accident action guide", which aims to
define, in advance, the specific actions to be taken by the operatoers in a post-
accidental situation with core meitdown ;

Following this, this document presents, for each of the operating documents called
upon in these different situations :

- the main principles chosen for using the systems particularly for severe
accidents as defined above,

- the type of system it has called upon.

-6~
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2. USING THE SYSTEMS

2.1,

2.2.

GENERAL APPROACH

The choice of systems to be used for an accidental situation, including severe
accidents results from the following general approach :

- inventory of means available to carry out the desired function,

- classifying these different means, starting with the operating conditions of the
systems closest to the nominal ane. To illustrate this, if we consider the function
“refilling the auxiliary feedwater tank", the following hierachy of events can be
drawn up : '

normal refifling with demineraiized and dearated water,
special refilling using demineralized water,
ultimate refilling with raw water.

- define the criteria for use, and thereby determine the limits of these various
resources ; several variants {called substitutions) are proposed to the operator
within the means available to achieve the objective of the procedure under
consideration. The means under consideration might be non safety-classified in
accordance with the information given in paragraph 3.

This final stage is extremely important, since it makes it possible, among other
things, to ensure that the accident will not be made more serious due to operation
beyond the limits of mechanical resistance of the equipment.

SEVERE ACCIDENT ACTION GUIDE

The aim of the "severe accident action guide" is to provide the operator jn advance
with a definition of specific actions to be undertaken to ensure the best possible
containment of radioactive products for as long a time as possible so as to :

- avoid or keep to a minimum the release of such products outside the reactor
containment, either atmospherically or hydrogeologically,

- gain time for setting up the emergency plans, particularly for the population,

- bring the unit back to a more easily controlable situation.

Applying the action guide involves a change in strategy with respect to the
management of the situation : we move away from the objective of core safeguard
to one of containment function safeguard.

At the present time, the actions in the guide involve :

~ refilling the tank for the safety injection system and the containment spray
system,

~ operation of the safety injection system (including the accumulator tanks),
- operation of the containment spray system,
- steam generator (available and unavailable} operation,

~ the primary pumps,

~L
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- the pressurizer relief lines,

- specific procedures such as decompression of the containment using the sand
bed filter.

In practical terms, this guide consists of a grid of “"systems/actions" defining the

operations to be undertaken on each system, making it possible to minimize the

consequences of the accident.

The actions involved result from choices based on release.criteria {coritainment
safeguard strategy). They are based on knowiedge available at this time, and are
therefore likely to change.

3. CHECKING THE APPROPRIATENESS OF THE SYSTEMS USED

3.1. DESIGN BASIS OPERATING CONDITIONS

For this type of operating conditions, the operating documents must ailow for the
use of the necessary systems to bring back the power units to a safe state. These
are all safety-ciassified systems, which satisfy in addition the following
compiementary requirements.

- single failure criterion,

geographical component separation,
- environment conditions resistance,

- seismic resistance.

In addition, it should be noted that the analysis of the operating conditions of the
systems used was made using conservative hypotheses, both for the accident
scenarios and for the evolution of the resistance of the barriers and the installation

in general.

3.2. COMPLEMENTARY OPERATING CONDITIONS

For this type of operating conditions, non safety-classified systems may be called
upon.

Analysis of these situations takes into account 'realistic” hypotheses, i.e : which
include lower conservation margins than those used for design basis operating

conditions.

In particular :

- the criterion of single failure is not applied, i.e : a further deficiency is not added
to the initial failure but the consequences of this initial defauit and of the
operating procedure are taken into account.

- unless this is the sequence under study, the loss of offsite power is not taken
into account,

- the control devices operate normaiiy,

3
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- the instant at which the systems used are supposed to start up is determined
realistically.

OPERATING CONDITIONS NOT CONSIDERED AS PLAUSIBLE

The systems used specifically in this type of operating condition are not classified
as safety-related.

The analysis of the situations, particularly as far as the effects on the environment
of a detericrated core are concerned, are made with "realistic hypotheses". This is
notably the case concerning the evaluation of the transfer of radioactive substances
through the containment, depending on the various failure modes and their
diffusion into the environment.

CONCLUSION

For PWR’s in France, operating documents make it possible to cover all the
operating conditions, including severe accidents, resulting from the developed
safety philosophy {see appendix).
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APPENDIX
UNIT SITUATION Examples of
operating documents
1)
Operating Design basis Category 1 Normal operating "S" Procedures
conditions operating Category 2 Moderately frequent incidents “I" Procedures
considered conditions Category 3 Very infrequent accidents
as plausible
Category 4 Serious hypothetical design basis "A" Procedures
accidents such as :
- LOCA
- Feedwater pipe rupture
- Main Steam pipe rupture
- SG tube rupture
Complementary Short term loss of frequently required redundant
operating saiety systems :
conditions - total heat sink loss
- total loss of SG feedwater "H" Procedures
- total loss of electrical power ("blackout")
Mid and lonq term loss of safequard systems coming
into play following LOCA
Operating Severe accident with inevitable core meltdown "U" Procedures

conditions not
considered as
plausible

“Severe accident
guide action”
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1. Concept of Accident

Management in FRG

- Introduction

Nuclear power plants are provided with comprehensive and re-
liable safety systems which prevent damage to the reactor core
and ensure the safe containment of radioactive substances in
the case of incidents.

Beyond this area of incidents, which must be thoroughly guarded
against when designing the plants, there remains an area of
event sequences which does not have to be taken into account in
the design of the plant,e.g. because their occurrence is accep-
pted as being extremely unlikely. Such segquences of events
always occur if the safety functions needed to cope with the
event fail for a long period of time. Thus a core meltdown
accident is only possible if it is assumed, e.g. that during an
incident the core cooling fails completely -for a long period of
time.

Among the possible causes of such sequences of events are:

» unconsidered multiple failures of systems and components,

e delayed or no detection of a deviation from the design
sequences of events,

¢ human error, such as an incorrect diagnosis or wrong inter-
vention before or during the event,

e combinations of the above.
-~ Extension of the defence-in-depth concept

In all fields of human activities the protection against pos-
sible dangers is based on two major concepts. The first deals
with preventing damage by taking appropriate precautionary
measures, the second tries to limit the extent of possible da~
mages. The greater the extent of possible damages becomes, the




more important become precautionary measures which, by

eliminating endangering mechanisms already in the forefield,
provide for a greater distance to the manifestation of the
danger.

Already in the early days of civilian use of nuclear enerqgy
it was realized that preventive measures in this respect have
a great significance. This led to the development of an exten-
sive safety concept based on the principle of graduated pre-
vention mentioned above. The danger potential from radioactive
materials is contained within many consecutive physical bar-
riers. These barriers themselves are protected by a graduated
system of precautionary safety measures, the defence-in-depth
concept (see Figure 1). In line with the principle of applying
protective measures as far ahead as possible in the preventive
area, the underlying principle is to prevent defects and dis-
turbances from the beginning before larger damages can develop.

- Level 1

At the first level, high quality standards and high safety
margins are applied to all plant components with the goal of
preventing failures from occurring at all.

- Level 2

At the second level, disturbances are intercepted before they
can develop into incidents. Here, the limitation system and the
reactor protection system which monitors all essential process
variables of the plant are of central importance. Whenever spe-
cific limits are exeeded protective actions such as power reduc-
tion or shutdown of the reactor are initiated.

- Level 3
Third in line is the equipment of the safety systems (enginee-

red safety features) which protects the radioactivity barriers.
Here the design goal is that -~ in case of an incident - at

4.
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least two radioactivity barriers should remain intact, thus
preventing a dangerous release of radioactivity to the environ-

ment.
- Level 4

The safety design (levels 1 to 3) establishes an extensive set
of protective measures. Bowever, by law of nature even the
most reliable safety system cannot prevent that a system fai-
lure or a combination of failures occurs which is not covered
by the design. It is for instance possible that during a major
incident the safety equipment itself fails. The analyses of be-
yond-design accidents, in the course of which a failure or the
safety equipment is assumed, show that in most cases several
hours remain before serious damage occurs to the reactor core.
This leaves time for the prevention of damage ' using remaining
safety systems as well as operational or even e.cernal systems.

The resulting concepts and measures for coping with or limi-
ting the consequences of events, which were not explicitly taken
into account when designing the plant, are investigated and
discussed internationally using the term "Accident Management'
(AM) .

In the area of accident management a distinction is made bet-
ween 'prevention' and 'mitigation'.

(1) Prevention includes measures to avoid damage to the reac-
tor core. Owing to the relatively slow development from
an initiating event to major core degradation (usually
hours) there is in principle the possibility for the
plant personnel to identify and diagnose the status of
the plant and to initiate safety related measures, e.g.
reactivating safety or operational or additional systems.
These measures are considered to have the highest prio-
rity in the Federal Republic of Germany. (TMI may be an
example of the borderline between the prevention and miti-
gation areas.)




(2) Mitigation includes measures to control and minimize the

consequences of core melt sequences. If measures to reac-
tivate sufficient core cooling and decay heat removal
fail, core melt will progressively start. Even in this
case measures to control and minimize the consequences
should be initiated, The final goal is to maintain the
integrity of the primary system or at least of the con-
tainment to avoid an uncontrolled and large release of
fission products into the environment.

~ Principles for implementation of AM-Measures

Accident management procedures extend the symptom-oriented acci-
dent control concept beyond the area of design-~-basis-accidents
(see fig.2). A safety-function oriented approach is followed to
cover as many conceivable failure combinations as possible with
a reasonably small number of procedures. As in the design range,
preventive measures are given priority. Their objective is to ac-
tivate a heat removal from the reactor pressure vessel in order
to prevent core meltdown or at least to arrest the process in
time.

The accident management procedures will be contained in a dedi-
cated accident management or emergency manual, separate from
the operating manual.

The following principles are applied in the implementa-
tion of Accident Management Measures:

. The accident management measures may not impair plant ope-
ration under normal or upset conditions nor may they un-
acceptably interfere with design-~basis accident control.

. Analyses are performed with realistic boundary conditions.

. Accident management measures take credit of all existing
systems and equipments.




. The usual design criteria for safety systems, such as the

single failure criterion, are not applied.

. Accident management measures may only be initiated after a
sufficiently long time delay essential to proper decision
making.

. It must be possible to interrupt and resume the accident ma-

nagement measures at any time.

. Any necessary equipment for initiating accident management
measures must be arranged in such a way that operator er-
rors or inadvertent initiation during normal operation are

avoided.

o On account of the time available and the low fregquency of
the postulated events accident management measures will
be initiated manually.

2. Preventive Accident Management
Strategies for PWR '

In case of PWRs, the concept of energy removal in all transient
events and small leaks in the primary loop 1is based on heat re-~
moval via the secondary side. The secondary-side system func-~
tions for coping with such events are therefore of great impor-
tance from the point of view of safety. In case there is a
failure of the secondary-side systems, alternative possibili-
ties for residual heat removal should be available.

Many secondary and primary-side accident management measu-~
res are being discussed for this purpose. However, secondary-
side measures are considered most suitable for all cases of
failure of the secondary-side heat removal. Only if the neces-
sary manual measures fail or if the secondary-side measures
are not effective should there be a transfer to primary-side




emergency measures (e.g., primary-side bleed and feed). This
strategy makes sense because West German PWR plants exhibit
only very minor primary-side leakages in the case of such
events (e.g., station blackout) due to the special design of
the sealing of the primary-~coolant pump.

Examples have been selected from the many measures discussed
and listed in the following Tables 1 and 2.

The results of German Risk Study, Phase B indicate that about
98 % of the frequency of uncontrolled events (plant damage
states) would lead to core melt under high pressure. Therefore
special emphasis was laid on measures to depressurize the pri-

mary system.
- Secondary Bleed and Feed

The secondary bleed and feed-measure in principle is characteri-
zed by a fast depressurization (bleed) of the dry steam genera-

tors below the respective pressure of the feedwater tank and a

subsequent water injection (feed) at low pressure.

In Fig. 3 the feedwater- and main steam system of the reference
plant for the German risk study is shown. The bleed action
will be initiated by opening of main steam relief or safety
valves. The depressurization is only effective if certain simu-
lations in the reactor prectection system (defeating interlocks,
overriding protective trips) will be per:iormed.

For the feed action there are two possible ways. At first the
stored water in the feedwater tank can be used. It's volume of
610 m3 is filled with 320 Mg saturated water.

The pressure is 1.0 MPa in the reference plant. In some plants

the pressure is lower. For better feed performance it can be
increased by loading of the feedwater tank through an auxiliary
steam line up to the setpoint of the tank's safety valves.




After opening of control- and shut off-valves the feedwater
tank acts as an accumulator due to the prassure stabilizing
effect of flashing water. Water can flow through the feedwater
lines wvia the feedwater pumps and the HP-preheaters into the
steam generators, according to the pressure difference between

feedwater tank and steam generator.

The second possible way to inject water is the connection of
low head pumps (e.g. mobile pumps) to the emergency feed lines.
The necessary water can be taken from the demineralizsd water
storage tank, cooling tower ponds, drinking water supplies,
tank trucks or directly from the river.

For the above mentioned measures time (0.5 to 1 h) is needed

to prepare and perform the necessary manual actions.

The preparation of the AM-actions will start if the water le-
vel on the secondary side reaches a very low value (e.g. 2 m).

- Primary Bleed and Feed

Primary bleed and feed measures are operator actions which
consist of opening of pressurizer valves (bleed) to release the
residual heat into the containment and feeding of the primary
side with safety injection pumps. These pumps start the in-
jection of borated water below 11 MPa.

To reach a long term stable state after depletion of the bora-
ted water storage tanks further actions are necessary. In new
plants, operation of the low pressure injection svstem (LPIS)
as booster pumps make # high pressure injection of sump water
possible. In plants without this backup <apability, a depressu-
rization of the primary side below 1.0 MPa is necessary. This
can be achieved by an enhancement of thermal mixing to remove
hot spots in steam generators (operation of main coolant pumps
necessary) or by an opening of additional pressurizer valves.
At low pressure the LPIS can remove the decay heat in the re-
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circulation mode and simultaneously inject coolant from the
sump to make up for the loss of coolant. If the pressurizer
valves can be closed after refilling of the primary side then
the decay heat can be removed by the LPIS in the re-irculation
mode already from 3 MPa provided the coolant temperature 1is
below 180 °C.

Assuming the safety injection pumps to fail, opening of all
pressurizer valves will achieve fast depressurization below
2.6 MPa and the inventory of the accumulators may be used

for feeding.

According to the strategy of early secondary and late primary
bleed and feed measures an appropriate instrumentation for the
initiation of the primary measures is needed. The time point
of the derived initiation signal should be late enough to
enable the performance of secondary measures but early enough
to prevent core melting taking into account a sufficient res-
ponse time for the manual initiation. In all PWR's in the FRG
a level probe in the upper plenum of the reactor pressure ves-
sel is or will be installed which measures the collapsed level
(£fig.5). The decrease of this level to the lower edge of the
coolant loops is signaled to the operators. This criterion will
be used to initiate primary bleed. Should this signal fail,
primary bleed should be performed if the core outlet tempera-
ture is greater than 400°C.

? Assessment of Bleed and Feed Strategqgy

Beside the previously discussed transients "Total loss of feed-
water" and "Station Blackout!" there are some other sequences
leading to a similar core damage frequency. Fig. 6 shows the
frequency distribution which has been determined in the Phase B
of the German risk study for the reference plant when no acci-
dent management-measures are considered. Uncontrolled pressuri-
zer leaks, station blackout, loss of feedwater, loss of main
heat sink, steamline break and U-tube rupture are sequences for
further investigation of accident management measures, regar-

_ Yo~
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ding probabilistic aspects. All these sequences and uncontrol-
led small breaks at the coolant loops having a break area below
approximately 50 cm? will lead to core melting at high primary

pressure.

In general the same strategy as previously discussed can be
applied. If additional failures at the secondary side cause a
decrease of the feedwater inventory, secondary bleed and feed
is initiated to reestablish a sufficient secondary heat sink.
In case of breaks and leaks at the primary side a primary in-
jection for compensation of the loss of primary coolant is
necessary to prevent core melting. Otherwise the secondary
feed and bleed alone is sufficient. If the secondary measures
fail, i.e. the collapsed level in the reactor pressure vessel
continues to decrease, a switching to primary bleed and feed
is necessary to enable safety injection pumps to inject borated
water.

In fig. 6 estimated delay times for the initiation of the acci-

dent management measures for the various sequences are shown.

In case of the more likely events the delay times are greater

than 1 h and hence comparable to the previously discussed delay

times. In the case of the uncontrolled rupture of one U-tube the
delay time is about 1 h. In the case of two ruptured U-~tubes the
delay time is only about 30 min. But this event is about one

order of magnitude lower in its frequency.

The analyses of bleed and feed measures demonstrate the effec-
tiveness of this mreasure to prevent core melt respectively to
prevent core melt under high pressure. A simplified event tree
(see fig. 7) depicts the possible sequences.

. Prerequisites for the Implementation of Bleed and Feed

To enable the bleed and feed measures to be taken on the secon-
dary and primary sides, changes are carried out at the plant de-
pending on their design in particular:

Y '

S



12 -

- changes in the reactor protection system,

- changes which permit a depressurization and automatic feed-
ing of the steam generators from the feedwater tank,

- the installation of additional connections for mobile pumps
on the pressure side of the emergency feedwater pumps,

- the installation of a water level indicator (see Fig. 5)
in the upper plenum of the reactor pressure vessel,

- the design of the pressurizer valves and the associated
control valves to enable the relief of water/steam mixtures
(two-phase mixtures). For this purposes, the pressurizer
relief valves and the safety valves are provided with an
additional control line which can be opened by motorized

pilot valves. The motorized valves in turn will be provided

with a power supply secured by batteries.

3. Preventive Accident Management
Strategies for BWR

The numerous possibilities for injection into the reactor pres-
sure vessel or the containment vessel of a BWR plant are shown
in in Fig.8. Cne can see that even in the case of the failure
of all safety systems, use can still be made of the available
operating or fire-fighting systems. It would thus be possible,
up to very high pressures, to feed into the reactor pressure
vessel with the control rod cooling water system and the pump
seal water system. In the low-pressure range, more injection
systems are available. Below 10 bar, the feedwater tank could
act effectively as an accumulator. In addition, there is the
possiblity of injecting with the 2 fuel pool cooling pumps into
the reactor pressure vessel or containment. As an emergency mea-
sure, it would be possible to inject with the 2 demineralized
water fire-fighting pumps, with the 3 fire-fighting pumps or
mobile pumps, and also with the drinking water network (capa-
city of the pumps approx. 60 kg/s). The use of fire-fighting
system means, that the necessary hose connections must have
been installed. All transient events as well as most loss-of-

(e
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coolant incidents can be coped with by means of these emergency

measures. More detailed analyses are still being carried out.

In the case of many events, residual heat is removed via the

suppression chamber. Should the suppression chamber cooling

system fail for a long period of time, there is the possibility

of removing residual heat by releasing steam via the depressuri-
zation system provided for the containment vessel. This measure

will simultaneously prevent a failure of the containment vessel

due to excess pressure.

The preventive Measures discussed for BWR are listed in the
following table 3.

4. Mitigative Accident Management

Strategies

In case of a total failure of preventive accident manage-
ment, mitigating emergency measures would have to be taken.
These would focus on the restoration of the coolability of the
damaged core and on the reinforcement of the containment fun-
tion. In the following some examples are given.

. Avoidance of High Pressure Core Melt

The primary bleed will be initiated if the water 1level in
the reactor pressure vessel falls below the hot 1leg inlet
nozzle. Should the high pressure injection fail, core melt
would occur at 1low pressure and the containment integrity
could be assured.

) Control of hydrogen in the Containment
In the Federal Republic of Germany, BWRs and PWRs are in opera-
tion, for which the hydrogen problem and related accident

management procedures are different.

Inerting ist implemented already in a number of plants. The
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BWRs of the 69 type have a small containment volume and iner-
ting is required. Continuous inerting during operation is pro-
vided. In the BWRs of the 72 type, inerting of only the wet
well is being studied (KRB). Also the use of ignitors and/or
catalytic foils in the drywell and wetwell is considered.

In PWRs, a great amount of hydrogen can be formed by the steam-
metal reactions during the in-vessel core melt phase an by dry
melt-concrete interacticn later on. In order to keep the hydro-~
gen concentration low, early ignition and combustion of hydro-
gen will not jeopardize the integrity of the containment.

In some scenarios a longtime hydrogen accummulation due to
partly steam inerted conditions could lead to containment fai-
lure. In case of 100 % of zirconium oxidation, nearly 1400 kg
of H2 would be formed. A late deflagration of such a high quan-
tity could lead to containment failure. In addition hydrogen
inhomogeneous distribution can result in higher hydrogen con-
centrations locally, susceptible for detonations. Controlled
early ignition by autonomous ignitors will be introduced. The
recombination by catalytic devices, e.g. foils, has been in-
vestigated, and the evaluation is going on. Different designs
of ignitors (spark and catalytic ignitors) and catalytic de~
vices are studied. Catalytic devices e.g. foils have the advan-
tage of being passive systems.

Reliable hydrogen monitoring under severe accident conditions
is another problem which has to be solved in PWRs.

) Procedures to cool molten corium in the Containment

There is no unanimous strategy for all plants wether and how
to cool molten corium in the containment. There are several
possibilities to inject water into the containment.

A spray system is in general not available in German PWRs, in

BWRs such system exist. In the BWRs, also a water pool in the
lower drywell can be provided. The water may come e.g. from

- i




the pressure supression pool or from the fuel storage pool.

|

In the PWRs the cavity below the reactor pressure vessel is
dry and will remain so for sa2veral hours in most plants. The
basement is approximately 6 m thick, penetration of which would
take several days.

The best strategy in BwRs is to fragmentate and cool the
corium. Providing sufficient fragmentation, cooling could be
achieved. Fragmentation depends highly on the reactor pressure
vessel failure mode. Coolability of the corium and steam
explosion is considered as an area of further research.

. Control of pressure in the Containment

In the Federal Republic of Germany, a venting system is obli-
gatory since short after Chernobyl by RSK decision (December
1986 for PWRs, June 1987 for BWRs). In all BWRs and in some
PWRs venturi-scrubbers are used with integrated steel fibre
mesh filters. In other PWRs steel fiber mesh filters and io-
dine filters with molecular screen will be used. The employed
filters meet the requirements of efficiency postulated by RSK
(Reactor Safety Commission).

The basic design of the venting system using a scrubber is
shown in Figs. 9 and 10.

The filtered venting system consists of a wet srubber with ven-
turi nozzles followed by a combined droplet seperator and stain-
less-steel fiber deep-bed filter housed in a pressure vessel.

To activate the system, the isolation valves are opened by re-
mote control from the control room. The venturi scrubber is
operated at pressures close to the prevailing containment pres-
sure levels due to the provision of a throttling orifice in the
filter discharge line. The venting flow entering the scrubber
is injected into a pool of water via a large number of submer-
ged, short venturi nozzles.



As the vent gas passes through the throat of the venturi nozzle,

the incoming gas flow develops a suction which causes scrubb-
ing water to be entrained with it and on account of the large
difference between the velocity of the scrubbing water partic-
les and that of the incoming vent flow, a large proportion of
the aerosols are removed.

At the same time, the particles of the entrained scrubbing wa-
ter provide large mass transfer surfaces inside the throat of
the nozzle, which permit effective sorption of iodine. Optimum
retention of iodine in the pool of water inside the scrubber
is attained by conditioning the water with caustic soda and
other additives. In view of the mechanisms occuring inside the
venturi, most of the iodine and aerosole particles will in fact
be separated inside the throats of these nozzles.

The pool of water surrounding the nozzles acts as the primary
droplet separation section and also serves as a secondary stage
for retention of aerosols iodine.

The gas exiting from the pool of water still contains small
amounts of hard-to-retain aerosols as well as scrubbing water
droplets. In order to ensure high retention efficiencies even
over prolonged periods of time - for example 24 hours - a high
efficiency droplet separator and micro-aerosol filter is pro-
vided as a second retention stage.

The first stage of this unit serves to remove most of the water
droplets. The second stage, a metal-fiber fine filter, is de-
signed to retain the aerosols of particle sizes so small that
they are difficult to retain under conditions at and especially
above atmospheric pressure. A throttling orifice installed down-
stream of the scrubber unit provides for critical expansion of
the cleaned gas, which is subsequently released to the environ-
ment through a separate stack. The entire venturi scrubber unit
provides a retention efficiency for aerosols of 99.99 % or
more. This retention capability also applies to mirco-aerosols
of less than 0.5 um so that, for example, variations in the




- 17 -

particle size distribution of the aerosols cannot diminish the
removal efficiency. The retention effi-iency for elemental io-
dine under all operating conditions including overpressure con-
ditions is above 99 %.

By selection of this process, superheating of the vent gas

flow upstream of the scrubber when steam has been entrained

from the containment is largely avoided so that the pool is ope-
rated under saturated water conditions and only an insignifi-

cant amount of water is lost from the pool, obviating the need

for scrubbing water make-up.

Furthermore, the venturi scrubber pool is designed such that
evaporation of the pool water caused by the decay heat genera-
ted by the aerosols in the water will likewise not lead to an
unacceptable drop in the pool water level.

5. Accident Management Procedures

AM-procedures will be described in an emergency operating
manual together with other informations potentially useful in
emergency situations. This manual, conceived as a "living"
manual independent from the existing operating manual is
actually being introduced. The transition from the operating
manual, to the emergency operating manual is described in the
following:

I1f abnormal occurences or additional disturbances arise which
cannot be allocated to any of the defined accident sequences,
the operating personnel intervenes in the accident sequence
following the procedures outlined in the chapter which address-
ses accident management based on plant status and safety ob-

jectives. This chapter is referred to at the very latest as
soon as it becomes apparent that safety objectives are endan-
gered. Each safety objective is assigned a set of process-
related parameters with predefined limits with which fulfill-
ment of the safety objective is ascertained.

¢ 2
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The prescribed operating procedure is based on specific plant
conditions and on the parameters typical of the particular
safety objective concerned, regardless of wether certain events
take place or not.

If it is not possible to fulfill the safety objectives by means
described in the operating manual (safety-objective-oriented
procedures), the procedures for accident managemernt described
in the emergency operating manual must be followed (see fig.
11). These show options available for making use of plant safe-
ty margins in order to prevent sequences leading to an uncon-
trollable plant condition. Usually special releases are re-
quired from a plant emergency operations' team in order to uti-
lize these remaining safety margins since intervention into the
intended mode of operation of the plant safety systems is
necessary. If the emergency operations team 1is not yet
available to make such decisions at the time when these
decisions have to be taken, then the required release will
begranted by the shift supervisor.

In order that, in the case of beyond-design events the acci-
dent management measures can be correctly selected, swiftly
implemented and become optimally effective a series of prepa=-
ratory investigations have been carried out taking realistic
accident conditions into account. In particular, when the emer-
gency operating manual was being prepared, the effectiveness
of the system that would be used for such accident management
measures had to be carefully analyzed under consideration of
realistic conditions. The system capabilities calculated during
the original plant design phase on the basis of extremely con-
servative assumptions were of no use for such purposes.

The emergency operating manual is organized according to the
individual safety objectives mentioned earlier.

If more than one type of action would be possible for one of

these safety objectives, a decision logic is available for se-
lecting the optimum measure. This logic also contains the most

Yy -
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important data regarding the effectiveness of the measures and
the number of personnel required for their implementation.
In the chapters describing the individual emergency response
measures, first the objective of the measure and then the pre-
requisites for its effectiveness are described in detail. Fol=-
lowing this the number of personnel required for implementation,
broken down according to individual groups of activities, and
the effectiveness of the measures (e.g. available coolant in-

ventory, injection rates, etc.) are stated.

The operator actions themselves are first described in prose
form and then complied in detailed checklists. For each group
of activities, additional copies are provided for removal from
the manual and taken to the place of action. These contain
the checklists for the measures to be taken as well as vital
supplementary information such as details from building
drawings and photographs of plant compartments and components
in or at which operator actions will be necessary.

6. Conclusion and Outlook

Nuclear power plants are designed in accordance with a defence-
in~depth safety concept which each of its levels has the objec~
tive of preventing damage by appropriate precautionary measures
and, at least, of mitigating the effects of damage that cannot
be prevented.

| The especially emphasised accident management measures (Level

4) further reduce the risk by enhancing the precautionary

measures at levels 1 to 3. They are directed toward protecting
| against extremely improbable beyond-design accidents. Accident
management measures encompass preventive as well as mitigating
technical measures with major emphasis on preventive measures.
They have to be oriented toward a few, but vital, safety objec-
tives.
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Accident management 1is an efficient tool for the further re-
duction of the probability of core damage and fission product
releases and thus for the reduction of risk. The investigations
carried out so far for bleed and feed measures show that a re-
duction by a factor of 100 should be feasible for specific
event classes if the procedures are well prepared, specified
and practiced in training.

Primary bleed and feed can not only prevent core melt, this ac-
tion can also mitigate its consequences.I1f, following the reduc-
tion of pressure, the long-term cooling were to be unsuccess-
ful, the core meltdown would at least be delayed, and a melt-
down at high pressure with its potential to damage the contain-
ment would be avoided.

In order to prevent a long-term overpressure failure of the
containment filtered venting of the containment would be exe-
cuted. Controlled hydrogen combustion for instance by 1local
battery-powered ignitors or by catalytic foils is being in-
vestigated as a mean to avoid the hazards of hydrogen burns in
PWR's.The corresponding measure for the protection of BWR con-
tainments is the inerting of the containment.

Possible AM-procedures are described in an emergency operating
manual together with other informations potentially useful in
emergency situations. This manual, conceived as a "living"
manual independent from the existing operating manual is
actually being introduced.

The shift personnel should be supported by improved technical
equipment. Advances in the man-machine interface may help con-
firm and accelerate decision-making and contribute to the pre-
vention of extreme stress situations. It is essential in this
context that the oversupply of information occurring in such
extreme cases is reduced. In addition, the flow of information
should be structured in such a way that the state of the plant
can be reliably and quickly judged by the operating personnel.
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Here, computer-assisted diagnostic tools and emergéncy manuals,
devices for reduction of the amount of incoming information,
expert systems and other tools of modern information processing
may make a significant contribution.

In the FRG, those improvements and the further extensions of
accident management will be an essential activity in the field
of reactor safety. PSA will certainly provide important con-
tributions to that development and support the selection and
specification of further measures.
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Table 1: Secondary-side Measures for PWR Plants

Aim: ensuring of core cooling in the case of transient events
or small leaks with failure of the secondary-side emergency
injection:

~ Fast secondary-side depressurization via atmospheric dump
valves or opening of main steam valves
- Steam generator injection from the feedwater tank
- Steam generator injection with
¢ demineralized water recirculation pumps
e fire-fighting system
¢ mobile pumps

- Use of water supplies
¢ demineralized water tank
¢ cooling tower ponds
¢ tank trucks
® river

- Use of the connecting pipes between the emergency feed-
water trains for the purpose of increasing flexibility du-
ring steam generator injection

- Heat removal via feedwater tank into the environment
- Heat removal via the auxiliary steam system

- Secondary-side depressurization via blowdown pipe or dis-
charge via emergency feed turbine (relevant for older
plants) for the purpose of preventing formation of strati-
fied demineralized water in the primary circuit (relevant
in the case of a steam generator tube leakage to prevent
recriticality)
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Table 2: Primary-side measures for PWR plants
- High-pressure sump operation with low-pressure pumps as boos-
ter pumps

-~ Use of the emergency residual heat removal pumps in the case
of the failure of heat removal pumps

- Use of borated water supplies in the flooding tanks of una-
vailable high-pressure trains; transfer possible by use of

the containment spray pump

- Coolant injection with boration pumps, mobile pumps

- Depressurization and heat removal via pressurizer discharge
system and injection with safety injection pumps (bleed and

feed)

- Additional use of primary-coolant pumps even when supply con-
ditions are insufficient
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Table 3: Preventive Measures for BWR Plants

- Safeguarding the power supply by use of hydro power sta-
tions

- Connections of the auxiliary drives of the steam-driven
injection system to the battery-supplied alternating vol-
tage: it is thus possible to operate the injection system
in the case of the failure of the emergency power supply

- Prevention of the initiation of forced pressure suppression
at a suppression chamber temperature above 55 °C. In the ca-
se of failure of residual heat removal from the suppression
chamber, the level in the reactor could then still be main-
tained with the steam-turbine driven injection system

- Use of the contents of the feedwater tank (250 m3; 10 bar)
accumulator operation possible

- Actuation of the suction valve for the flooding system from
the containment sump by the reactor protection system to fur-
ther increase the redundancy of the recirculation systems

- Depressurization of the reactor pressure vessel via the
auxiliary steam pipe to the condenser

- Depressurization of the containment for the purpose of re-
sidual heat removal from the pressure suppression system

- Use of the make-up (high-pressure) feed system at low pres-
sure Maintaining the level in the reactor pressure vessel
with the control rod cooling water system (control valves
must be opened)

- Use of the seal water system for reactor pressure vessel in-
jection (isclation to be removed)

- Use of the reactor pressure vessel suction pipe to the resi-
dual heat removal loop for the purpose of shutdown cooling

sl -

-
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in the case of a low level in the reactor pressure vessel

Maintainance of the reactor pressure vessel level with the
demineralized water fire-fighting system and fire-fighting
pumps
Reactor pressure vessel injection with demineralized water
pumps

Reactor pressure vessel injection with the fuel pool c¢oo-
ling system

Refilling of fuel pool and demineralized water tanks via
the drinking water supply or fire-fighting system

Reactor pressure vessel injection with an independent emer-

gency system

Residual heat removal in the case of loss~of-coolant inci-
dents using the containment sump recirculation system

Residual heat removal in bypass to the suppression chamber
via the drywell spray system using the containment sump
recirculation system

Special operation with controlled lowered level in the pres-
sure vessel and utilization of the wvoid effect (negative
reactivity coefficient) for the purpose of reducing power
in the case of anticipated transients without scram
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2.2.1.1

Containment venting

Filtered containment venting

Background

The last barrier for the prevention of a
high activity release in German boiling
water reactors is a containment with an
integrated condensation pool. This pool
condenses the escaping steam during a
design based accident. It also provides
an alternative heat sink if the main
heat sink is not available over a period
of several hours. This leads to the well

known compact containment design.

There are two types of containments,
both designed by Siemens/Kraftwerk

Union:

- Type 69: Wlrgassen (KKW), Brunsbiittel
(KKB), Isar 1 (KKI-1l), Philippsburg 1
(KKP~1) and Kriimmel (KKK); and

- Type 72: Gundremmingen (KRB) plants B'
and C.




Figure 1 shows a cross section of each
ccntainment type. The main difference
here is that the condensation chamkber of
the design 72 is placed directly on the
ground plate of the reactor building.
This lcwers the design requirements on
the ccntainment and reactor building re-
garding an earthguakes or an airplane

crcash.
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German Commission on Reactor Safety
(RSX) recommanded this and the German
licensing authorities decided that
measures should be taken to mitigate the

impact of hypothetical ewvenkts. Primarily




the intention was focused on maintaining
the integrity of the containment by a
pressure relief via a special vent line.

The German utilities asked the reactor
vendcr Siemens/Kraftwerk Union to study
possible event-sequences which could
lead to a core melt. The result of these
considerations are three scenarios of

severe accidents.

ase A: Station blazckout and loss of the

-~
A
turbins driven high-pressure injection
s

In this case2 a hydrogen detonation is
prevented, due to the inerted atmosphere
in the containment. The portion of re-
maining oxygen must be less than 4 %.
Fcr the drywell of KRB the final deczi-
sion has not yet been made. A nitrogen
atmosphere might have advantages com-
pared with ignition devices because of
its much larger volume, compared with
the 69-drywell. In any case the wetwell

w#ill be inerted.



Case 3: Loss-of-coolant accident com-
bined with a failure of all make up
systems 10 min after the Leoca has
ilure of the second switzch-

ol ccoling mode to RPV-

This case is characterized by a slow
evaporization of the water inventory of
the

P

rcduction which increasss the pressurs

reactcor pressure vessel and hydrogen

wirthin the containment to 4 bar,

-

Casz C: Failure of all pool cooling sy-
sz2ms afzer the loss of the ma'n hea*
sink.

In the cases B and C failure of the con-
tainment would occur within apprex. 4 to
12 hours and would lead to an uncon-
trolled release of activity. The fil-
tered wventing system sheould aveolid high

-
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adiolagical conseguences.




The mentioned 4 to 12 hours are the re-~
sult of a rather conservative estimare
because the heat capacity of the con-
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2.2.1.3

F Maximum possible retention capability
for aerosols

G No consideration of external events,
such as earthguake or airplane crash

Design and function

llowing explanations are related

As gprevicusly meationed the German boi-
ling water reactors, in cantrast to the
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protection system. In this way the
existing safety concept for the manage-
ment of design~based accidents is not
effected (see point B). The valves are
battery powered and independent of the
emergency diesel generators (see point
Ch.

Immediately after the isolation valves
the containment venting system begins.
The design is based on German conven-
tional rules.

A piping system connects the containment
to the vent stack via a filter vessel, a
check valve, a throttle and a rupture
disk.

The rupture disk hermetically seals the
system from the atmosphere and prevents
the penetration of oxygen into the sy-
stem, It will burst if the system pres-
sure increases to 1,5 bar. This occurs
immediately after the isolation valves
have been opened by remote control from
the control room. Thus the installation
of an additional isolation valve could
be avoided.




After the closure of the vent line the
gases within the system will cool down
and suck air into the system. This could
lead to a hydrogen-oxygen-reaction. The
installed check valve avoids this prob-

lem.

As figure 3 shows, the filter consists
of a wet scrubber and a post aerosol
filter. Both components are placed in-
side a pressure vessel, 4 m in diameter
and 8 m in height. The scrubber is posi-
tioned in the lower part of the vessel.
It is composed of a number of venturi
nozzles positioned in a star pattern and
submerged in a pool of demineralized
water dotted with sodium hydroxide (ca.
0,5 %) and sodium thiosulfate (ca.

0,1 %). The gas, mixed with aerosols,
flows through a central main pipe and
the venturi nozzles into the scrubber.
In the venturi nozzles the gas is accel-
erated and injected into the wash solu-
tion. The high differential speed be-
tween the scrubber fluid and the gas
causes an interaction, providing a high
washout for aerosols and elementary
iodine. Subseguently a droplet separa-
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tien is alsc installed. The performel

tests have shown that corganic iodine

will also be retainted to 80 %.

The gas then flows to the post-asrosol
filter elements in the upper part of the
vessel, This filter consists of packages
of stainless steel fiber fleeces. Even
the finest aerosol particles will be

depcsited here.

The presence of radioactive aerosols
does not lead to relevant scrubber fluid
evaporation because the dominant portion
of their decay heat is transferred
through the filter vessel wall. Thus
there is no need for a refill of scrub-
ber fluid within days. Nevertheless a
small pipe with a manually operated val-
ve is provided. Shielding material pro-’
tects the staff against radiation.

At least in two plants the filter vessel
is positioned on the floor of the fuel
storage pool. In order to facilitate the
access to this area after venting, the
highly activated water in the scrubber
could be fed into the wetwell. After
that the vessel would be flooded again
with clean water up to the top.




Figure 4 shcws the steam and gas mass

flow through the system versus the
pressure in the wetwell. Case C - loss
of residual heat removal systems - is
the case which determines the size of
the vent line. The system is able to
relieve steam produced by decay heat of
1 % of the thermal power of the reactor.

Figure 5 shows the pressure in the wet-
well versus time. After about 24 hours
the pressure will reach about 6,3 bar
abs., if the venting valves are opened
at 4,5 bar abs. The corresponding pres-
sure for case B, shown in figure 6, in-
creases to a value of 5,2 bar abs.,
about 4 hours after the initiation of
the venting and allows to exhaust a mass
flow rate of 7,3 kg/s. In both cases the
pressure level does not exceed the test
pressure of the containment (5,5 bar
abs.) and is far from the failure pres-
sure of the containment (9 to 11 bar
plant specific).

Figure 7 gives some hydraulic data
(pressure and velocity) at different
points of the system for the two cases

mentioned above.



2.2.1.4

The relevant data of the BWR ccntainment
venting system are compiled in table 1.
Figure 8 shows the filter of the NPS
Krimmel, placed on the floor of the
storage pool; and figure 9 the two isc-
lation valves of the venting system
close to the containment.

Effectiveness

The explained pressure relief system en-
sures that a failure of the containment
in a severe accident design can be pre-

vented.

Beyond that the described filter is able
to reduce significantly the radiation
exposure in the environment. As Figure
10 indicates, the radiation exposure
from gammasubmersion and inhalation is
expected to be only about 5 % compared
with the exposure caused by an uncon-
trolled activity release via the turbine

building.

S




2.2.2

Containment venting via steam line

As a redundant measure to the filtered
containment venting, a containment venting
via the 5. steam line is possible. The
flow path is shown in figure 1ll. The steam
or the mixture of steam introgen flows
into the feedwater storage tank and then
into the condenser. After the opening of
the rupture disks the activity will be re-
leased into the environment via the turbi-
ne building. This measure can prevent an
uncontrolled failure of the containment.
If the core is covered with water, only
steam with low activity concentration will
be released.

RPV-injections

Injection by steam driven high pressure

injection system TJ

This injection is of special interest in a
"station blackout" scenario. The power
supply of this system is independent from




all AC-busses. The capacity of the in-
stalled batteries is sufficient to operate
the system for more than 3 hours (schema-
tic system diagram see fig. 12). This time
is long enough for a repair of the main
grid (supply with house load) or the
switchover to an independent hydroplant
{KKK) or gas turbine (RKB).

Due to the unavailable pcol cocling system
in a "station blackout", some overriding
actions must be performed to ensure the
operation of the system for a longer time.
After approximately 1 hour the initiation
of the automatic depressurization (ADS) by
the main relief valves must be avoided.
Therefore the set points of the high tem-
perature in the pool (> 55°C in KKK and >
60°C in KKB) must be overrided. These ac-
tions must be performed in the switchgear
building close to the main control room.
Necessary are only 2 simulation adapters
which are placed in a special locker in a
room directly beside the main control
room. The second necessary action is the
overriding of the ADS which is initiated
if the pressure in the containment is >
1,25 bar. This setpoint is the second
criterion to the low cooclant level in the

e




2.3.2

RPV in a "LOCA". An additional action to
reduce the mass flow of an ADS is the re-
duction of the RPV-pressure to 20 bar. If
these actions are performed successfully

a sufficient cocolant level in the RPV can
be ensured for mure than 3 hours. If it is
obvious that the repair of the grid or the
switchover to the diversified power supply
is not possible, a manual depressurization
is necessary to ensure that an injection
by the feedwater storage tank or a mobile
pump is possible. During the blowdown the
TJ-system is able to keep the coolant le-
vel more than 5 m above the top of the ac-
tive core. The evaporation of this volume
due to the residual heat takes a time of
mozre than 2 hours. As described, the mini-
mum delay between the shutdown of the
plant in a station blackout and the start
of the core heatup is > 4 hours if the
RPV~injection by the TJ-system can be per-
formed sucessfully.

Injection by feedwater storage tank

This injection is also of special interest
in a "station blackout”" scenario. The
schematic injection way is demonstrated ir

-




figure 12. Due to the loss of AC-power the

motor valves in the feedwater system will
fail in the open position. Only one check
valve is equipped with solenoid pilot val-

ves, but these valves close only if the
coolant-level in the RPV is extremely
high. This condition is only possible
after the injection of about 80 % of the
volume in the feedwater-storage tank. If
the protection system has closed the
check-~valves (coolant level extremly
high), it is possible to reopen them by
manual measures from the ccntrol room or
by manual measures permformed in the tur-
bine building. The necessary measures in
each plant condition are described in de-
tail in an emergency procedure.

Injection by fire-protection pumps (UD)

from the demineralized water storage tank

This measure is possible in order to pre-
vent core damage if more than 1 hour is
available for the preparation and the per-
formance and if the RPV is in a low pres-
sure state. The injection path is demon-
strated in figqure 13. The only necessary
measure, needing abecut 15 to 30 mins, is



the connection of 4 fire~-hoses between the
systems UD (demineralized water system)
and the spent fuel pool cooling system TG.
The distance between the two systems is
less than 50 m. All necessary devices for
the establishment of this connection are
Collected in a special box close to both
systems. All necessary manual measures are
specified in detail in an emergency proce-
dure. Also described is the way the per-
sonnel has to choose the course for the
fires hoses (see figure 14}). The injection
path is from the demineralized water stor-
age tank via the fire protection system
UD, spent fuel pool cooling system, make-
up system and the feedwater system into
the RPV by use of the fire protection
pumps. The possible massflow is more than
50 kg/s, which is enough to ensure a suf-
ficient coolant level in the RPV approxi-
mately 30 min after a scram (a bottom leak
excluded). The volume of the demineralized
water tank is sufficient to keep the core
cooled for more than 8 hours. After that
time the refill of the tank by the clear
water pumps UA is necessary. This proce-
dure is a well trained measure described
in the normal operation manual. The refill
of the clear water tank is possible from



.3.

4

the district drinking water supply system
of the local city. The UD-pumps are
powered by the emergency diesel genera-
tors, which means that an operation is
possible in case of a loss of offsite
power supply but not in case of a station
blackout. The district drinking water
system UK has also its own emergency power
supply, totally independent of the power
plant.

Injection by district water supply system
UK

One possible injection of drinking water
into the RPV is described in chapter
2.2.4. Another direct injection is pos-
sible via the UD-system directly into the
spent fuel pool cooling system (see fig.
14). For this measures two connections
with 4 fire hoses must be established on
the one hand between the drinking water
system UK and fire protection system UD
and spent fuel pool cooling system TG and
fire protection system UD on the other
hand. The maximum possible flowrate is
about 66 kg/s. The maximum pressure is
about 8 bar. Due to the independent power
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supply of the drinking water system, no

power supply from the plant is necessary.
All valves in the flow path can be
operated manually.

Injection by mobile pumps or fire brigade
pumps

At the KKK site two diesel driven mobile
pumps are available, They are installed in
special containers with electrical heating
systems during the cold seasons. These
pumps are possible redundancies if one or
two fire protection pumps are unavailable
due to maintenance. The containers are lo-~
cated close to the turbine building. To
carry out this injection two connections
with four fire hoses are necessary (see
fig. 13 and 14). The maximum distance be-
tween pump and fire protection system is
less than 50 m. The location of the sy-
stems are shown in figqure 14. The maximum
flowrate is about 66 kg/s at 12 bar. The
necessary time to prepare and perform this
measure is less than 2 hours.

The same task can be performed by use of a
mobile pump of the local fire brigade.




Containment injection

An injection of water into the containment
can be carried out in different ways. The
easiest way is the use of the fire protec-
tion system located in the containment
cavity. The flow path is shown in picture
15. The measures which must be performed
is the overriding of the interlockings of
the isolation valves and tne start of the

fire protection pumps.

Filtration of main control room air

This measure is not a BWR-specific emer-
gency action, If a venting of the contain-
ment is necessary the air of the main con-
trol room must be filtered to avoid a high
radiation dosis for the plant personnel.
The difference between the PWR- and BWR-
concept is the fixed installation of the
filter in a BWR, due to fact the venting
of the containment is necessary about 4
hours after the accident occurs.



2.6

2.6.

1

Alternative emergency power supply

Most of the German nuclear power plants
can activate an alternative emergency
power supply in a station blackout. Two
examples are described.

KKB-plant

This BWR-plant has a diversified emergency
power supply system with five emergency
diesel generators. Only one of these die-
sels is necessary for the shut down of the
plant. Two diesels are smaller and are ma-
nufactered by another vendor. The control
system and the generator-voltage are dif-
ferent. The two diesel are located in a s-
eparate building. The frequency of a sta-
tion blackout is estimated to be

1 .10-7 1/ due to the high redundancy
and diversity. A further reduction of this
frequency is possible by the use of two
gas turbines and the turbine driven high
pressure injection system TJ. The TJ-sy-
stem ensures a sufficient coolant level in
the RPV and avoids an automatic depres-~
surization. When the station blackout is
identified by the plant pesonnel, they can




2.

6.2

start the two gas turbines from the main
control room. With these turbines the
supply of both emergency power supply
systems or the house load busses is
possible in approximately 10 min. The
design of the entire electrical power
supply system is shown in figure 17. This
possible emergency measure reduces the
frequency of an uncontrolled station
blackout to a level which is negligible
(< 10-8 1/,.).

KKR-plant

This BWR-plant has five emergency diesel
generators which are important for safety.
They supply five systems for core flooding
and residual heat removal. One additional
diesel has no safety importance. The tur-
bine driven high pressure injection system
is also powered by batteries which allow a
system operation independent of all AC-
busses. When the station blackout is iden-
tified, the switchover to a hydroplant is
possible. The manual measures must be per-
formed in the switchgear building. The re-




quired time is less than 30 mins. The hy-
dro plant has 3 turbines of 35 MW electri-
cal power. The design of the electrical

power supply systems is shown in figure
16. This alternative power supply rzduces
the frequency of an uncoped station black-
out significantly (< 1 - 10-7 1/, ).

Q
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ABSTRACT

Core melting at high primary pressure can lead to an early contain-
ment failure and uncontrolled large release of radioactivity. To
prevent these events several accident management measures have been
developed. In this paper secondary and primary bleed and feed mea-

sures will be discussed.

The effectiveness of these measures has been investigated by calcu-
lations with a best estimate code. The resuits of these investiga-
tions are presented. Secondary bleed and feed wusing feedwater
line/-tank inventory or mobile pumps and primary bleed and feed with
high pressure safety injection pumps are effective to prevent core
meit. The efficiency of primary feed with accumulators is limited to
delay core melt. A detailed description of the system behavior, in-

cluding initiation criteria, delay times and feasibility is given.



1. INTRODUCTION

Nuclear power plants in the Federal Republic of Germany are equipped
with comprehensive and reliabie safety systems which prevent core

damage.

However, beyond this area of design basis accidents remains an area
with possible sequences against which the plant has not been designed
explicitly, because these sequences have been assessed to be very un-

likely. The causes for these sequences might be

- multiple failures of systems and components
- delayed or missing detection of disturbances

- human error.

Concepts and measures to prevent a core melt or mitigate its conse-
quences which are not explicitly considered in the design are inter-
nationally known as accident management (AM). Accident management
includes ail measures which are initiated in a plant to identify as
early as possible deviations from design basis sequences, to diag-

nose, control and terminate them with minimum damage.

The dominant part of accident sequences which potentially can lead
to core melt is due to uncontroiled transient events and small leaks
in the primary circuit [1]. Concerning transient events, the core
melt frequency will be determined by the failure of the heat removal
via the steam generators, i.e. the loss of the feedwater supply by
the main feedwater pumps as well as by the auxiliary feedwater and
emergency feedwater pumps, respectiveiy. Without accident management
measures core melting and subsequently failure of the reactor pressu-
re vessel will occur when the primary pressure is high. So the in-
tegrity of the containment is endangered.

A strategy to influence high pressure core melt scenarios and to
reduce the probability of early destruction of the containment has
been developed, based on various qualitative and quantitative in-

vestigations [2, 3, 4].

~ 1) -




In case of transients the loss of primary coolant is limited between

10 Kg/h and 120 Kg/h after main coolant pump coast. A special con-

struction of the reactor coolant pump seals in West German PWR makes
this possible even during a station blackout transient. Therefore the
primary side coolant inventory may be sufficient for hours without

additional primary feeding, as long as the decay heat removal by

secondary-side accident management measures are successful. If the
secondary-side AM-measures fail, a switching to primary-side AM-mea-
sures is possible to avoid core melting. In case of insufficient

primary feed core melting will occur under low pressure conditions.
So the above mentioned possible early failure of the containment can
be avoided and the probability of high pressure core melt scenarios
can be reduced. High pressure scenarios remain when no actions have

been taken or the opening of pressurizer valves is impossible.

This paper confines to the discussion of secondary and primary bleed
and feed accident management measures to prevent core melt. A further
discussion, including accident management measures for mitigating

the consequences of a core melt, can be found in [5].

2. SECONDARY BLEED AND FEED

This AM-measure is in principle characterized by a fast depressuri-
zation (bleed) of the dry steam generators and a subsequent water

injection (feed) at low pressure.

in Fig. 1 the feedwater- and main steam system of the reference
plant for the Germsn risk study is shown. The bleed action could be
initiated by opening of main steam valves, i.e. relief valves or
safety valves. For the feed action there are two possible ways.

After the use of residual warm water in the feedwater line at secon-
dary-side pressures below 2.2 MPa there are two possibilities of

secondary feed.



At first the stored water in the feedwater tank can be used. Its
volume of 610 m3 is filled with 320 Mg saturated water. The pressure

is 1.0 MPa in the reference plant. in some plants the pressure is
lower. For better feed performance it can be increased by loading
the feedwater tank through an auxiliary . steam line up to the set-

point of the tank's safety valves during secondary bleed.

After opening of diverse control- and shut off-valves the feedwater
line and tank act as effective accumuiators due to the pressure sta-
bilizing effects of its saturation conditions. Water can flow through
the feedwater lines via the feedwater pumps and the high pressure
preheaters into the steam generators, according to the pressure dif-

ference between feedwater tank and steam generator.

The second possible way is the connection of low head pumps (e.g.
mobile pumps) to the emergency feed lines. The necessary water can be
taken from the demineralized water storage tank, cooling tower ponds,

drinking water supplies, tank trucks or directly from the river.

The above mentioned measures need time for the manual operations and
some system requirements, e.g. minimum relief capacity of the steam
valves in the low pressure region, to be effective. The discussion
of two transients will exemplarily demonstrate the effectiveness and

feasibility of the secondary bieed and feed measures.

2.1 Total Loss of Feedwater and the use of the Feedwater Tank

(in the reference plant of the DRS-B)

The total loss of feedwater transient had been chosen for further
investigation because of its dominant contribution to the plant
damage state and its fast degradation of primary coolant inventory
with an early beginning of core damage in case of any AM-measures.
Calculation have been performed for the reference plant in the
German risk study with 1300 MW electrical output. Best estimate
boundary conditions were chosen for these calculations using the ad-
vanced code DRUFAN [6], which is now implemented into the code
ATHLET to enable best estimate calculations with it [8]. A detailed




model is necessary to get a realistic behaviour of the feedwater

system during the secondary bleed and feed measure. In fig. 2 the
geodetic proportions of the feedwater system can be seen. The feed-
water temperature is 180 °C with a saturation pressure of 1.0 MPa
between feedwater tank and HP-preheater.: Between the preheater and
the steam generators the temperature is 211 °C at a saturation pres-

sure of 2.2 MPa. Check valves control the back flow in the system.

During the secondary bleed and feed measure a pressure profile de-
velops along the feedwater tines. In nearly stagnating flow a phase
separation is possible with steam up flow and water down flow,
especially in the vertical pipe sections. Therefore the effectiveness
could be decreased by large amounts of steam in the injected feed-

water. This is considered by special drift correfations in the code.

The important results of the calculation are presented in fig. 3 and
4. The beginning of the transient and time of the total loss of
feedwater is 0.0 s. 40 s later the secondary water level decrease
initiates the scram of the reactor and the turbine by the reactor
protection system. After closure of the steam wvalves the pressure on
the secondary and primary side increases but will be limited by the
automeatic operation of the secondary relief valves. The pressure on
the secondary side will be kept constant at a level of 7.5 MPa. Due
to the late reactor scram the remaining secondary side water in-
ventory is only about 52 % of the initial inventory. In this case the
reactor coolant pumps will still be in operation and will provide
good core cooling. However, the hydraulic energy of these pumps
(24 MW) heats the primary fluid and this leads to a faster decrease
of the secondary side inventory. Within 20 min after scram the secon-
dary side of thes steam generetor is compietely dry and the energy

transfer to the secondary side ceases.

The primary side will heat up and the pressure will be limitad by
the pressure control with the pressurizer spray system. At approx.
2100 s the pressurizer is full of water, the pressurizer spray nozzie
gets flooded and . the pressurizer relief valve opens for pressure
limitation. Then mainly water is discharged. A further increase of

the wvalve mass flow occurs at 3000 s, when flashing begins in the



upper plenum causing a large fluid flow into the pressurizer. Then

also the second relief valve opens. During the period of water
discharge the loads on the valves and support structures will reach
its peak value. For this calculation it has been assumed that the valves
were designed for such water flow conditions and that the ECC-crite-

rion at a low RPY-waterlevel fails.

The core uncovery starts at 3400 s, according to the large discharge

flow. After initiation of the secondary bleed at 60 min the pressure

on the secondary side decreases in a short time to the saturation
pressure of the preheated feedwater of 2.2 MPa. Then a first flashing
of preheated feedwater and steam begins. The additional steam causes
a delay of the further secondary pressure decrease, according to the
limited steam valve relief capacity. Despite the fiashing of steam
the primary pressure is lowered. The pressurizer valves close and the
primary coolant loss ends. In this case it 1is assumed, that the
operator only opens the control- and shut-off-valves in the feedwater
line, if the pressure before the valves is lower than 1.0 MPa. There-
fore the controi-valves are opened at 3800 s. The temperature of the
feedwater between the control valves and the HP-preheaters is still
211 °C and the pressure is 2.2 MPa. The resultant high pressure differ-
ence causes an instantaneous high fluid flow into the steam generator
and a pressure peak due to evaporation. The primary pressure is lowered
under 11.0 MPa at 4000 s. The combination (ECC-criteria) of high con-
tainment pressure and low primary pressure then initiates the automa-
tic shut-off of the reactor coolant pumps and ends the addition of
hydraulic energy to the primary coolant. Sufficient core cooling was
provided by the running reactor coolant pumps, even when the primary
side inventory was partially depleted. After shut-off of the reactor
coolant pumps phase separation starts and the water gathers in the
downcomer- and core region. There after the core is covered with

fluid and is cooled in a "reflux condenser mode".

The delay of the decrease of the secondary pressure by the flashing
of feedwater and boil off of the feedwater line section between the
control valves and the feedwater pump shut-off wvalves continues. At
4500 s the secondary pressure falls below 1.0 MPa. At that time the
shut-off wvalves are opened and a constant emptying of the feedwater




tank inventory into the steam generators begins, causing a nearly

constant depressurization of the primary side. The start of the in-
jection of borated water by the HP-safety injection pumps at 11.0 MPa
and by the accumulators at 2.6 MPa is also not considered in this
calculation, bacause of sufficient core cooling even without these
systems. At 7000 s the primary pressure is below 1.0 MPa so that the
low pressure (LP) injection pumps can refill the primary side with
borated water and then cool the primary side in a residual heat remo-

val mode.

The remaining feedwater inventory is 17 % of the initial inventory
when the operating range of the LP injection systems is reached. In
comparison to this case with a late initiation of secondary bleed and
feed an early Initiation is more desirable to Ilimit or suppress coo-
lant loss into the containment. According to the then higher primary
side inventory, which has to be cooled down to the temperature and pres-
sure to switch over to the residual heat removal system, the necessary
water mass to be evaporated in the steam generators is higher. But even
in these cases the feedwater tank inventory is sufficient to cool down

the primary side to the operating range of LP-safety injection systems.

If reactor control systems will not be activated at a low water level
in the RPY or pressurizer the beginning of core uncovery is 400 s
earlier. So a sufficient core cooling without safety injection s
oniy possible, if the secondary bleed and feed measures are initiated
appr. 10 minutes earlier or the reactor coolant pumps are shut off by
the operator at least 30 minutes after the beginning of the transient.
The transient level behaviour in fig. 4 shows clearly the important
influence of the addition of hydraulic energy by the running reactor
coolant pumps. If the secondary bleed and feed measure is initiated
after 60 minutes instead of 50 minutes (reactor control system dea-
ctivated) safety injection pumps are needed to refill the core region
for sufficient core cooling. The safety injection is automatically
activated by the reactor protection system.

The calculations show the effectiveness of the secondary bleed and
feed measure by using the residual feedwater to control the transient
when the bleed begins with a maximum time delay of appr. 1h. To demon-




strate the feasibility of this AM-measure an estimation of the neces-
sary operator actions and time has been done [7]. The steam generators
boil off during the first 20 minutes of the transient. The operators
will be informed about that beyond design situation by the secondary
side water level instrumentation. The first criterion for AM-measures
is reached 10 min after the begin of the transient at a secondary
water Jlevel of < 2.00 m. The reactor protection system has already
blocked or will block the necessary steam- and feedwater valves.
These blockage signais have to be bridged. Key-switches will be in-
stalled in the control room for the resets in order to gain time and
to higher the reliability of the AM-measures. Also the feedwater con-
trol- and shut-off-valves can be opened by the operators in the control
room. The opening of these valves is possible because check valves in
the feedwater system prevent undesired pressurization of feedwater
system sections. The pressure- and flow peaks as can be seen in the
calculations (fig.3), wouid then be avoidable. The opening of the
secondary steam vaives to initiate the steam generator bleed is also
possible in the control room. The time needed for these actions is
about 30 min. The available time between the initiation of* the secon-
dary bieed and feed and the begin of core uncovery is > 50 min, if the
reactor coolant pumps are shut off as part of the accident management
measure. As first manual action it is planned to shut off these pumps
right after initiation of the first AM-criteria. |If doing so, the
available time is prolonged to 60 min. So, as long as electric power
is available, the use of the feedwater tank seems to be feasible even

in relatively fast transients.

2.2 Station Blackout Transient and the Use of Mobile Pumps

The station black-out transient has been selected for further in-
vestigation because of the |Ilimited possibilities for AM-measures
due to the failure of the electric power supplies. The effectiveness
and feasibility of the use of mobile pumps as the alternative to the

use of the feedwater tank shouid also be demonstrated.

The transient behaviour of the pressure, water-level and the dis-
charge mass flow is shown in fig. 5. The best estimate boundary
conditions are the same as in the calculation of the total loss of

feedwater transient.




The loss of the AC-electric power supply causes an early trip of the
reactor coolant pumps and subsequently the scram of the reactor
compared to the total loss of feedwater transient. Therefore, the dry
out time of the steam generators due to the loss of emergency feed-
water by the failure of the emergency diesels is much longer, i.e.

approx. 1h.

At that time the primary pressure increase is limited by opening of
pressurizer relief valves and the loss of primary coolant begins. At
1,7 h the primary fluid is saturated. This causes a rapid increase
of the wvaive discharge mass flow, which consists mainly of water,
and a rapid decrease of the collapsed level in the reactor pressure
vessel. At 2.0 h the core uncovery starts. At this time a secondary
bieed measure by opening of secondary steam valves is initiated,
similar to the bleed action in the total loss of feedwater transient.
After depressurization of the steam generators low pressure head mo-
bile pumps with their own power supply begin an injection of approx.
30 kg/s cold water into the steam generators. The primary pressure is
lowered, the pressurizer vaives close and tfhie primary coolant loss
ends exept the Ilow leakages through the reactor coolant pump seals.
The core is sufficiently covered with two-phase-mixture and is cooled

in a "reflux condenser'-mode.

Connections for mobile pumps are foreseen. The use of mobile pumps
is easier in a station blackout situations than the use of the feed-

water tank inventory.

The fast depressurization and feed with cold water may cause ther-
mal shecck and mechanical stresses in the steam generators. In order
to minimize thermal chocks secondary feed shall start with warm
water out of the feedwater-line followed by using mobile pumps. The
discussed calcutations are momentarily used to quantify these stresses

with appropriate finite elemente codes.
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3. PRIMARY BLEED AND FEED

Primary bleed and feed measures are operator actions which consist
of opening of pressurizer valves (bleed) to reiease the residual
heat into the containment and feeding of -the primary side with safe-
ty injection pumps. These pumps start the injection of borated water
below 11 MPa.

To reach a long term stable state after depletion of the borated
water storage tanks further actions are necessary. In new plants
operation of the low pressure injection system (LPI!S) as booster
pumps makes a high pressure injection of sump water possible. In
plants without this backup capability, a depressurization of the
primary side below 1.0 MPa is necessary. This can be achieved by
an enhancement of thermal mixing to remove hot spots in steam gene-
rators (operation of main coolant pumps necessary) or by an opening
of additional pressurizer valves. At low pressure the LPIS can remove
the decay heat in the recirculation mode and simultaneously inject
coolant from the sump to make up for the loss of coolant. |If the
pressurizer valves can be closed after refilling of the primary side
then the decay heat can be removed by the LPIS in the recirculation
mode already from 3 MPa provided the coolant temperature is below
180 °C.

Assuming the safety injection pumps to fail, core meit probabily
can't be prevented though opening of all pressurizer valves will
achieve fast depressurization below 2.6 MPa and the inventory of the
accumulators is used for feeding.

According to the strategy of early secondary and late primary bleed
and feed measures an appropriate instrumentation for the initiation
of the primary measures is needed. The time point of the derived
initiation signal should be late enough to enable the performance
of secondary measures but early enough to prevent core melting taking
into account a sufficient response time for the manual initiation.
in all PWR in the FRG a level probes in the upper plenum of the reactor
pressure vessel are or will be installed which measures the collapsed
level (fig.7). The decrease of the water level below the lower edge of
the coolant loops is the second AM-criterion. There after the opera-
tors shall perform primary AM-measures. A third and last AM-criterion




will be reached at a fluid-temperature > 400 °C at the ccre exit. The

third AM-criterion has been introduced as a backup to the RPV-water-
levelcriterion. Some calculations have been done with the best esti-
mate code DRUFAN [6] to determine the effectiveness of primary bleed
and feed with regard to different time, K pcints of initiation, using

safety injection pumps or accumulators {7].

3.1 Total Loss of Feedwater with primary bleed and feed with

safety injection pumps

For the case of total lcss of feedwater and 2 safety injection pumps
available, the primary pressure and collapsed level history before
and after the initiation of the depressurization with 2. of 4 pressu-
rizer wvalves (cross sectional area 60 cm2) is shown in fig.6. The
depressurization has been performed, when the collapsed level in the
upper plenum reaches the lower edge of the coolant loops 60 min after
the loss of feedwater. The level probe in the upper plenum gives
then a signal not only to the operators for initiation of primary
depressurization, but also in combination with high containment pres-
sure a shut off signal to the reactor coolant pumps. The pump coast
down leads to separation of steam and water in the reactor pressure
vessel. S0 the water in the upper plenum flows into the core region,
where the collapsed level momentarily rises. This effect cannot hinder
the depletion of the core region and the core temperatures begin to
rise. About 10 minutes after the opening of the pressurizer valves
the injection of the safety injection pumps is possible, when the
primary pressure falls below 11 MPa. The core is flooded within about
10 min. The rise of core temperatures stops. The peak temperature
level in the cladding is 600 °C.

A second calculation has been done to determine the maximum response
time for the operators. The assumptions are the same but the opening
of the pressurizer valves is delayed for 15 min. The temperature rise
in the core is higher but it does not endanger the core integrity
(peak cladding temperature ca. 1000 °C). So one can say that core
melting in the case of the fast running transient ‘total loss of
feedwater" could be prevented, if 2 of 4 safety injection pumps are

available and 2 of 4 pressurizer valves are opened after the decrease




of the collapsed level below the iower edge of the coociant loops. A

response time of the operator action up to 15 min is acceptable. it
is foreseen to enable the opening of the pressurizer valves from the
control room to shorten the necessary time for manual actions. Now
after determination of the maximum delay- time for primary measures
one can see that there is time enough between the first AM-criterion
(10 min after begin of the transient) and the signal for primary mea-
sures (60 min after begin of the transient) of 50 min in order to
perform the secondary measures without the need for primary measures.
But the time is to short to avoid also the contamination of the con-

tainment by secondary measures.

3.2 Total Loss of Feedwater with primary bleed and feed with the

Accumulators only

For the case of total loss of feedwater and an assumed unavailability
of all safety injection pumps, the primary pressure history before
and after the initiation of the depressurization is shown in fig. 8.
The depressurization by opening of one pressurizer valve with a cross
sectional area of 40 cm? has been performed just before core uncovery
at 50 min. 25 min later the primary pressure sinks below 11 MPa. By
recognizing the unavailability of ail safety injection pumps the
operators open additional pressurizer valves to accelerate the de-
pressurization below the pressure in the accumulators of 2.6 MPa.
Below this pressure the accumulators begin to inject cold borated
water (temperature 30 °C) into the hot and cold legs. if one additio-
nal pressurizer valve with a cross sectional area of 40 cm? is opened,
the refilling of the Ilower plenum and the core region is to slow to
prevent the steady heat up of the core up to temperatures where Zir-
conium-water reactions begin (fig. 9, 10). Therefore a second calcu-
lation has been performed with the assumption of opening all pressu-
rizer valves to enlarge the pressure release capacity. Now the lower
plenum and the core are refilled (fig. 9). The core is quenched and
the cladding temperatures drop to saturation temperature (fig. 10).
The evaporation of primary fluid and of injected cold water after
heat up by cooling of structures, compensation of decay heat and

depressurization exceeds the condensation capability of the colu




injected water and the steam release through the pressurizer valves.
The resulting primary pressure rise stops the accumulator injection

for about 35 min. The cladding temperatures rise up to 1200 °C.

The resuits of the calcuiations with an .best estimate code indicate
difficuities in wusing the accumulator inventory alone to delay core
damage for about 4 h, as calculations with simpler, homogeneous codes
like MARCH have shown [5]. The realistic delay times could be short-
er. A detailed discussion of the phenomenological aspects and model
influences connected with the calculation of the effectiveness of

accumuiator injection with a best estimate code is given in [8].

4. PROJECTION OF ANALYTICAL RESULTS ON OTHER TRANSIENTS

Besides the previousiy discussed transients "Total loss of feedwater®
and "Station Blackout" there are some other sequences leading to a
similar core damage frequency [7]. Fig. 11 shows the frequency
distribution which has been determined in the Phase B of the German
risk study for the reference plant when no accident management-measu-
res are considered. Uncontrolled pressurizer leaks, station blackout,
loss of feedwater, loss of main heat sink, steamline break and U-tube
rupture are sequences for further investigation of accident manage-
ment measures, regarding probabilistic aspects. All these sequences
and uncontrolled small breaks at the coolant loops having a break
area below approximately 50 cm2 will lead to core melting at high

primary pressure.

In general the same strategy as previously discussed can be applied.
If additional failures at the secondary side cause a decrease of the
feedwater inventory, secondary bleed and feed is initiated to reesta-
blish a sufficient secondary heat sink. In case of breaks and leaks
at the primary side primary injection for compensation of the loss
of primary coolant is necessary to prevent core melting. Otherwise
the secondary feed and bleed alone is sufficient. If the secondary
measures fail, 1i.e. the collapsed level in the reactor pressure
vessel continues to decrease, primary bleed and feed is necessary

to enable safety injection pumps to inject borated water.




fn fig. 11 estimated delay times for the initiation of the accident

management measures for the wvarious sequencés are shown. In case of
the more likely events the delay times are greater than 1 h and hence
comparable to the previously discussed delay times. In the case cf
the uncontrolled rupture of one U-tube the delay time is about 1 h.
In the case of two ruptured U-tubes the delay time is only about
30 min. But this event is about one order of magnitude lower in its

frequency.

5. SECONDARY AND PRIMARY FEED AND BLEED IN CONVOY-PLANTS

In comparison to the reference plant of the DRS-B, Biblis B, the
accident sequence in case of the total loss of feedwater supply
with electrical power available is mainly influenced by the reactor-

and turbine power-limiting-system (RELEB).

The reactor- and turbine power ist adjusted on the feedwater flow.
Due to a decreasing feedwater flow the reactor- and turbine power
are reduced and the wvoid at steamgenerator (SG) secondary side
risers drops. When the reactor- and turbine shut down is activated
at low secondary side water levels the water mass at SG secondary
sides hasn‘t changed very much from the initial inventory.

At reactor- and turbine shut down the SG secondary water inventory
in Convoy plants is about twice as high as in Biblis B. Therefore
simalar plant conditions are reached in Convoy plants twice the time

later.

The first criterion for AM-measures at SG secondary side water levels
< 4.00 m (!) is reached 15 minutes after the main feedwater supply
has failed (s. fig. 12). Before the plant personel should start in
preparing feed and bleed measures the main coolant pumps shall be
switched off. The SG secondary sides are empty 30 minutes later. The
pressurizer relief wvalve opens the first time another 10 minutes
later (s. fig. 13). It can be assumed, that the secondary feed and
bleed can be prepared, initiated and effective within the 40 minutes
between the actuation of the first AM-criterion and the first ope-




ning of the pressurizer relief valve. Therefore not only core melt

but also a contamination of the containment will be prevented.

If secondary side feed and bleed is delayed, the second AM-criterion
at a RPV-water level below the lower edge of the main coolant line
is reached 113 minutes after the failure in main feedwater supply.
Only 12 minutes later the fiuid temperature at the core exit exceeds
400 °C, if no AM-measures have become effective in advance. In case
of a station blackout the available times are simular in Convoy-

plants and the Biblis B plant.

A measure to gain more time for e.g. delayed secondary side AM-
measures or the repair of failed components is the feeding of the
primary side with the make-up and the additional borating system,

which is in discussion now (s. fig. 14).

As a result of the Convoy-possibilities the reference plant of the
DRS-B will get also a reactor- and turbine-power-iimiting system
as well as an additional borating system with an injection rate of
22 kg/s.

6. SUMMARY

The phase B of the German risk study clearly has shown the general
need to depressurize the reactor coolant system in case of uncontroi-
led events to minimize the fregquency of core melt scenarios at high
pressure. In case of total loss of feedwater supply an early initia-
tion of secondary bleed and feed is preferred to avoid loss of primary
coolant into the containment. The initiation of primary bleed and feed

should be performed as late as possible.

The secondary water level instrumentation, the primary level probe in
the upper plenum and the fluid-temperature measurement at the core
exit are used for AM-citeria. So time criteria in the emergency proce-

dures will be avoided.




The analysis of secondary bleed and feed measures demonstrates their

capability of preventing core melt even in relatively fast transients,
e.g. the total loss of feedwater transient. The feasibility of this
measure has been shown by the us of the feedwater tank inventory. In
case of the station blackout transient there is an additional time
of 1 h for operator actions, but the electric power supply is restric-
ted. But the use of residual water in the feedwater line as a passive
feeding system and the use of mobile pumps with their own power supply
is effective to prevent core melt and will overcome the main restric-

tions by the loss of the electric power supply.

The analysis of primary bleed and feed measures demonstrates the
effectiveness of this measure to prevent core meit in the case of
a total loss of feedwater, even if the system availability s
restricted to 2 of 4 pressurizer valves and 2 of 4 safety injection
pumps and the initiation is delayed up to the begin of core uncovery.
Calculations with a best estimate code (DRUFAN) indicate that accu-
mulator injection anly is not as much effective to delay core damage
as simpler codes e.g. MARCH have shown assuming the injection of the

whnole accumulator inventory.

The projection of the analytical results on other risk relevant
sequences shows that the overall risk by core melit scenarios at high

pressure may be reduced for a broad spectrum of uncontrolied events.

An estimation of delay times for bleed and feed measures in case of
the most probable core meit sequences give delay times of 1 h or lon-
ger. So the available time budget is sufficient to perform the actions

with high probability.

Recently performed ATHLET-simulations of a total loss of feedwater
supply with electrical power available in Convoy-plants show that
the minimum time for AM-measures is about 2 h. This gain in time is
caused by a reactor- and turbine-power-limiting-system. The reference
pfant of the DRS-B will therefore introduce the same limiting system.
A further time gain can be achieved by primary feed with the make-

ups-and the additional borating system.
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REQUIREMENTS FOR CONTAINMENT - VENTING =

N

(G

(!

PRESSURE WATER REAKTOR (PWR).

a) Layout and Operating

- To open at about the testpressure of
the containment.

* Pressure limitation by venting without
water injection into the containment.

* Pressure reduction to half of the test
pressure within two days with water injection
into containment.

- Layout of the valves for redropping
also at the test pressure of the containment.

- Layout of the valves for stepwise
opening and dropping.

- Activation of water injection possibilities
into the containment for compensation of the
vented water mass at point of time for venting.
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t)

b) Loads to be considered.

- Up to the outer - respectively the second -
isolating valve: failure pressure of the
containment; alternatively: double design
pressure.

- For the connected system:

* Pressure, temperature and composition
of the discharging mixture according
to the accident conditions at fuily
opened valve.

* Layout margin for pipes and supporting systems
for taking into account dynamic loads,
alternatively: safety factor 2 at operating loads.

c) Structural data

- Fixed construction of the systems behind
isolating valves.

- Remote operation and additionally power supply
possibility.

- Removal of the condensate from the vent pipe.

- Provision of a filter system.
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CONCEPTIONS OF CONTAINMENT VENTING —

0
A
(i

- Sliding pressure with throttling orifice.

Dry filtration

* aerosol filter inside containment
iodine filter outside containment (two units).

Wet filtration.

* aerosol filter and iodine filter cutside containment
{one unit = venturi scrubber).

- Atmospheric filter with throttling orifice or |
control valve,
Dry filtration

* aerosol filter and iodine filter outside containment
(Zeolite filter).

- [
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Table

MF = Metal Fibre Filter for Aerosols

Implementation Program of Containment Venting Systems for German PWRs

Plant Mg [Planning fVenting System |Venting System Filter Type Completion
and  with Sliding with Atmosphe- Piping 1 Filter
Design  {Pressure Filter |ric Filtler !
Obr igheim, KV0 357 YES X, outside cont. in Discussionjexists 5198q
Stade, KKS 662 YES X in Discussion 1983/9051989/90
Biblis A", KWB-A {1204 YES X, inside cont. in Discussion 1989/9051989/90
Biblis “B”, KwB-B | 1300 YES X, inside cont. in Discussion 1989/90E1989/90
Unterveser, KKU 1300 YES X in Discussion 1989/90%1989/90
Heckarwestheim, GKN 1 855 YES X, outside cont. in Discussiony 1989 51989
Grafenrheinfeld, KKG/BAQ 1300 YES X, outside cont. in Discussion| 1989 E1989
Grohnde, KHG 1365 YES X, outside cont, in Discussion 1989/9051980/90
Philippsburg, KKP 2 | 1362 | YES X, outside cont. in Discussion| 1923 f1989
Brokdorf, KBR 1365 |Completed X Mr 1987 fl987
Heckarwesthetm, GKN 2 1 1314 {Completed X M 1937 %lﬁ%l
sar Block 2, KKT 2 | 1370 {Completed X MF 1987 Elﬂ8/
Emsland, KKE 1314 | Completed X M 1987 2198/
Muhlheim-Karlich 1300 YES X in Discussion 1989/9031989/90
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REQUIREMENTS FOR CONTAINMENT - VENTING RS
BOILING WATER REACTOR (BWR)

a) Layout and Operating

- To open between design pressure and test pressure
of the containment.

- Energy release by the wetwe.

- Layout of the valves for redropping
also at the test pressure of the containment.

- Layout of the valves for stepwise
opening and dropping.

- Possibility of water injection into the
Venturi - scrubber.

- Determination of the vented
mass flow.

- Determination of the radioactivity of the
vented flow.
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€

b) Loads to be considered.

- Up to the outer - respectively the second -
isolating valve: failure pressure of the
containment; alternatively: double design
pressure.

- For the connected system:

* Pressure, temperature and composition
of the discharging mixture according
to the accident conditions at fully opened valve.

* Layout margin for pipes and supporting systems
for taking into account dynamic loads.
alternatively: safety factor 2 at operating loads
or 10 bar.

c) Structural data

- Fixed construction of the systems behind
isolating valves.

- Remote operation and additionally power supply
possibility (battery).

- Fixed instalation of filter system
(preferably: Venturi scrubber with stainless
steel fiber filters).

Y IR Qv
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German Requirements

PWR

Test aerosol SnO,
MMD ~ 0,5 um

Filter loading 260 kg
capacity

Filter efficiency

Aerosols 299,9 %
lodine (elem.) 220%

Passive removal
of decay heat
from filter >7 kW

Flow rate 3-14kg/s

Spezial requirements from other countries

Finland TVO
Decay heat
irom the filter

UdSSR

Aerosol size
distribution . 0,5um

BWR

230 kg

> 200 kW

480 kW’

Containment Venting
Requirements
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“To prevent early and late Containment Failure
by Hydrogen-Burns” '

1. Priority: Exclude a global Detonation and for a
Deflagration with the Potential to reach
Failure-Pressure of Containment

2. Priority: Prevention of local Detonations
which couid lead to Missile-Generation

3. Priority: Prevent local Hydrogen Concentration
of greater than 10 Vol-%

4. Priority: Mitigate the consequences of local,
multiple Burning, leading to high
Temperatures. {failure of local
equipment)




Classificetion of Concepts

« Limitation of Hydrogen Production and Release
In-Vessel Zirconium Oxidation
Ex-Vessel Coolability of Core Material
Limitation or Termination of
Core-Concrete-Interaction

* Limitation of Hydrogen Concentration
By deliberate Ignition of burnable Gasmixtures
catalytic induced Reactions
Venting of the atmosphere

* Prevention of a Hydrogen Burn
Inertisation with carbondioxid or nitrogen




[GNITERS

°  GLOW PLUG IGNITERS
HIGH NUMBER AND LENGTH OF CABLES,
ADDITIONAL PENETRATIONS INTO CONTAINMENT
HIGH ENERGY CONSUMPTION

THEREFORE IN FRG THE DEVELOPMENT WAS CONCENTRATED
ON BATTERY POWERED IGNITERS AND IGNITERS, WORKING
ON A CATALYTIC BASE

® SPARK IGNITERS WITH BATTERIES

° CATALYTIC HYDROGEN IGNITERS
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1 Fuse link

2 Batteries

3 Electronics

4 Pressure Switch

§ Temperature Switch

6 Electrodes

7 Contact safety device
8 Heat Insulation

9 Evaporative cooling
10 Mounting

UB KWU

Spark Igniter with Batteries WZB 89 7osso




SIEMENS

i Actuating temperature

N Actuating pressure

. Spark frequency
. Ignition energy

. Ignition voltage

* Radiation resistance

. Design pressure

. Design temperature

s  Dischargetime of batteries
*  Size/ Weight
« Lower Hz - ignition concentrations
in dry atmosphere
quiescent
moved

in saturated steam/ air - mixtures

quiescent

moved

70 °Cto 160 -C (adjustible)

0.210 6, 9 bar (adjustible)

> 7 per minute
>10md

>20kV

> 72 kGy at dose rates
between 500 - 10. 000 Gy/ h

6 bar

160 °C (Blow Down. 1 h)
125 °C (Long Duration, 5 d)
350 °C (Multiple combustion, 0, 5 h)

> 5 days

g 200 mm; 390 mm high/ approx. 15 kg

4,5Vol.-% He

45Voi.-% Hz2

4,5..75Vol.-% Ha *

45..6 Vol.-% Hz ™

* N .
rise with increasing steam coutent

Spark Igniter
Main Technical Data

UB KWU
R243
He/10. 90
18-01-A

~ 130 -




SIEMENS

Thermal Aging
(Normal Operation)

! Radi;tion
' (Normal Operation)

Vibration
(Normal Operation)

| Radiation
l

(DBA and Severe Accident)

s Thermodyﬁamic Load
i (Design Basis Accident)

Multiple Combustion

: (Severe Accident Conditions)

Long-Duration Function

| (Severe Accident Conditions)

1 bar; 125°C; 360 h

50 kGy; 500 Gy/ h; 100 h

acc. to |I[EEE 382;
IEC 68-2-6

10 kGy; 10000 Gy’/h; 1 h
7 kGy ; 1000 Gy/h; 10 h
kGy; 500 Gy/h;1h

1..6bar;40..160°C; 2.5 h

2.5 bar; 125°C;1.5h
2.5bar;350°C;0.5h

2.3 bar; 125°C; > 5 days

Spark Igniter

UB Kwu
R 243
170590

Qualification Programm and Conditions 1817 A




SIEMENS

2140
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2 Ignition Element

1 Housing

3 Cover

4 Fuse link
5 Mounting
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17.05.50
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Catalytic Igniter




SIEMENS

. Type

. Functional principle

. Catalyst

*  (Catalyst Basis

. Actuating

s Size of Housing

«  Weight

. Lower Hz - ignition concentrations
in dry atmosphere

quiescent
moved

in saturated steam/ air - mixtures
quiescent

moved

WZK 88

Gas - ignition on catalyst surface
heated by exathermic reaction

Platinum

high temperature resistant metallic foil
with active intermediate layer (washcoat)

automaticly dunng temperature increase

@ 140 mm; 210 mm high

approx. 2 kg
4,5Vol.-% H2
>6Vol.-% H2

4,5..8Vol.-% H2 ™

>6..8 Vol.-% Hz "

* e .
nse with increasing steam content

Catalytic Igniter
Main Technical Data

UB KWU
R243
He/10. 90
18-02-A




SIEMENS

R A/m /\/vy//\/\:\/\

Deflagration/

Detonation Transition

Deflagration Area

Y \/\//y\/y/;/m\/\/\/vvo\ )

w vv N
/\ A/\/\/vvvvvv VAYA ¢\

SVAVAVAVAVAVAVAVAVA

/V\L\/\/\ AT

1oﬁ;‘;, T /\/\ /\/ \/’\ /\/\/\/\/\ /\ N\ \/\

ST N /\/ NAYAVAVAVAVAVAVAVAVAYAVAN

90 80

60 50

- Hydrogen
| Vol.- %

40 30

20

Performed Ignitions with Catalytic

and Spark Igniters

-3

UB KWU
R243

08.1980
18-28-A



CATALYTIC DEVICE TO REMOVE HYDROGEN FROM

CONTAINMENT ATMOSPHERE

ADVANTAGES:

o

°

PASSIVE SYSTEM

FUNCTIONABLE ALSO FOR VERY LOW HYDROGEN CONCENTRATIONS
(PPM) AND UP TO 907 STEAM

THE EFFECTIVENESS OF CATALYTIC PEACTION INCREASES WITH
TEMPERATURE

NO RESTRICTIONS CONCERNING MASS OF HYDROGEN

INCREASES CONVECTION IN ROOMS (MIXING OF GASES)
CONTINUOUS ENERGY - INPUT TO CONTAINMENT ATMOSPHERE

DISADVANTAGES:

-}

o

o

NEEDS LARGE SURFACE - AREAS
POSSIBILITY OF CATALYTIC POISSONING
LAY-0UT AGAINST PRESSURE-TRANSIENTS
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Fig. 1 Depicts the T-p-behaviour during
catalysation after the exposure of
350 ¥ the plate for 72 hrs in saturated -1 2,24
steam at 100 °C
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C —— Pressure behaviour in the vessel
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Of Fig. 2. Presents the T-p-behaviour during
multiple catalysation wiih 4 x
introduction of Hydrogen in an
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PERFORMED TESTS

° NUMBER OF EXPERIMENTS

® RANGE OF HYDROGEN=-CONCENTRATIONS
°  STEAM~CONCENTRATION

° INITIAL RooM TEMPERATURE

° INITIAL PRESSURE

° VOLUME OF TEST APPARATUS

® TESTS WITH CATALYTIC POISONS

PLANED TESTS

° Two TESTS IN THE MODELL-CONTAINMENT (1:64) AT

BATTELLE/FRANKFURT IN 1989

> 300

1- 25 VoL%
up To 30 VoLZ
20 - 250 °C
1,01 - 6 BAR

6; 265 LTR

CO; COz; Jas
SULFUR POWDER
CS (OH) . NaCL;
BORIC ACID

(FORCED AND FREE CONVECTION TESTS, T & 100 °C, Pz 2 BAR)

° ADITIONAL TESTS ARE PLANED FOR THE HDR-TEST-FACILITY

IN 1990/91 (LARGE SCALE!)

~ 170~




STATUS OF COUNTER MEASURES IN THE FRG:

BWR - PLANTS:

ALL REACTORS OF THE CONTAINMENT TYPE BL 69 (5) HAVE TO
BE PRE-INERTED, THE INSTALLATION IS NOT FINISHED UP TO
NOW IN SOME PLANTS.

FOR THE REACTORS WITH THE CONTAINMENT TYPE BL 72 (2),
SIMILAR MARC III, A CONCEPT TO ONLY PRE-INERTE THE
WETWELL IS STILL UNDER DISCUSSION.

PWR-PLANTS:

THE GERMAN RISK STUDY, PHASE B STATED, THAT THE RISK
FROM HYDROGEN BURNS COULD LEAD TO EARLY CONTAINMENT FAILURE
WITH HIGH CONSEQUENCES TO THE ENVIRONMENT,

DIFFERENT MEASURES WERE ANALYZED, UP TO NOW A DECISION
FOR A SPEZIAL CONCEPT IS STILL OPEN

= THE GERMAN MINISTRY FOR ENVIRONMENT , NATURAL CONSERVATION

AND NUCLEAR SAFETY (BMU) HAS ANNQUNCED, THAT THE HYDROGEN
QUESTION MUST BE SOLVED IN THE NEXT TIME,
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INTRODUCTION

The first Hungarian report on the topic of severe accident
mitigation [1] was published after the TMI-2 accident in
1979. In that report the qualitative analysis of the TMI
type accident for Paks NPP and the possibility of
preventation of this accident was worked out. At that time
no mathematical model was available to us for the
calculation.

In 19586 the IAEA gave us the MARCH-2 code, and later the
Source Term Code Package which consisted of the MARCH-3 [2]
code. This code was good for <calculations of severe
accident events of western type nuclear power plants. The
code's application for VVER-440 reactors needed programing
modification. With the support of the IAEA and the Kurchatov
Institute an international working group performed the code
modifications in 1989 {3]. Thus a suitable tool for severe
accident quantitative calculations is available to us on an
IBM compatible personal computer. ’

Calculations were made by this programme and the experience
of some severe accident events pointed to the possibility of
operator interventions. The first staeps were thus made to
see how the operator can mitigate or prevent a severe
accident.

In this paper I give a description of those systems of the
Paks NPP which may be important to prevent accidents. Two
examples will be shown. A transient with loss of on-site and
off-site power and & small break LOCA connected with the
operator intervention will be analyzed.




DESCRIPTION OF THE PAKS NPP

First of all a short description of Paks NPP is given for a
better understanding.

Hungary's nuclear power plant at Paks /the Paks NPP/ is
operated with four units of VVER-440 type reactors. The
VVER-440 reactor 1is a PWR type one; each reactor has two
steam turbines with a capacity of 220 MWe each. Pressure is
123 bar in the primary circuit and 45 bar in the secondary
circuit. Concerning its design criteria the unit well
corresponds to other PWRs throughout the world, however, it
differs significantly in certain constructional features.

The most important features of one unit of VVER-440 plant
(Fig. 1.):
- six loops (c.a. 225 m3 water) in the primary circuit
(Fig. 2.) with valves.
- four hydroaccumulators
-~ three redundant high pressure and low pressure
injection systems for emergency core cooling. They
are completely seperated from the normal feedwater
and make up system of the primary circuit.

- two independent secondary circuits for each reactor
- five feedwater pumps, so the malfunction of one
pump cause only 20 percent decrease in capacity.
- there are two emergency feedwater pumps,
furthermore four pumps are in reserve for two units.
- the reserved water in the secondary side is more
than 3000 n3.

- the containment consits of hermetic compartments and
bubble/condenser tower. There 1is about 1500 m3
water in the trays of the condeser. (Fig. 3.)

- three redundant spray systems for containment
pressure reduction.




THERMO-HYDRAULIC ANALYSIS OF THE S2B EVENT AND POSSIBLE
OPERATOR INTERVENTIONS [4)]

According to the PSA analyses for the VVER-440 type nuclear
power plant two events were choosen. The first event 1is a
small break {dia. 40 mm) LOCA with station blackout. Table
1 consists of the summary of the most important events of
the S2B sequence.

| I |
[ { TIME |
| EVENT | |
l l min |
} — {
| CORE UNCOVERY 1 [ 44 {
| HYDROACCUMULATORS START | 48 l
| HYDROACCUMULATORS EMPTY | 95 |
| CORE UNCOVERY 2 | 152 |
| START F.P. RELEASE | 177 |
| START MELT | 182 l
| CORE SLUMP | 192 |
| START GRID1 HEATUP I 200 |
|GRID1 FAILED I 221 |
| START HEAD HEATUP l 222 |
| VESSEL DRYOUT I 246 |
| BOTTOM HEAD FAILED | 427 |
| CAVITY ‘DRY OUT | 427 |
| START CORE-CONCRETE INT. | 428 |
| END OF CALCULATION | 1625 |

Table 1. Events of VVER-440 S2B sequence

The primary system pressure transient (Fig. 4) may be the
best illustration of the events during the sequence. In the
first minutes of accident time the primacy pressure
decreases rapidly until t=3 min (point A on Fig. 4), when
the saturation state 1is reached in the primary system and
the pressure gradient is changed. At 43.8 min the mixture
level sinks to the top of the core (C) and uncovery starts.
The mixture level decreases steadily from the start of the
accident, until the break elevation is reached at 31.6 min

(B) .




When the primary pressure equals p=6 MPa, hydroaccumulators
start to inject water (D, t=49.7 min) and the mixture level
is oscillating around the break elevation. Accumulators are
depleted by 94.7 min (E); this starts a steeper
depressurization rate. At point F, t=105.1 min, the
subcooled primary coolant reaches the saturation state,
boiling and steam generation begins and the primary pressure
begins to rise again.

Core uncovery occurs for a second time at 152.2 min,
feollowed by slowing pressurization. The partially covered
core generates less steam, so pressure rise stops at 160 min
(point G) and depressurization begins. The next
characteristic point H at 221.5 min corresponds to vigorous
vapour flashing and pressure rise after the bottom grid
plate failure. Gradient change at point SGin is attributed
to the steam generator influence. From t=50.4 min (SGout)
the primary system saturation pressure has been lower than
the secondary system saturation pressure. According to the
MARCH model, the steam generator does not cool the system
under these conditions. From t=233 min the primary pressure
exceeds the secondary side value and heat exchange takes
place again. Moderated-rby the cooling effect of the steam
generator, pressure rise will be stopped at 242.5 min (pont
J). Starting from this point, depressurization will go on
until 246.3 min (point K), when the vessel dries out
completely. From this point, primary pressure will be
decreasing continuously until bottom failure is reached at
426.8 min.

IDENTIFICATION OF OPERATOR INTERVENTIONS AND THEIR TIMING

There are several kinds of operator interventions that could
be identified:

A) delay core damage or vessel failure by cooling the
primary system from the secondary side;

B) stop the accident seguence via restoring the emergency
core cooling;

C) supply water in the reactor cavity




A) Delay of core damage or vessel failure.

It has been mentioned earlier that steam generators do not
cool the primary system during a prolonged time interval,
from 50.4 min wuntil 233 min, because the primary pressure
drops below pressure of the secondary coolant. Operators can
bring down secondary pressure, and get the steam generators
cool the primary system again. The time frame is shown in
Fig. 5., representing energy 1loss to steam generatos
without operator intervention. Secondary system discharge
may be started from 50.4 min of accident time . In the time
period 50.4-152.2 min (until the core uncovery) the action
can delay core damage by about 1 hour. Fig. 6 shows the
effect of the «cooling of the steam generator. If the
intervention is started in the time period from 152.2 min
(uncovery) to 181.6 min (start melt), then at least a
partial core damage is sustained. After 181.6 min the
secondary side discharge cannot save the core, but it can
help to maintain vessel integrity for some time. The
deadline of the intervention 1is 146.3 min, when the vessel
dries out. After this time, there is no use of restoring
secondary side cooling.

B) ECC recovery

Emergency core cooling recovery = meaning first of all a
power supply recovery in the §2B seguence - is a most
plausible action to stop a severe accident seguence. There
is a broad time frame to supply water to the reactor:
however, the result of the action will be depending on the
timing. This is shown in Fig. 7, which represents core
temperatures with no operator interaction. The best
opportunity to recover ECC would be in the time frame
0-152.2 min, i.e. until core uncovery. This could prevent
any core damage. From 152.2 min to 181.6 min (start melt)
severe core degradation is suffered. From 181.6 to 200.5
min (core ccllapse} the intervention cannot stop core
melting; on the other hand it may cause steam flashing or
explosion. Although the first battle has been 1lost, there
is still a hope after core <collapse that vessel integrity
could be preserved by cooling the debris in the bottom head.
The optimal time span extends to 246.3 min, i.e. until
vessel dryout, but the option is pending until bottom head
failure (426.8 min).




C) Reactor cavity flooding before core damage

The reactor vessel is 1installed in the cylidrical cavity
called reactor shaft. The reactor shaft is divided into
lower and upper regions by a bellows-type seal located
immediately below the top of the vessel. We deal with the
lower region only. Figure 8 shows the reactor shaft
configuration. It has an inner radious about 3.5 m and an
outer radious of 4.8 m. It is reinforced with multiple
layers of steel. The primary system inlet and outlet pipes
pass through the rectangular openings of the cavity. The
inner surface of the shaft 1is lined with carbon steel. In
addition, the shaft 1is 1lined with a thermal insulation
layer. The surface of the foundation of the shaft is about
36 m2 and the water volume which can be poured into the
cavity is 450 m3. Water can be introduced into the shaft
through the door between the hermetic compartment (reactor
shaft) and non-hermetic shielding compartments. For this
reason the door will be modified, 4 pipe junctions will be
formed on the door where fire hoses may be connected.

The water level in the shaft may be 14.5 m, which means that
it is about 2 m above the top of the core. When the water
level in the cavity is more than 12 m (about 360 m3)} then
the water can cool the core for 3 hours after the
initatiting event. The water is evaporated (about 11 kg/s)
by the core decay power, thereby preventing the accident.
According to the calculations the heat transfer area of the
vessel is enough after 3 hours of the shutdown to asssure
the core cooling. This intervention has an effect on
containment pressure. The pressure slowly increases (Fig.
9.) but it does not reach the design pressure 2.5 bar until
12 hours; then the decay power decreases so that the water
evaporation rate drops below 5§ kg/s.




THE TMLB PROCESS IN A VVER-440 TYPE NUCLEAR POWER PLANT

Table 2. gives an overview of the key stages of the process
which 1is triggered by the 1loss of normal and emergency
(diesel-generated) power (station blackout) following an
initial transient.

l | | |
| |  TIME | PRIMARY |
| EVENT | |  PRESSURE |
| I min | MPa !
; % — |
| STM GEN. DRY. | 566 | 12.665 |
| CORE UNCOVER | 965 | 14.780 |
| START F.P. RELEASE | 993 | 14.959 |
| START MELT | 1001 | 14.956 |
| START GRID1 HEATUP | 1039 | 14.959 |
| CORE SLUMP | 1041 | 14.948 l
|GRID1 FAILED | 1081 l 14.942 |
[ START HEAD HEATUP | 1082 | 14.942 |
| BOTTOM HEAD FAILED | 1116 | 14.958 |
| CAVITY DRY OUT | 2103 I |
| START CORE-CONCRETE INT. | 2261 | !
| END OF CALCULATION | 2860 | l
Table 2. Events of the VVER-440 TMLB sequence

As we saw in Table 2., the operator has about 16 hours to
intervene into the process of the primary circuit. Therefore
this time interval nmakes several kinds of operator
interventions possible:

A. Prevent core damage by secondary side cooling
B. Stop the accident sequence by restoring the emergency
core cooling system and decreasing the pressure in

the primary circuit

C. Delay core damage by primary bleed using the water of
the hydroaccumulators




A.) Prevent core damage by secondary side cooling

Restoring the secondary side feedwater injection to the
steam generator - meaning first of all a power supply
recovery - is a main action to stop an accident sequence. If
one of the auxiliary emergency feedwater pump is opera: e
and an oparator can open one of the manual valves on the
main steam line (Fig. 1.) before the water level in the
vessel starts to decrease sharply at t=850 min then the core
damage is prevented.

The four auxiliary feedwater pumps' energy supply may come
from both units of the block. The operators of the units
have to work together to start one of these pumps to prevent
the accident. The water vessels are situated out side of the
reactor building. The reserved water is in three 1000 m3
vessel. Two of them contain 'clean' condensed water, enough
for more than two days cooling.

Fig.10 shows the primary system pressure. The secondary
side cooling starts at t=845 min. As soon as it begins the
pressure falls sharply to c.a. 7 MPa. The pressure is
stabilized at 6.5 MPa by the cooling effect of the steam
generator. The reactor is placed in cold shutdown.

If the secondary side feedwater pumps are unoperable until
t=850 min, after this time the secondary cooling by
feedwater has no effect, because the water level is down
below the hot leg in the primary circuit.

If the feedwater pumps start earlier than 525 min - before
the steam generator dries out - the loss of water from the
primary circuit is retarded. In this case the reactor is put
in cold shutdown at 600 min. The primary circuit remains
intact in this case.




B.) Restoring the emergency core cooling system (ECC) and
decreasing the pressure in the primary circuit

The common feature of these events is that we presume the
restoring of the ECC (high and 1low pressure injection
systems). When the ECC is operable from the early phase of
the event without reducing primary pressure the process is
identical to loss of secondary heat sink.

The operation of +the ECC system in itself is unable to
prevent the core melt (Fig 11.). In this case the high
pressure injection system (HPIS) is working from 20 min. The
pumps of the HPIS stop when the primary pressure exceeds 14
MPa therefore the pumps are able to for about only 120 min,
as later the primary system pressure is higher than 14 MPa.
In this process core melt is delayed about 15 min by the ECC
system's operation. The main characteristics of the process
of loss of secondary heat sink corresponds to the TMLB.

Therefore the primary feed is effectual only with primary
bleed to reduce the primary system pressure. A 1long time
interval 1is at the operator's disposal for opening the
safety relief valve with the aim of stopping the accident
sequence and avoiding core damage. The operator can start
the primary system pressure decreasing when the high
pressure pump is operable. If the pumps start within 120 min
of the 1initating event and the operator opens the relief
valve by 125 mwin, the reactor will be placed in cold
shutdown at about 750 min.

The deadline of this action to prevent core damage is t=960
min, before the core is uncovered. After this time period
the necessary bleed to reduce the pressure under 14 MPa
decreases the water level below the core and for a short
time period the core is not cooled. As a reasult the core
temperature becomes higher than 1200°C, and the rods get
damaged. About .7 percent of the zirconium cladding reacts,
but the accident sequence is stopped.

According to the MARCH code calculation the operator can
stop the accident sequence by the HPI and LPI systems if
these sytems are restored before the bottom head failed. The
operator starts the primary bleed after core slump,
therefore the pressure fall below 10 MPa. The HPIS injects
water to the hot debris and steam is generated. This causes
a small pressare spike. When the water level becomes higher
than the level of the debris the pressure decreases to about
0.6 MPa. From t=1440 min the pressure stabilizes at 1.5 MPa
and the temperature of the bottom head is stabilized at 140°C.




C.) Delay core damage by primary bieed

If there is no energy supply for the pumps, only the passive
systems (hydroaccumulators) can cool the core. The
significance of this intervention that the water of the
hydroaccummulators is activated to delay the core damage.
The operator can activate the hydrocaccumulators by reducing
the pressure in the primary circuit below 6 MPa.

During the time interval between the start of pressure
increase (t=250 min) and the time when pressure reaches the
opening value of the safety relief wvalve (t=572 min) the
intervention is effective. Out of this interval the core

melt comes sooner. As the curve in Fig. 12 shows this
intervention is the most succesful when the operator opens
the safety relief valve at t=560 min - before the steam

generator dries out - and finishes the intervention at about
620 min. This bleed delayes the core melt process. by about
2 hours 1In Table 3 the events of TMLB and TMLB with primary
bleed (in the best time) are compared.

| l l l
| EVENT | TMLB | TMLB+op. |
| | | intervent. |
| - | |
I | TIME [ TIME |
l | min | min |
— | | |
|STM GEN. DRY. | 566 | 569 |
| CORE UNCOVER | 965 | 1113 |
| START F.P. RELEASE | 993 | 1142 |
| START MELT | 1001 | 1151 [
| START GRID1 HEATUP | 1040 | 1190 |
| CORE SLUMP | 1040 | 1190 |
| GRID1 FAILED | 1081 | 1234 |
| START HEAD HEATUP | 1082 | 1235 |
| BOTTOM HEAD FAILED | 1116 | 1268 |

Table 3. Events of TMLB sequence with operator
intervention (primary bleed at t=560 min)
and without it
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ABSTRACT

In this paper we consider an application of Probabilistic Risk
Assessment (PRA) to risk management. Foreseeable risk management strategies
to prevent core damage are constrained by the availability of first line
systems as well as support systems. The actual trend in the evaluation of
risk management options can be performed in a number of ways. An example is
the identification of back-up systems which could be used to perform the
same safety functions.

In this work we deali with the evaluation of the feasibility, for
BWR’s, to use the Control Rod Drive system to mantain an adequate reactor
core long term cooling in some accident sequences. This preliminary
evaluation is carried out as a part of the Internal Events Analysis for
Laguna Verde Nuclear Power Plant (LVNPP) that is currently under way by the
Mexican Nuclear Regulatory Body. This analyslis adresses the evaluation and
incorporation of all the systems, included the safety related and the
back-up non safety related systems, that are available for the operator in
order to prevent core damage. As a part of this analysis the containment
venting capability is also evaluated as a back-up of the containment heat
remcval function. This will prevent the primary containment
overpressurization and loss of certain core cooling systems.

A selection of accident sequences in which the Control Rod Drive
system could be used to mitigate the accident and prevent core damage are
discussed. A personal computer transient analysis code is used to carry out
thermohydraulic simulations in order to evaluate the Control Rod Drive
system performance, the corresponding results are presented. Finally, some

preliminary conclusions are drawn.



1.- INTROBUCTION.

In this work we consider the potential uses of Probabilistic Risk
Assessment {(PRA) in risk management programs. The methods and results
produced in PRA studies provide a framework within which current risk
management strategies can be evaluated, and future risk management programs

can be developed and assessed.

Risk management can be divided into five separated, but related,
phases [1]. Prevention of accident initiators, Prevention of core damage,
Implementation of an effective emergency responses, Prevention of vessel
breach and mitigation of radionuclide releases from the reactor cooclant
system, and Retention of fission products in the containment and other

surrounding buildings.

We used a risk based methodology for identifying and evaluating
risk management options for the above second phase, the prevention of core
damage. We present the evaluation of the feasibility, for BWRs, to use the
Control Rod Drive system to mantain and adequate reactor core long term
cooling in some accidents and thereby reduce the probability and
consequences of severe accidents. Based on past PRAs for BWRs and in the
Internal Events Analysis for the Mexican Nuclear Power Plant {2], that is
currently under way by the Mexican Nuclear Regulatory Body, we identify and
discuss the important accident sequences, hardware fallure and human errors
within these sequences that impact most the total core damage frequency.
The Internal Event analysis adresses the evaluation and incorporation of
all the systems, included the safety related and the back-up non safety
related, that are available for the operator in order to prevent core
damage. The containment venting capability is also evaluated as a back-up

of containment heat removal function.

A brief description of the system along with the identification
and discussion of the accident sequences in which the Control Rod Drive
system could be used as well as the methods used to perférm this evaluation
are presented in section 2. Finally, in section 3 we provide some results

of thermohydraulic simulations as well as some preliminary conclusions.




2.- EVALUATION OF CURRENT RISK MANAGEMENT PRACTICES.

Severe reactor accidents involve extremely complex systems and
phenomenclogical responses that are often nonintuitive. When developing
and evaluating risk management strategies it is important to understand how
a particular action may affect other portions of the accident progression
[3]. The PRA methods provide an integrated analysis framework that can
evaluate the potential ramifications of a specific action over a wide range
of possible outcomes. All five phases of risk management described above
can be included in a such integrated analysis, and different options can be
compared using various risk measures, including health and economic risk.
Even though a full scope PRA is not available for the plant being analyzed,
some phases of risk management can be assessed with a PRA level 1 or PRA
level 2. For example, with a PRA level 1, as the one that we are developing
at the Mexican Nuclear Regulatory Body, is feasible to assess some phases
of risk management like prevention of accident initiators and prevention of

core damage.

As discussed before, a PRA framework 1is effective in evaluating
the efficacy of current risk management practices at a nuclear power plant.
These practices include hardware improvements already made and improvements
in operating procedures. In principle, the methods used to evalua.e current
practices are straightforward. In order to determine the worth of risk
management practices the total core damage frequency/risk can simply be
calculated with and without a particular practice in place. However, in
practice this can be a complex process, if removing an option changes the
fundamental models in PRA. For phases 1 and 2 mentioned above, changes to
basic event data or operator recovery actions are easy to evaluate, while

changes to fault/event trees require more effort.

There are numerous improvements that have ocurred throughout the
nuclear industry since Three Mile Island in the form ot changing
regulations and industry initiatives. Probably the most risk significant
changes have ocurred in the areas of operating procedures- and operating
training. All the plants have, to some extent, incorporated symptom based
emergency operating procedures in stead of event based procedures. Since

events are defined in terms of symptoms, changes to symptoms are less
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important than the flexibility in operator responses now possible because
an event no longer needs to be precisely defined. Besides, the operator
have been trained more rigorously in the use of these procedures. These
changes have been enhanced by the development of improved Safety Parameter
Display Systems that help to reduce the confusion that was present during
the TMI accident. Overall, these changes have resulted in PRA predictions
of significantly lower human error probabilities. Additionaly, due to
improved training and procedures for operators, PRA now ccnsiders
additional operator recovery actions. The use of alternative injection
systems and other actions are now explicitly included in many emergency

procedures.

One of the back-up systems identified as an alternative injection
system is the Control Rod Drive system which can be used as a long term
core cooling system in sequences involving loss of containment heat removal

or station blackout sequences.

Description of CRD System.

The purpose of CRD is to provide the hydraulic force to insert,
withdraw and rapidly insert (SCRAM) control rods in response to signals
from the Reactor Manual Control System and Reactor Protection System [(4,5].
This is accomplished by pumping demineralized water from the Condensate
system at the necessary pressure to the CRD mechanisms via the Hydraulic
Control Units (HCUs). Valving in the HCU directs the high pressure fluid to
reposition any control rod to a desired location. However, the CRD system
is modeled as a back-up source of high pressure injection and its
utilization 1is 1included 1in the emergency procedures for Laguna Verde
Muclear Power Plant. The CRD pumps take suction from the Condensate system
through a manual isolation valve. An alternative supply from the Condensate
Storage Tank (CST) is also directed to the combined suction header through
a check valve. A simplified schematic of the CRD system is provided by
figure 1. Flow enters the CRD hydraulic system at the pump suction filter.
Flow from the suction filter enter the CRD pumps through a combined suction
line. One of the 100% capacity, centrifugal, 10 stage CRD pumps is normally
in operation to supply the required flow at the required pressure. When the
system is started or after a SCRAM, the maximum nominal flow from the pump

is 200 gpm at a nominal pump discharge pressure of 1160 psig. Each pump is




provided with a minimum flow line which recirculates 20 gpm back to the
CST. This minimum line prevents the pump flow from decreasing to where the

pump would overheat and possibly be damaged.

Two discharge paths are provided for the CRD pumps. The first
path is through the Hydraulic Control Units (HCUs) cooling header. Flow is
controlled by one of two air operated control valves. When containment
instrument air is lost, the control valves fail closed, thus blocking this
path. The second path is through the HCU charging headers. This path is
upstream of control valves and fails open on loss of air. However, with
both CRD pumps running and the reactor at nominal pressure, the second
discharge path restricts flow, by means of an orifice, to approximately 200
gpm. This flow rate is assumed insufficient for core cooling in the early
stage of the accident and thus no credit is taken for this discharged path
in the enhanced operation mode of the CRD system. However, when cooclant
makeup has been provided for a period of time and then lost, the CRD
success criteria require only one CRD pump running and one of the two

discharge paths available.

CRD pumps are powered from 4160 volts buses 1A and 1C. Upon total
loss of offsite power the CRD pumps stop and will not automatically restart
when the emergency diesel generators are loaded. A simplified CRD
dependency diagram is provided by figure 2. The maJjor dependencies are
indicated by =solid diamonds. The CRD pumps receive no automatic initiation
signal. Instrument air is required for the operation of flow control
valves. The CRD pumps are cooled by the Nuclear Closed Cooling Water

system.
Accident Sequences.

PRAs for BWRs have Iindicated that accidents initiated by
transients rather than loss-of-coolant accidents (LOCAs) dominated the
total core damaged frequency (CDF) estimates. However, there appeared to be
no consistent pattern of relative ranking of transient sequences among the
PRAs reported. It is also lmportant to observe that for a given accident
sequence, contribu£ors to differences in quantitative results between the
PRAs included subjective modeling assumptions, plant differences as well as

data differences.




In the Reactor Safety Study (RSS) ([6], which used the Peach
Bottom Plant, and the Interim Reliability Evaluation Program Study (IREP)
{7], which used the Browns Ferry Plant, loss of containment heat removal
sequences {(TW) were found to be important contributors to core melt. The
more recent Accident Sequences Evaluation Program (ASEP)} [8] have reduced
the CDF, attributable to these sequences, based on operating procedures
that now include venting and alternative injection. For Browns Ferry IREP,
accident sequences with failure of high pressure injection system were
important contributors to CDF. Most of these contributors were because of

high failure rate for the Automatic Depressurization System (ADS).

In accident sequences initiated by transients in which a
subsequent loss of containment heat removal occurred, the safety systenms
that were providing coolant makeup to the reactor would fail as a result of
harsh enviroment conditions generated at the primary containment.
Simplified sequences, involving loss of containment heat removal, for
Laguna Verde Nuclear Power Plant are presented in figure 3. These sequences
are initiated by a transient that demands the operation of the Reactor
Protection System to achieve subcriticality. After the reactor is shutdown
the overpressure protection function should be accomplished through the
Safety/Relief valves (SRV's) opening and reclosing. The next safety
function that should be fulfil is the emergency core cooling. There are two
safety systems at Laguna Verde that can provide high pressure injection.
The High Pressure Core Spray system (HPCS) and the Reactor Core Isolation
Ccoling system (RCIC). The suction of these two systems is from the
Condensate Storage Tank (CST) or the suppression pool. In tha early stage
of the accident, the suction is automatically or manually switched to the
suppression pool in order to establish a closed cooling loop during the
progression of the accident. The switching back of the suction to the CST
is not included in the emergency procedures. The HPCS motor driven pump and
RCIC turbine driven pump components could lose their integrity and fail if
very high temperature water is circulated through the pumps. This situation
is only possible iIf the pool temperature is increasing, and this condition
is met when containment heat removal is lost, which occurs during station
blackout sequences or sequences in which random failures of containment
heat removal systems occurs. In thls sequences, in which the high pressure
systems fail and the low pressure systems would also fail by the same

reason, the operator could realign the CRD suction but now from the CST in




|

order to prolong the core cooling function and prevent core damage, thus

reducing the probability and consequences of severe accidents.

In order to assess if the CRD system has the capability to
mantain the reactor water level, a personal computer transient analysis
code PCTRANB [9] was used to carry out a thermohydraulic simulation. The
simulation started with the closure of Main Steam Isolation Valves. The
reactor water level was mantained solely by RCIC system with the operator
controlling reactor vessel water level between S00" and 540" as shown in
figure 4. The scenario proceeded in this manner until the suppression pool
heat capacity limit was reached at 45628 sec. (12.67 hrs). At that point
the reactor vessel was manually depressurized to a range of 200 psig as
indicated in figure 5. The RCIC system pump continued to inject until the
suppression nool reached 250 °F at 103092 sec (28.63 hrs). The operator
started a single CRD pump, and controlled the reactor vessel water level
between S50" and S00". As shown in figure 4, the CRD pump was able to
mantain the collapsed water level even in the case that the SRV's were

forced to close by high containment atmosphere pressure.



3.- RESULTS AND CONCLUSIONS.

The purpose of risk management programs is to reduce the public
health risk and provide additional capability for reducing the probability
and consequences of severe accidents. This work presented a general
approach for using PRA-type analysis to evaluate current risk management
practices in order to prevent core damage. This advanced PRA technology
allows the in depth, integrated treatment of all phases of a severe

accident, although this was not attempted in this work.

Even though, the Internal Events Analysis for Laguna Verde
Nuclear Power Plant 1is not concluded yet, we <can anticipate the
effectiveness of current risk practices. These risk management options
involve the wuse of alternative injection systems 1like CRD, Firewater
system, Nuclear Service Water/LPCI crosstie, as well as the posible venting

of the primary containment in some accident sequences.

The results of the thermohydraulic simulation presented in figure
4 and 5 show that the CRD is capable to mantain the reactor water level and
provide long term cooling if some other injection system has been operating
successfully for 6 or more hours following an initiator. We conclude that
the utilization of these kind of back-up systems as an alternative way of
makeup coolant to the reactor could provide the operator with 10 or more
hours in order to recover some containment heat removal system and thereby

reduce the probability and consequences of severe accidents.
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ABSTRACT

The Chernobyl accident has led to a general review of nuclear energy
in the Netherlands including the safety of the nuclear power
stations.

The report "Beratungsstudie zu Accident Management Massnahmen fi{ir die
KKW Borssele und Dodewaard" prepared by GRS has provided the basis of
the Netherlands position on mitigation measures.

Two recommendations from the GRS report will be discussed in this
paper: Filtered venting and hydrogen management for the Borssele
nuclear power-station.

The Dutch Government requires assurance that, by means of both pre-
ventative and mitigating measures, the probability for a release
should be small and that in case of a severe accident, discharges to
the environment should be kept to a minimum. Such discharges should
if possible be kept so low that:

a. no short term external emergency actions are required, and

b. no large scale contamination of land and surface waters occurs.

Hydrogen

Bearing in mind the results of the LOFT-FP and CORA experiments and
the evaluation of TMI, the concern is that during core melt accidents
the volume ratios of hydrogen, air and steam in localised areas of
the Borssele Nuclear Power Station are such that explosions are
possible, and counter measures should be taken. One of these is the
deliberate burning of hydrogen, although it should be verified that
deflagration loads are within acceptable limits and, in addition,
that a deflagration never proceeds into a detonation.

Therefore, a number of other options are studied, including addition
of CO2 into the containment atmosphere, both pre- and post-accident.

Filtered venting is required to protect the containment against
over-pressure.

From an evaluation of possible sequences it can not be excluded that
such venting may be required when a considerable amount of airborne
fission products is present in the containment, so that effective

filters are necessary. In addition, possible leakages from the con-



tainment beyond technical specification limits may make it

preferable to reduce the pressure in the containment already at an
earlier stage. This may also be necessary if melt through of the
foundation is at all possible. As the release of iodine is relevant
for early external measures, filtering of elementary as well as orga-
nic iodine is desirable.

The issue of containment pressure relief is coupled with the hydrogen
panagement, if controlled combustion or inertisation techniques are
used.

The option of_COZ—addition will influence the performance of scrubber
type filters, in particular for iodine. Venting during the

blowdown phase of the accident is also considered.
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1. INTRODUCTION

The Chernobyl accident has led to a Nuclear Energy review project
[1]. One of the subjects of the project was the safety of the two
Nuclear Power Plants (NPP)} in operation in the Netherlands. For
Borssele NPP (480 MwWe, KWU-type) the German Gesellschaft fiir Reak-
torsicherheit (GRS) carried out a study on the behaviour of the con-
tainment system in case of a serious accident [2]. Among others GRS
advised mitigating measures for hydrogen management and filtered
venting. By the end of 1988 the Dutch Regulatory body issued a
letter [3] that most of the GRS-recommendations, in particular
hydrogen management and filtered venting, should be implemented in

the future.

In the first instance the utility itself is responsible for accident
management. The Government has requested ECN and Professor Karwat
from the Technical University Minchen to advise how to judge the pro-

posals of the Borssele staff. This advice has been reported in [U]

and [5].

2. GOVERNMENTAL POSITION

In the letter in which the Dutch Nuclear Inspectorate announced the
governmental positions, an overall requirement was made which
stated that:
In the case of a severe accident, discharges to the environment shall
be limited. If discharges to the environment are unavoidable, they
shall be kept so low that:
a. no short term external emergency actions are required;
b. no large scale contamination of land and surface waters

will occur,
For general accessible areas the formulated Dutch risk management
policy [6] defines an acceptable level of individual risk as
107 /year for a single source and of 10-5/year for all sources
(man-made sources of radiation). With a risk factor of z.5 ¥ per sie-
vert (death rate) this corresponds to doses of 0.04 mSv/year and 0.4
mSv/year, respectively.

However, these values correspond with "suitable for normal living" in
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general accessible areas but are not applicable to post-accident
conditions. For the time being, and in the framework of assessing the
filter performance for the Borssele NPP a reference value of 0.4
mSv/year will be used for the definition of "suitable for general

public access" in the context of large scale land contamination.

3. THE USE OF COMPUTER CODES

In order to develop accident management procedures for a severe acci-
dent it is important to analyze possible process sequences. For this
purpose computer codes are useful tools.

The first objective for accident management is to prevent core
damage. A number of computer codes such as RELAP, TRAC and CONTAIN in
the US, DRUFAN and RALOC in Germany and CATHARE in France have

been developed. These codes have been evaluated on a large number of
experimental results. Frequently these assessments have been perfor-
med in an international co-operation, bilaterally or in the framework
of CSNI and other international organisations. The present status is
that a well trained analyst familiar with the limitations of the co-

des is capable of deriving reasonable results.

If an accident progresses into core melting, accident management
should be focussed on preventing damage to the containment and limi-
tation of releases if they can not be prevented. The processes taking
place during this phase of the accident are very complex and diffi-
cult to model. As long as the core configuration is maintained the
codes may give some guide as to how the accident proceeds, but if the
core disintegrates the codes become inadequate. In addition, small
variations in operator handling may have dramatic consequences for
the ongoing accident sequence. Therefore one can not rely on the re-
sults of calculations for accident management.

Experimental research on core disintegration, Molten Corium Concrete
Interaction (MCCI), hydrogen behaviour, direct heating, structural
analyses etc. has been performed and important and sometimes unexpec-
ted results have been obtained. This research has led to some under-
standing of the processes taking place. The computer codes play an
important role in the process of learning, but they are not adequate

ror the prediction of a process sequence.
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Accident management under core melt conditions should be based on
understanding. Sensitivity studies performed by computer codes play
an important role in this process. In order to develop the process
specifications for mitigating measures, an envelope should be

determined which covers most of the possible conditions.

4. HYDROGEN MANAGEMENT

The German Risk study [7] and the GRS report [2] indicate that in-
correct handling of hydrogen might endanger the containment. For
hydrogen management it is important to know the total quantity, the
mechanism of generation, and the release pattern in the
containment. In addition the process of hydrogen burning, deflagra-

tion and detonation should be understocod.

4.1. Generation of hydrogen

Accident management under conditions of core disintegration must be
based on knowledge obtained by analyzing the results of experiments
and postulations of events which could occur in a reactor and in

the containment. This requieres support by sensitivity studies on
reactor conditions. In the ECN report [4] several scenarios have
been analyzed.

The source of hydrogen is the in-vessel oxidation of zirconium and
construction steel and the ex-vessel production due to oxidation of
the remaining zirconium and the iron bars in the concrete., It is im-
portant to have knowledge of the total amount of hydrogen produced
and the rate of production. Highly localised concentrations should be

avoided.

If the core melts under low pressure the limited amount of steam in
the vessel limits the production of hydrogen. Under high pressure
conditions the amount of hydrogen produced will be considerable,
especially when a natural circulation flow develops in the primary
system., In addition if corium, with a high metal concentration, drops
in a pool of water, the hot core material will be quenched by the

water and excessive hydrogen production will result.
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Metal not oxidized in-vessel will be oxidized during the core con-
crete interaction. For Borssele it can be expected that if a consi-
derable quantity of corium is dropped in the cavity, the interaction
can not be stopped. Apart from the metal components in the corium
the iron bars in the concrete will also contribute to the production
of hydrogen.

In connection with accident management the timing of the hydrogen
production is very important. This timing depends on the accident
sequence. Minor changes in operator actions will have a considerable
influence on these rates. It is very difficult to model the hydrogen

production under conditions in which the core starts to degrade.

In current computer codes, some important processes are not modelled

which raises doubts on the reliability of the calculations.

A severe sequence in which significant quantities of hydrogen are
released is described in the ECN filter report [4]. The core melts
| under a high or moderate pressure (2-6 MPa) and a natural circulation
1 develops in the primary system. During this period, a considerable
amount of hydrogen is produced which is partially transported to the
containment. The primary system will also be heated. If under such a
condition a high pressure pump starts or a discharge of an accumula-
tor occurs, a considerable amount of water will be quenched onto a
very hot core. As the LOFT-FP-2 [8], the CORA-experiments [9] and the
TMI-sequence indicate [10], this will result in severe oxidation in
the core, and the pressure in the system will rise. Due to the in-
crease in pressure the heated surge line or another section of the
primary system may fail, which results in a cloud of a hydrogen en-
riched medium being blown into the containment.
It should be noted that accident management should be designed to
avoid such a sequence, but because such a severe case can not be

excluded, further consideration is necessary.

4.2. Hydrogen in the containment

For the Borssele NPP a 100% oxidation of zircalloy inventory gives a
hydrogen production of about 440 kg. When completely mixed this
amounts to 12 volume % under atmospheric conditions in the Borssele

containment. In the high pressure scenario described above with ad-




/

v

d
)
/

C”,']
Jey

8

ditional failure of the primary system, hydrogen is transported to
the containment along two pathways, a low continuous rate via the
safety relief valve and the cloud of hydrogen enriched medium via the
leak path due to failure of the primary system. This means that in
some compartments high concentrations of hydrogen can be expected.

In a report prepared by Professor Karwat on behalf of the Dutch Nu-
clear Inspectorate [5] the issue of deflagration leading to detona-
tion is addressed. Deliberate burning of hydrogen might be
considered, however it should be verified that deflagration loads are
within acceptable limits and that deflagration will not lead to
detonation. Thus a number of other options are studied, including
addition of CO2 into the containment atmosphere, both pre- and
post-accident. In order to investigate -the influence of the dilution
of the atmosphere with CO2 a number of experiments are planned by the

Dutch organisation TNO.

5. FILTERED VENTING

In the GRS report [2] it is recommended to protect the containment
against over-pressure. The government has therefore required the in-
stallation of a containment pressure relief system with filter.
The pressure relief station plays an important role in accident mana-
gement procedures and is coupled with the hydrogen management
strategy.
In the German risk study phase B [7] a scenario is described in which
depressurisation becomes necessary after a few days. In this case
a considerable amount of fission products will have been depleted by
natural processes from the containment atmosphere.
As the Borssele reactor is of the KWU type it can be expected that
the accident sequence as described in [7] will be similar for the
Borssele NPP. However additional scenarios can be postulated in which
the time span between the onset of core melting and the activation of
the pressure relief system will be shorter.
These scenarios are:
a. For a considerable time the core can be cooled, but the decay
heat is stored in the containment. At this time the pressure in
the containment has reached a high value, core cooling stops, and

the core starts melting.
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The effect of pressure peaks might be underestimated in [7] so

that there is a need for an earlier depressurisation.

Possible leakages of the containment beyond technical specifica-
tion limits may make it preferable to reduce the pressure

in the containment at an earlier stage. This may also be
necessary if melt through of the foundation is anticipated.

If for the purpose of hydrogen management a strategy of
post-accident inertisation is followed, then earlier pressure re-
lief may become necessary. A strategy with venting during the
blowdown phase of an accident combined with supply of CO2 may be

also chosen.

The following comments are pertinent to the behaviour of fission

products:

a. Iodine behaviour
Consideration should be given to elementary and organic iodine.
The df for elementary iodine for a scrubber type filter depends on
the amount of water in the sump, the pH of the sump, the amount of
medium which passes through the filter, the amount of water in the
scrubber and the pH of the scrubber water. In addition, the solu-
ble iodine species may react in the scrubber and may form ele-
mentary iodine. Organic iodine will also be present.

For this purpose a molecular sieve filter may be considered.

b. MCCI
Because of the small reactor cavity in the Borssele NPP the amount
of corium which falls in the cavity may form a layer of 60 cm
with a heat load of approximately 1 MW/mZ. The construction of the
cavity is different from most German reactors such that sump floo-
ding becomes improbable. It can therefore be expected that the
amount of fission products released during MCCI will be larger
than in most other reactor applications.

c. Revaporisation

An additional concern is the revaporisation from the primary
system. Hot vapours will enter the containment and may form

fine aerosols.

The option of early venting combined with post-accident supply of CO2
may have the psychological difficulty that it is against the present
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the filter. The consequences are:
a. Containment pressure relief will be activated during the blow-

fission products are present in the containment.

If the spray system or other cooling systems can not be

system will be limited. The supply of CO

philosophy of a leak-tight containment. There will be venting in ca-
ses where, in a later stage, the accident could be kepu under
control, so that venting is unnecessary. However these procedures may
prevent larger releases at a later stage. If this strategy is chosen

this will influence the use and therefore design specification for

down phase of an accident, at which time very minor quantities of
airborne fission products are present in the containment.

Because the inertisation strategy solves the hydrogen problem,
the containment spray system can be activated to cool the con-
tainment atmosphere and to wash out aerosols. This procedure

avoids depressurisation in the period during which airborne

activated, a second depressurisation will become necessary. Be-
cause early venting releases a considerable amount of energy, it
can be expected that the amount of aerosols supplied to the filter
to the containment will
have an important influence on the iodine behaviour. In particular
a considerable amount of organic iodine can be expected. A frac-
tion of 1% or more can not be excluded. This means that if a mole-
cular sieve filter is installed at the Borssele NPP a heat loading

of approximately 20 kW for the molecular sieve filter can be

A filter system which is intended to be used under accident condi-
tions should be as flexible as possible. This means that the filter

system should withstand the heat produced by a considerable amount of

fission products. On the other hand the filter should be as passive
as possible. The question of positioning the filter inside or outside

the containment is still under dicussion. A large amount cof fission

products may require active control. These requirements are all
conflicting. The task of the Borssele staff is to formulate proposals

which will be assessed against the criteria described in this paper.




6.

CONCLUSIONS

During accident conditions it can not be excluded that the hydro-
gen concentration may reach unacceptable values. Therefore an acci-~

dent management strategy should be developed.

Several options are under study. One of these is the deliberate
burning of hydrogen, although it should be verified that deflagra-
tion loads are within acceptable limits and, in addition, that a

deflagration never proceeds into a detonation.

Other options are also studied, including addition of COZ into

the containment atmosphere, both pre- and post-accident.

Filtered venting is required to protect the containment against

over-pressure.

The design specification of the filter depends on the strategy

chosen for hydrogen management.

The iodine behaviour may require an additional molecular sieve

filter.



/

|

/

#

N

i)

f

it

Ly

REFERENCES

(1]

(2]

(3]

(6]

(7]

(8]

9]

(10]

Summary of the Nuclear energy review project, SPH-01-00, May
1988, issued by D.0.P., Postbox 20014, 's-Gravenhage.

E. Kersting e.a., Beratungsstudie zu Accident Management Mass-
nahmen fir die KKW Borssele und Dodewaard, GRS, SPH-03-09,
issued on March 1988 by D.0.P., Postbox 20014, 's-Gravenhage.
Letter from Ministry of Social Affairs and Employment, Nuclear
Inspectorate to Board of Directors of N.V. Provinciale Zeeuwse
Energie Maatschappij, dated December 21, 1988.

J.E.Speelman e.a., Afblaasvoorziening met filter voor kern-
centrale Borssele, ECN-C--90-049, August 1990, Petten.

H. Karwat, Hydrogen Mitigation in the Borssele Nuclear Power
station, an interim report, June 1990, Technische Universitédt
Miinchen.

Premises for risk maragement, risk limits in the context of
environmental policy, Directorate General for Environmental Pro-
tection at the Ministry of Housing, Physical Planning and
Environment, Second Chamber of the States General, session
1988-1989, 21 137, no. 5.

GRS, Deutsche Risiko Studie Kernkraftwerke Phase B,

GRSA-1600, Cologne FRG, June 1989.

OECD LOFT PROJECT, An Account of the OECD Loft Project, OECD
LOFT-T-3907 May 1990.

S. Hagen e.a., CORA: Results of Test 7, 9, 15, 17, GFK
Karlsruhe, Presented at the meeting of Severe Accident Research
Program, Partners Review Meeting, Brookhaven National
Laboratory, April 30- May 3, 1990. 21 November 1990.

J.M. Broughton e.a., A scenario of the Three Mile Island Unit

2 Accident, EG&G Idaho, Nuclear Technology August 1989.

>



INTERNATIONAL ATOMIC ENERGY AGENCY

Technicsl Committee Meeting on

Plant System Utilization
or Accidert Mitigation
Garching, Federal Republic of Germany
23-30 November 1990
Ref.: J7-TC-744

PREPAREDNESS OF THE NUCLEAR CENTRE SWIERK AND ITS NUCLEAR
FACILITIES FOR EMERGENCIES

by

Jerzy KOZIEL
Institute of Atomic Energy
Swierk, 05-400 Otwock, Poland

November 1990




1. INTROODUCTION

The Nuclear Centre Swierk includes the Institute of
Atomic Energy, the Institute of Nuclear Stucdies, Izctiope
Centre and also a rnumber of enterprises assaciatec with
the institutions.

In the Nuclear Centre Swierk, there are more than three
thousand persons employed.

Cnly the Institute of Atomic Energy owns two research, hign
flux reactors, named €WA and MARIA and s zero power reactcr
named AGATA, as well as two spent fuel storages.

It is five nuclear facilities that are under operation at

present.

2. EMERGENCY STRUCTURE

It is evident that the Nuclear Centre Swierk is ready to
undertake the indispensable measures to protect the persons
an-site as-well as the public off-site, in case of radio-
logical emergencies.

There 1s an organization for emergencies shown in Fig.!l.

It covers several lavels of activity:

- reactor operators with the shift manager and the facility
emergency team,

- site emergency director with the emergency dispatcher staf?f,

- specialized, on-site emergency interventian teams,

- advisory group of experts,

- off-site notification and intervention organization for
gmergency, agreed with the local and national administrstive

authorities.
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For each of the levels there are emergency plans. where

the duties of individuals have been determined. There is

a cgorgination plan to unify the activities aon the lesvels.
There is a special system of communication as well 3s a noti-
fication procedure.

Particular attention is paid to the notificaticn of the
Polish Regulatory Body Notification Station, having the
liason with the International Atomic Energy Agency.

In the Centre Swierk there is an Emergency Control Centire
where the Emergency dispatcher turns of duty. He has at nis
disposal communictation and record means, gperating with
redundancy, as well as a transport.

Having the emergency equipment kits, the dispatcher can
take prompt action to mitigate the consequences 0f & radio-
active release. He can activate abgcut thirty persons being
on duty at the time out. He can also get immediatly, aily
indispensable aid.

Using calculation methods, a number of accidents and
incidents, not toc be excluged, on the nuclear facilities at
Swierk, were taken into account and their consequences have
been examinated.

Namely, we have taken under consideration five different
cases. from a single fuel element failure up to a whole
core meeting, for bcth the research, high flux reactors.

The consequences for in-site and for off-site were
investigated, for three meteorological categcries A, D anc F.
An exemplary graph 1is shoﬁn in Fig.2.

Taking into acccunt the meteorological facters. the
emergency planning has been carried out, with regarc ts the

foullowing intervention levels and protective measures:




- projectead goses for evacuatiaon

-2 gy (5 Rem; - for whole bodyv exposure

5 10
6.3 Sv (30 Rem) - for single argan or tissue

0.5 Sv (50 Rem) - for skin

- projected doses for warning toc stay in house and close
doors and windows or to sheltering

5.107°

Sv (0.5 Rem) - for whole body exposure
-2
5. 10 © Sv (5 Rem) - for single organ or tissue

5. 1072 Sv (5 Rem) - for skin

- prcjected dose for racioprotective praophylaxis, mainly

intake of the stable iodine:
-2
5. 107° Sv (5 Rem) =~ for adult thyroid

I1f the mentioned doses are projected, the protective measures
should be taken 1nto account., Sut not obligatorily, however.
If the projected doses are 10 times higher than the men-
tioned above, the potective measures should be certainly
undertaken.

In order to ve sure that the emergency plans can be efecti-
vely implemented, when needed, drills and trainings the
emergency respons personel and support teams, are conductea.
Exercises based on a realistic simulation of a forseen emer-
gency condition, on the reactors, are carried out cnce

a year. The whole shortly presented emergency preparedness
structure is sistematicly developed and modernized.

As the nuclear safety conditions of the nuclear facilitias,
the emergency operaticnal readiness is the subject of regular

inspection of the Nationsl Regulatorv Body.




3. FACILITY SYSTEMS FOR ACCIDENT MITIGAION

Both the Polish research reactors EWA and MARIX /1/, /2/,
/3/ are water moderated and cocled.

It 1is clear, that a deprivation of the core of water is
the most serious accident that could occur.
To prevent the reactor core against overheating and melting,
the passively operating, emergency core ccoling systems
/ECCS/ have been applied.

The ECCS’'s have been designed using the reactor operational

systems.
The EWA reactor ECCS consists of sprinklers of ihe core and

a water supply system, shown in Fig.3.

As the first water source, the four reserve tanks of demine-
ralized water have been applied. There is about 35m3 of
water which praovides 2 to 4 hours %o sprinkle.

After exhausting the reserve, the fire plug is turmed-on and
the water-pipe network supplies the ECCS, by the reserve

tanks. If, at the emergency loss of coolant of the reactor, the

water-pipe network is unserviceable, an emergency battery suppiied

pumping system is activated and the secondary coding water from
the cooling tower pools (599 m3) supplies the sprinklers for
about 10 hours. If the last source of water is insufficient,
the emergency recirculation pumping system can be put into
service and the flowing-out water is turned back to the reactor
tank. The minimal duration of the emergency water cooling of the
reactor core 1is about 5 hours.

After that, the core can be coolud by the air flow forced by

the ventilation system.
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It 1s after tye regular reactor aoperat:on period ci .00 nours.
The MARIA reactor ECCS, shown in Fig.4, consists of twc special,
self-opening valves, laocated on the suction pipe of the pri-
mary coding system, inmersed under the reactor pool water.

The flowing-out, to the indergrounrd tank, water 1s turnec
back to the reactor pool by means of an emergency, batter:
supplied, recirculation pumping system. There are two 1ndes-
pendent pumps.

The fuel subassemblies of the reactor, to avoid its owver-
heating and meeting., must be kept in water for a very long
time of about 20 months.

In case of the loss of coolant of the primary circuit,
the operation of removing the channels, with water and con-
taining the fuel subassamblies, fo the spent fuel storage tank,
is provideo.The operation is permissible after a pericd aof
some hours.

It is clearly sean, that the systems contained in the reactors
protect the nuclear fuel against a thermal destruction, then

protect the environement against the fission product release.

REFERENCES:

/1/ Aleksandrowicz 1., Szulc P. "Tie First Nuclear Reactor
in Poland" Nukleonika, 3 (1958)

/2/ Byszewski W. etal. "Polish Test Reactor MARIA" Nukleonika,
vol.21, No 11-12 (1976)

/3/ Koziet J. "Research Reactor Contribution in National
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IAEA TECDOC-409 (1987).
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X [m]

tffective dose equivalent in case of a single EOL fuel subassembly
failure of MARIA reactor, at D meteo category.

1- wncle body exposure from plume

2- skine exposure from plume

3- aoult thyroid exposure

/ W.lLipiec, K.Nowicki, Internal Rep. I.A.E - Swierk,1986/
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1. Iintroduction

Reactors VVER-440 of Vv-213 type, operated and being built in several
countries, are provided with all essential safety systems reguired to limit
the consequences of various accidents including LOCA to the level accept-
able under contemporary safety rules. Nevertheless, the public in most
countries is not satisfied with this and reminds reactor specialists about
severe accidents which did happen in the past, although they were con-
sidered to be beyond design basis accidents. Although the results of
Chernoby! accident were so much different from the radiological hazards
after TMI accident, in both cases the core was destroyed and the NPP
was lost due to human errors. It is therfore our obligation to foresee
possible beyond design basis accidents and to provide evaluations of their
effects. And what is more to determine those measures, which can be
adopted either in the design of the plant or during the accident as opera-
tors' actions and to make the reactor staff aware of their effects.

The recent studies of reactor safety show, that the correct actions of op-
erators can substantially reduce the likelihood of core melt and fission
product release. It is trye, that the complexity of a modern nuclear power
plant is such, that one can not expect the opertor to take any action im-
mediately. Accordingly, the protection systems in our NPPs are operated
autornatically, without requiring any intervention of the operator for a
considerable time, usually half an hour. And in the case of accidents re-
maining within DBA Iimits this automatic operation of safety systems is
quite sufficient to bring the reactor into safe condition. However, should
the failures mulitiply and occur in all safety systems, an intervention of
the operator will be necessary. ft is worth pointing out, that after a pe-
riod of distrust to operators after TMI accident, we have returned to the
belief, that under severe accident conditions it is the operator who may

signifcantly help to minimize the danger.

This conviction is well grounded on excellent perfomance under high
stress of many operators in various NPPs. But of course the operator
should know beforhand what can happen in his plant and what would be
the symptoms. If he is not given correct information, he may make

mistakes, like was the case in TM! accident. Thus, the analysis of possibie
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severe accidents in VVER-440 reactors will be valuabie in two respects:

first, ist will help the designers to implement new features into the plant,
secondly - it will help the operator to avoild mistakes and to choose prop-
er course in mitigating the effects of severl accidents.

In the text below we shall discuss the most important features distin-
guishing VVER-440 type V-213 reactors from PWRs built in Western coun-

tries and reguiring special approach in accident mitigation.




2. Hydrogen threat in bubbler-condenser containment

The VVER-440 reactors of type V-213 are provided with a
bubbler-condenser containment, with the exgeption of Loviisa NPP, in
which ice condenser  containment is used. The principie of
bubbier-condenser operation is very attractive from the safety standpoint.
It provides a large amount of cold water (about 1400 tons) within the
containment, which can be used effectively as a heat sink in some acci-
dent sequences. |n comparison with BWR water condenser pools, the ar-
rangement utilized in VVERs has an additional advantage. it acts nat oniy
to retain fission products and condense steam passing through water
shelves, but it has also a potential for self-actuating spraying of the
space inside the bubbler condenser tower. This spraying action is fully
passive, provoked only by pressure difference above and under the water
shelf, the difference, which will appear in any accident sequence as soon
as the rate of steam condensation on the walls of containment becomes
higher than the rate of steam release from the reactor cooling system
(RCS). This spraying reduces effectively overpressure in the contain-
ment, thus reducing releases of fission products to the environment.

Under most circumstances, the pressure reduction is so large, that the
absolute pressure in the reactor compartments fails down below atmo-
spheric. And no wonder, since a largepart of air, initally filling up the
compartments, is pressed out in the initial phase of the accident across
watershelves and through chegck valves into so called "air traps", from
which it can not return (Fig. 1). Upon steam condensation, the pressure

must fall and can be kept below atmospheric for many hours.

The anaiyses of wvarious failures in the bubbler condenser system have
shown that single failures, like a check wvalve which fails to close or a
door to the air trap left inadvertantly open do not singnificantly influence
the overall response of the system. There is however a danger, which
can destroy the elaborate structure of the bubbler condenser and even
breach the containment outer wails. This danger is the deflagration of

hydrogen.




The designers of VVER-440 reactors in Zarnowiec NPP in Poland similariy
as in the previously built plants assumed, that after LOCA the ECCs will
act as required and the amount of the cladding reacting with water steam
will not exceed 1 % of overalli 2r mass in the fuel. This assumption was in
direct contradiction to another assumption, normally that the radiological
hazards must remain below allowed limits even if 10 % of the core meits
during the accident. Evidently, partial core meiting would provoke exten-
sive reaction of Zr with water steam and the amount of hydrogen pro-
duced in this way wou!d greatly exceed that due to 1 % of Zr oxidation.
Since we do not reject the possibility of fission product release due to
partial core melt, we feel that the hydrogen production should be alsc

calculated accordingly.

in order to learn the possible dangers to containment cue to hydrogen
burning under severe accident conditions, four sequences have been ana-
lyzed 1], namely:

- SZB - the accident initiated by a rupture of a 25 mm [.D. pipe of
make-up water system in a position close to the main RCS piping, with
the simuitaneous loss of AC electrical power, both off-site and on-site.

- SZD - the accident initiated by a rupture of a 25 mm ID pipe of
make-up water system in a position close to the main RCS piping, with
the simultaneous failure of active ECCs (high head injection system and

low pressure injection system).

- AB' - the accident initiated by a rupture of the coid leg of the RCS,
with accompaning loss of AC power both off-site and on-site during 2

hours.

- TMLB - the accident due to long-time loss of AC power, both off-site

and on-site.
It may be mentioned, that in the case of Zarnowiec NPP which is directly

connected with a pumped storage water power plant the probability of to-

tal blackout lasting a long time is extremely small.
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The calculations were performed with the source term code package
(STCP) adapted to VVER-240 type V-213 reactors under an IAEA project.

The process of core meiting was described by means of model A, i.e.

melting downwards. It was assumed that after 0.05 of the core is molten
the corium starts to flow down to the support plate and after 75 %
meL‘ting of the core the whole core siumps down on the support plate.

The melting temperature was assumed equal to 2250° c.

The rate of reaction of Zr with water steam was assumed to be limited by
two processes, namely gas diffusion in the boundary layer to the cladding
and oxygen diffusion in the solid body i.e. in the cladding. The reaction
is assumed to occur in all layers in which there is some unoxidized Zr.
Similarly, hydrogen production due to steel-steam reaction was taken into
account. After corium slump to the lower plenum the heat exchange be-
tween corium and water is described by Lipinski equation assuming that
corium does not constitute a large uniform mass but rater is divided into
many spheres of the 0.D. eqgqual to the 0.D. of fuel rods. The bottom
cover of the reactor pressure vessel (RPV) is assumed to fail when the

stresses exceed maximum allowable stresses equal to 5000 kg/cmz.

The compartments inside the containment are divided into 3 areas:

V1 - enciosing steam generators, pumps, reactor shaft, corridors, and

the shaft in the bubbler condenser tower, altogether V‘l = 23740 m3

V2 - space above water shelves, V2 = 8000 m3

V3 - volumes of air traps, V3 = 16800 m3

A leak of cross section area equal to 0.5 cm‘2 is assumed to be in the
reactor compartments (V1). The containment ultimate strength is assumed
to be 0.5 MPa, so that after exceeding this pressure the containment

would be breached with the leakage area increased up to 1 m2.

Between volumes 1 and 2 there is a water bubbler-condenser containing
1430 tons of boric acid solution. The thickness of water layer in the
shelves is 0.5 m, so that steam flow from volume 1 to volume 2 is possible
when pressure difference exceeds 0.05 bar.




The space above water shelves (voiume 2) is maoreover connected with the

shaft (volume 1) through cut-off wvalves which at small pressures (below
0.148 MPa) open, preventing the outflow of water fiow the shelves in the
case of SBLOCA. At high pressures (above 0.165 MPa) the valves close,

and the passive spraying of the shaft can occur.

it is assumed, that there are no hydrogen igniters, and seif-ignition of
hydrogen is determined according to Le Chatelier's equation, upward
flame propagation starting at nydrogen molar fraction egual to 0.041 and
self-ignition occuring at 0.08. Once initiated, the process of burning is
assumed to go on until the fractions of flammable gases fall down below

flammability limits. (see Fig. 2.

The results of the calculations can be illustrated with the curves for S,B
accident (see Fig. 3). After the small break LOCA the RCS pressure faTls
dowr to 6.55 MPa within 2.5 minutes. After 109 minutes the core gets un-
covered and the fuel temperature increases up to 1090° C. The reaction
of Zr with water steam is observed in some points, but it is insignificant
and the hydrc.gen release does not exceed 1.5 ky. After 134 min. the
RCS pressure decreases below 6 MPa, i.e. the pressure in ECCs
hydroaccumulators. Then the check valves open and passive ECCs deliv-
ers water to the core. The core becomes reflooded and cooled down, but
within 260 minutes the ECCs hydroaccumulators become empty. Then the
water level in the RPV falls down and gets below the upper core edge in
312 minutes after accident initiation. The temperature of the core increas-

es and in 347 min. the hottest nodes in the core begin to melt.

The hydrogen released due to Zr-steam reaction fiows out of the RCS and
into the containment as shown in Fig. 4. During core melting 29,6 % of Zr
in fuel cladding become oxidized. The overall amount of H2 released out
of the RCS till 372 minutes is 229 kg.

In 361 minutes the first moiten nodes fall on the support plate, then in
372 min. when 75 % of the core is molten, the remainder of the core
slumps down and in 393 min. melts the support plate. Then the corium
together with the molten plate fall down into the lower plenum filled with

water. Steam generation increases violently, the pressure increases and




the water level decreases (Fig. 3). Then the water from lower plenum

evaporates, the RPV bottom heats up and ruptures after 637 minutes.
The molten corium falls down onto the bottom of reactor shaft, reacts with
concrete and within 3000 minutes penetrates into the basement maldown to

the depth of 160 cm and horizontally to 80 cm.

The changes of pressure inside the containment induce short-time sprays
from the shelves of bubbler condenser, starting at 0.05 minutes and then
occuring 6 times from 489 till 637 minutes. The concentration of hydrogen
increases and after 777 minutes reaches 8 % in volume 2, i.e. above water
shelves. In volume 1 this concentration is reached even earlier, but no
hydrogen ignition}accurs due to a large fraction of water steam, osciliating
between 58 % and 65 %. However, there is very little steam in volume 2
(Fig. 5 and 6) and when the 8 % molar fraction of hydrcgen is reached the
self-ignition follows. Due to sudden pressure increase the water from the
shelves is pressed out and the steam in the tower shaft becomes con-
densed on falling water drops, then due to pressure decrease the steam
condenseg in the whole volume 1. When the steam fraction decreases below
48 %, the hydrogen ignites in volume 4. After 2 seconds the sheives be-
come empty and then the steam can penetrate without obstacles to voilume
2 and 3.

After burning the whole hydrogen in volume 2, the pressure in this vol-
ume decreases. In volume 1 the process of burning stops when there is
no more oxygen to keep up burning. Due to the pressure difference be-
tween volumes 1 and 2 a part of hydrogen which was not burned in vol-
ume 1 is pressed into volume 2. After 1081 minutes the hydrogen
accumulated in voiume 2 burns again and the pressure rises up to 0.5
MPa. Generally during two hydrogen burns about 384 kgs of H2 are

burned.

The release of hydrogen into volume 1 continues, but due to low oxygen
content (high proportion of non-condensible gases released in corium re-
action with concrete) no more burns occur. The curves of hydrogen accu-
muiation during 48 hours after accident are shown in Fig. 7.

in the case of 52D accident the spraying system is operational and keeps
down the amount of steam in volume 1. This helps to reduce pressure but
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also facilitates hydrogen burning. The first burn occurs at 376 min., and

rises pressure up to 0.21 MPa, the subseguent hurns occur during corium
reaction with concrete (4 times from €60 min. till 790 min.) raising the
pressure to 0.254 MPa. At the end of analyzed period, i.e. after 48
hours, the pressure is brought down by spray system to 0.155 MPa. The
reieases of fission products to the environment are much smaller than in

the case of SzB accident and the pressure peaks are smaller.

In the case of AB' accident core melting occurs much earlier, beginning
at 26.9 minutes, but the amount of oxidized Zr is similar as before, name-
ly 24.7 $ to the moment of core slump onto the support plate. The hydro-
gen molar fraction increases several times to 8 % and hydrogen burns
occur, with maximum pressure reaching 0.21 MPa. Although the active
spray system cannot work, passive spraying with water from bubbler con-
denser is sufficient to remove most steam from wvolume 1 and then the
generation of steam is small since there is no water injection to the core.
Therefore the steam fraction remains below 48 % and hydregen can burn

whenever its fraction exceeds 8 %.

in the fourth case, that of TmL5 accident, drying out of the secondary side
of steam generators occurs at 566 minutes and in 576 min. the pressure in
the RCS reaches the threshold of safety valve opening. After 912 min.
the level of water falls below the safety valve and the steam fiow begins.
The core gets uncovered in 965 min. and after 1003 min. the fuel melting
begins. Before the core slumps down onto the support ptate 24,8 % of Zr
reacts with steam. The hydrogen is released into volumes 1 and 2, but
due to high steam content in both these volumes no ignition follows. Even
further events - RPV bottom breach and core - concrete reaction do not
provoke hydrogen burning (Fig. 12). However, the operator must be
aware of the potential danger. Once the sprays are activated, the steam
will be condensed, the pressure maintained throughout the accide-+ at a
high level (Fig. 13) will fall with the corresponding increase of hydrogen
molar fraction and the mixture can reach not only deflagration but deto-

nation parameters.

The scenarios described above show, that installation of hydrogen igniters
is necessary to avoid containment destruction in several types cf sevare
accidents. The generators must be aware of potential dangers depending




cn the type of accident. In order to cover the whole spectrum of possibie

severe accidents, the igniters should be located in

- space above water shelves (deflagration in SZB sequence)

- bubbier-condenser tower shaft (ignition after passive spray initiation)

- reactor compartments (burning conditions .in the case of active spray
operation)

- auxiliary rooms of small voiume

- reactor shaft, where after RPV break=-through hydrogen may burn.

If hydrogen igniters are available and waork efficiently, then hydrogen

burning will occur at high steam contents and low hydrogen fractions, so

that in no case will the pressure in the containment raise to the maximum

design value.

3 CONTAINMENT VENTING

Containment venting possibilities have been discussed for Zarnowiec NPP
taking into account plant specific conditions, in particuiar the existence
of a neighboring pumped water storage power plant, situated at the same
lake and direCtly connected with the NPP. It has been found, that the
bubbier-condenser containment provides effects similar to venting in many
sequences, since the air is removed from reactor compartments and does
not return, thus significantly reducing the threat of Ilong-term
overpressurization. A prolonged loss of ECCS and containment spray sys-
tem is most probably due to total blackout, and this blackout can not be

very long at Zarnowiec NPP.

The increases of pressure due to hydrogen burning can be limited to the
values which do not threaten the integrity of containment by installing
hydrogen igniters as discussed above. Thus, the venting system would be
used only under very exceptional conditions. On the other head, releas-
ing a part of containment atmosphere inciuding large—part—ef——containment
atmosphere—retuding- large noble gas inventory does not seem to be a so-
lution attractive to the population. Moreover, if after pressing a part of
air into the air traps additional portion of gases is lost through venting
system, the underpressure in the containment arising after passive spray
operation may provoke logss of leak-tightness of the inner steel lining,
thus significantly increasing further Iesakage of fission products to the

atmosphere.
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In view of these considerations, the installation of wventing system in
Zarnowiec NPP has been found to involve more drawbacks than

advantages.

4 FLOODING REACTOR SHAFT CAVITY

The idea of using water from the ice condenser to flood the reactor shaft
cavity was first proposed for NPP Loviisa [2]. In a containment with the
bubbler-condenser tower similar possibilities exist, since the amount of
water is very large and this water is sprayed down under nearly all se-
vere accident conditions before the molten corium falls into the lower ple-
num. An analysis of the geometry of the reactor shaft has shown
however, that the shielding rings installed in the shaft around the RPV
make natural convection of water difficult especially under two-phase flow
conditions. The possibility of flooding the reactor shaft clearly deserves
further attention, since if effective, it couid remove the danger of RPV
meltthrough. The shielding rings could be made movable, to be installed
for reactor maintenance and removed for reactor operation,or their geome-
try could be changed to accommodate naturai convection flows. Similarly it
is possible to solve the problem of water distribution after emptying the
shelves of the bubbler condenser so that the reactor shaft cavity is
flooded and vyet sufficient water intake is assured for recirculation

system.

Unfortunately, these problems have not been pursued further due to the
decision of Polish government, stopping the construction of the NPP
Zarnowiec and all design work connected directly to it. Still we hope to
be able to continue to study this probiem at the Institute of Atomic Ener-
gy so as to be able to show that very significant reduction of severe ac-

cident risks can be thus achieved.

5 CONSIDERATIONS CONNECTED WITH POSSIBLE LARGE BREAK
OF RCS COLLECTOR IN THE STEAM GENERATION

In PWRs the range of accidents in steam generators included in design
analyses is usually limited to a break of one or two S. G. tubes, and the
break of the tube sheet wall dividing RCS from the secondary coolant is

not considered.
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in VVERs the accident invoiving the rupture of the hot collector of the

RCS due to circumferential break has been given careful consideration
and shown not to lead to radiological hazards exceeding those at Design

Basis Accident.

The configuration studied is shown in Fig. 14. In the analysis it was as~

sumed that

- all safety wvalves on the secondary side of steam generators are
available

- one of two safety valves on the damaged SG fails in open position,

- dump values blowing steam to atmosphere are available

- dump valves blowing steam to technological condenser are considered
unavailable in case A, and available in case B

- cut-off valves in RCS loops are modelled as available in case B

- other safety systems operate as designed.

The analysis was aimed at finding answers to the following questions:

- will the pressure increase on the secondary side remain within admissi-
ble limits?

- It is necessary to introduce an additiona! line to blow down the water
from the damaged S. G. in order to avoid flooding safety valves with

water?

Calculations were conducted with RELAP4/MOD6 code for 5 scenarios, the
first corresponding to a 100 mm equivalent diameter break in an existing
configuration, the other scenarios including various accident mitigation

features.

For the basic case the pressure in the space between the hot RCS collec-
tor and the SG cover reaches 11.87 MPa after break, then falls down
{(Fig. 15). The peak pressure value does not exceed the strength of SG
standpipe, although it comes dangerously close to it. The steam dump
station to atmosphere is opened after 9.7 s at the pressure of 5.3 MPa,
and safety valves open at 5.68 MPa after 19 s. The maximum pressure in
steam line is 5.69 MPa, and after opening safety valves it begins to fall.
The core is covered with water throughout the accident and the fuel is

not damaged.
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The seccndary side of the SG becomes filled up with water after 78 s. If

credit is taken for operation of RCS cut-c¢ff valves, then the damaged
S. G. gets separated from the core within 110 s and water does not flood
safety valves (Fig 16). Within time period from 135 s till 350 s the safety

valve releases steam-water mixture, then the steam flow is restored.

If the credit for cut-off valves in the RCs is not taken, then the installa-
tion of an additional pipe of 100 mm ID is proposed to keep the water lev-
el below safety valves. The results are shown in Fig. 17 and are ciearly

satisfactory.

Another possibility was considered, namely installation of three membranc
on the SG standpipe to prevent large pressure rise and to preserve the
integrity of SG shell. This scheme is shown in Fig. 18. The resulting
pressure increase does not exceed 5.2 MPa in the steam collector so that
both dump wvalves to atmosphere and safety valves remain closed. in this
case the maximum pressure above the ruptured RCS coliector does not ex-
ceed 7.3 MPa.

The design decisions have not been yet taken. In any case however, the
mitigation measures are possible to install and operator actions such as
closing RCS cut-off valves or opening blow-down pipe (in case shown in

Fig. 17) can help to limit the radiological hazards after the accident.

& INTENTIONAL DEPRESSURIZATION OF THE RCS

The existing design of VVER-440 pressurizer and safety valves does not
allow to depressurize intentionally the RCS. Due to very large water in-
ventory in the secondary side of steam generators, the heat can be re-
moved from the RCS for a long time through natural convection and
secondary coolant evaporation (Fig. 19, 20). However, after partial
uncovery of SG tubes the amount of heat transferred to secondary side
decreases below residual power and the pressure in the RCS starts to in-
crease (Fig. 20). Then the safety vaives in the RCS open and the prima-
ry coolant is evaporated while high pressure is maintained in the RCS.

In order to avoid core melting under high pressure, which can lead to

abrupt RPV melt-through and corium ejection into the reactor shaft with




possible direct containment heating, an adaitional system of controlled

RCS depressurization should be installed.

iIf the initiating event is not TMLB but e. g. uncontrolled pressurizer
leaks, loss of feedwater, steam line break or SG tube rupture the mitiga-
tion measures should start with feed and bleed strategy. However, for a
feed and bleed strategy it is also necessary to bring down the RCS pres-
sure, so the installation of the depressurization system seems necessary.

Since the initiation of RCS depressurization should be delayed as long as
possible, it is also necessary to install a water level meter in the RPV
and to elaborate proper procedure for the operators, taking into account

RCS pressure, water level and temperatures.
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i 452 lllustration of V213 Bubbler/Condenser Tower

1-reinforced concrete walls and tloors; 2-steam generator; 3-primary coolant pump;

4-reactor vessel; 5-protective shielding cap; 6-sprays; 7-spray system pump;

8-heat exchanger cooler for water drawn from sump; 9-tunnel connecting steam
generator compastment with bubbler-condenser tower; 10-reinforced concrete walls;
11- suppression pool aystem at each level; 12-air trap volume; 13-check vaive;
14-shaft convecting steam and air to tray levels; 15-tray; 18-steam channels;
17-deflector cover tray; 18-plenum region cover; 19-gvertlow discharge; V ¢-steam generator
compartment; Va-pump compartment; V3-shatt inside bubbler condenser tower; Vg-air trap vclume
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USSR , Atom QL\Q‘zgop?_ceK'\‘” Kiev Shendezovick

JEW TECHNICAL SOLUTIONS
ELABORATED IN VVER REACTOR NPS DESIGIS
ON PREVENTING THE SEVERE ACCIDENTS AITD
THEIR CONTROL

" The present situation having arisen with development of nu-
clear energetics throughout the world and particularly in the USSR
requires the further steps directed for increasing of safety.

In spite of the fact that the activities of this direction
have been pursued in the USSR during the whole period of develop-
ment of nuclear energetics they particularly have been activized
after the accident at Chernobyl NPS.

Prevention of "severe" accidents and overcoming of consequen-
ces of these accidents are the most important directions in increa=

sing of safety.

t present the new normetive document "General criteria on
ensuring IJPS safety" (0OPB-88), which is the main normative-technical
document of the top level and which regulate the problems of safety
resulting from NPS specifity as the possible source of radiocactive
exposure to personnel, population and environment, is in valid in
the USSRH.

The following requirement is one of the main difference of
the given document from the document which has been in force before:
consideration of "heavy" (as per the normative document term -

- "gevere") accident; availability of the measures on the severe
accident control in the design and establishing of the severe ac-~
cident definite criteria.

In this case the "design accident" term means the accidents
for which the design defines the initial events and the final states
and stipuletes the safety systems providing limitation of its con-
sequences by the limits predetermined for such accidents based on
a principle of a single failure or one personnel error being inde-
pendent from the initial event.




"Severe accident" term means the accidents aroused by
the initial events unaccounted for the design accidents or accom-
panyed by the additional safety system failures in comparison
with the design accident beyond the gingle failure, by the person-
nel erroneous solutlons tending to the core serious failure or its
demage, consequences mitigation of which is achieved by means of
accident control and/or by implementation of the measures on per-
sonnel and population protection.

In this case non-exceeding of probabiliity of heavy damage
or failure during the reactor core severe azccident with value of
IO'5 for one reactor per year is considered to be as a recommended

criterian.

For selection of a population evacuation necessity exception
criterion it is recommended to aspire to the fact that probability
of limited emergency release will not exceed value of 10'7 for one
reactor per year.

VVER-IO00 Units being under operation end under comsiruction
in conformity with the designs elaborated in the USSR before are
characterized by rather high safety level and ere comparable in
thig nart with the similar Units of the other countries.

However, increasing responsibility for oecological consequen-
ces of nuclear energetics tends to necessity of the further elabo-
rations in this direction.

In gserial TVER-IOO0O ¥PS designs elaborated at present
the completed measures intended for increasing of safety with
the problems given below are considered.

While studying of these measures elaboration of such tech-
nical solutions which may be implemented during the course of re-
construction of VVER-IQQQ TPEs in operation and under construction
is the most important task. This problem is highly actual if we ‘
take into consideration amount of operating Units and Units under
construction.

Analysis of severe accidents for VVER-IOCC Unit permits l
to single out the groups of the following most typical accidents:




- black out of NPS with failure of all available a.c.emer-
gency sources.

Diesel-generator plants being independent in each safety
system are provided as such gources in KPS designs.

failure of reactor control rod system (ATWS)

- insertion of positive reactance

failure of heat removal along circuit II

leakages from circuit I to circuit II

spectrum of circuit I leakages with failure of high and

low pressure emergency core cooling system.

The measures which may be subdivided into two groups are
stipulated in the elaborated designs.

Group I. lleasures on preventing of asccidents.

I. Use of the improved reactor plant with perfected nuclear
physical features and increasing of its safety at the expence of
the following:

- decreasing of reactor core power peaking

~ increagsing of effectiveness of the reactivity effect me-
chanical system permitting to provide reactor core subcriticality
under emergency condltions with cooling the reactor plant down to
100°C without boron injection (amount of the control rods has been
increased from 6I up to I2I).

2, Use of the primaery circulating pumps with minimum seal
leakages permitting to provide the circuit tightness under the sta-
tion black out during the period of time up to 24 hourse.

3. Use of safety channel element availaebility monitoring
system with giving the generalized signal on channel readiness to
the main control room.

Group 2. lleasures on severe accidents control and mitigation
of their consequences.

I. Use of the passive residual heat removal system (PRHRS).




Z.I. The passive residual heat removal system (draft I)
is provided for residual removing of heat from the reactor plant
over a long period of time under complete loss of power supply
including emergency sources on retention of circuit I and II
pressure-tight.

PRHRS is a closed system with the nafural circulation.
Heat removing to the environment is realized within the range of
:SOOC temperature.

Z«2+ The system oOperates without power supply and provides
circuit II gteam cooling in volume required for residual heat
removing at level of 2% from rated power.

of
I.3s Change=-overythe system from the stand-by mode to
the operation mode is carried out automatically during ¥PS black
out and failure of reliable power supply sources.

I.4. Liotion of coolant and air is carried out under condi-

tionsg of natural circulation. For this purpose the heat exchangers

erection and arrangement of the draught air lines after the heat
exchangers are provided on the upper levels of the reactor bay
(above the level of steam generator erection).

I.5« The system consists of four independent circuits.

The calculated substantiations being carried out show
the effectiveness of the given system operation even at circuit I
leakages. Availability of system permits to increase time of
ackhieving the parameters of defected fuel elements. In this case
the given time delay depends on leakage extent.

2. Passive core flooding system (PCFS).

2.I. The passive core flooding system is provided for pre-~
venting the fuel element failure during the course of accident
with circuit I leakages, with failure of high snd low pressure
passive residual heat removal system or complete loss of a.c.
power supply sources (including emergency sources).




i

2.2+ The pasgsive core flooding system shall ensure cooling
medium supply following response of hydrotanks provided for compen=-
sation of circuit I coolant loss into the leakage thereby avoiding
the reactor core uncoverys. '

2.3« At present the system features calculated substantia-
tions are conducted based on conservative approach with taking into
consideration the passive residual heat removal system (PRHRS) ope-
retion analysis under these conditions.

For the first priority designs the following are stipulated:

- erection of additional hydrotanks of 200m3 capacity for
I,2 + 1,5 Pa pressure, which operates on completion of water out-
flow from the "standard" hydrotanks;

_ -~ the further filling up of the reactor vessel is carried
out from the cooling and reloading pond following water discharge
from these hydrotanks.

For considered 24 hours accident SOOm3 water storage is cre-
ated at the expense of increasing the medium level in the cooling
and reloading pond under operation and constant flooding of the re=-
actor internals reloading shafts.

Such solution is realized at existing constructive solutions
of handling equipment and doesn't require the principle change of
the fuel reloading technology.

2.4. Pagsive successgive connection of additional hydrotanks
and the pond gravity tanks are stipulated. At present the process
parameters are specified by means of calculations.

3. System of quick boron injection into circuit I (SQBI).

3.I. System of quick boron injection (draft 2) is provided
for quick putting the reactor into subcritical state by means of
40-60g/kg concentrated boron acid solution supply under conditions
of control rod system failure.

3.2. System of quick boron injection consists of 4 channels
connected to circuit I loons "cold" legs. Each channel consists of




8m3 hydrotank connected with the primary circulating pump inlet and
outlet. Medium supply 1s provided at the expense of primary circulz-
ting pump "rundown”. ‘

3.3. The system operation is provided automatically on the en-
Zineered safeguards signal and the signal of exceeding the neutron |
sower or at complete black out including the emergency sources.

4. System of pressure shedding and cleaning of releases.

4.I. The system 1s provided for preventing of excessive pres-
sure increase inside containment above permissible which may appear
during the severe accidents and tends to loss of containment func-
tional properties. The containment used at present time at VVER-IQQO
NPS has been calculated for %LQMPa. T

4.2+ The system operation is provided to be zutomatical at
increaging of pressure inside the containment up to 219 1Pa without
power supply from external sources.

Personnel control is possible during the accident taking
place over a long period of time.

4,3, Operation without change of filtering medium)service
and power gupply during 2-3 days i1s provided.

4.4. Degree of catching the different forms of iodine and
aerosols is not less than 99,9%.

Treatment of discharges is carried out in a single-case ap-
paratus in an area with biological protection. Location 1s provided
on the lower levels outside of containment. At the operating NPS
the filter may be located in an annex to the reactor building.

5. Hydrogen suppression system.

5¢Ie The system is provided for nreventing of formation of
hydrogen explosive concentration and unorganized burning in the areas
insgide 25 containment under emergency conditions including severe
accidents.



5.2+ dydrogen after-burning is carried out with using
the passive catalytic aydrogen after-burners operating without
power supply.

Structure of after-vurners and their operational conditions
are elaborated at the present time hy the designers.

5. Arrangement of anii-emergency centre on the NPS site
and JPS outside is stipulated for monitoring of emergency Unit
state under severe conditions.

The mentioned centre provides the functions of conirol on
the Unit state and conducting of technical and organizational mea-
sures for which purpose it is equipped in particular wita cff-line
power supply source, information reprocessing system and communi-
cation means. ,

At present the scientific elaborations on the damaged
reactor core cooling and catching system beyond the reactor vessel
are conducted yet the specific techmical solutions hasn't been
defined. Therefore implementation of similar system is provided
in future after technical substantiation.

In conclusion it's required to note that from the preliminary
data the additional measures implementation pexrmits to decrease
probability of core failure and exceeding of limit releases in
50-60 times.
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Abstract

Specific features of accident development at NFP
with VVER-1000 and influence of operation of safety-iwmportant

- als

svstems on radiation consequences of accidents are considered.

It is shown that in some design-basis-accidents and beyond
design-basic-accidents the design operation of the systems
providing protection of the NPFP barriers against destruction
mz: result in considerable increase in radiocactive product
release ¢ the environment. Possible actions for releable
tragring  of radicactive product in suwch situations
are disscussed.

Introduction

The current approach to the nuclear power plants (NPP) safety
provlem suggest realisation of the "defence-in-depth"™ concept. This
concept determines the general strategy of safety measures and means
for the NPF myd consist of some physical barriers intended to prevent
aclivity rropagzilion as well as of some protection levels ensuring the
pilant and <he barriers integrity and radiological protection of the
popusetion and the enviromment in case the barriers would be destroyed.

It mey be considered that NPP meets the safety requirements
wher under <the normel operation conditions and in Design Basis

‘{DRA' Iteg raciation effect on the personnel, population and

£
Q
(3]
et

O,
[0}
3
t
o

anvironment does not exeed the permissible doses of personnel and
popelzation exposure and the standarts on radicactivity releases and
the conzentratior of radiocactive products in the environment, as well
as wnen it is capable to reduce this effect during the beyond design
basis accidents.

The dose criteria for taking decisions on mesures for
populatior. protectiorn a2t any accident stage and for various ways of
dose formetior, are determined by the appropriate standarts documents.
The permissibie amounts of radicactive products released to the

environment under normel and emergency operation conditions at NFP are

alsc determinec.

\
~
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In July 1890 "General rules on NPP safety" (OPB-88) was

implemented in the USSR, These are the main top normative document
regulating the safety questions inherent to NPP as possible source of
raciation effects on the personnel, population and environment. In
accordance with this document the estimated probability of the altimate
acoident radicactivity release shall not exeed 10-71/reactor.year
{the permissibie release for bevond DBA is equil to 30,000 Ci for
iodine-131 and 3,000 Ci for ceasium-137). If the above requirement is
not sstisfied, it is necessary to provide additional technicael measures
in the plant design for management of the beyond DBA in order to
mitigete its conseguences.

In the USSR the probability safety analyses and assessment
of the beyvond DB-. conseguences for NPPs of different types including
those with VVER-1020 are being carried out for determination, of
adcitional protection meesures enabling the normative requirements to
be satislied. Below we shall discuss some important pointe releated in
<he process of provisionzl evaluation of the radiologiéal effects of

+he accidents at WPP with \VER-1000 resctor.

As of July 1280, the Soveit Union hed fifteen VVER-1000 power
wlits. mainly of the V-220 model, in opermtion. The probebility ¢f &
severz ancidert resulting in core melting does not exeed 10-41,reactor.

vear and, hence [1], the safety level is acceptavle for operating NPPs.

The reactor and the main primary and secondary systems are

ciosed ingide &z containement intendec for locslisetion of radicactivity

releasing during <the D34 with ruoture of the primary pipes of any

ciameter up <o £% crn. The containment localisation properties are

€




mzintzind up tc a pressure of 0.45 MPa (design pressure of contzinment

Tzilure is 0.8 MPa; and temperature of 1509C. The contaiment consist

of several interconnected compartments where the reactor systems are

accomoadated. 1ts free volume is about 70,000 m®. The containment is

proviged wizth several plenum-exhaust ventilation systems for heat

remoiz. from some containment compartments (e.g., from the steam

generzicr boxes; and for maintaining the concentration of radiocactive

producte whithin the limits permissible for NPP personnel during the

scheduses refueling operations. There are recirculation venting systems
ans the systems for air discharge through the vent stack; in some

ation evetems and on the line of discharge to the vent stack

3
3
H
0
k.

the aerouszl ang iodine filters with the decontamination efficiency of

ta

The designe release of the medium from the containment to the

enmviromment is 0.2% cf free volume per day at e pressure of (.45 MPz

i the contzinment. The contaiment localisation fumction is considered

<C oe lost when the isolation valve on the 40 cm diam pipe (penetrating
<he oconmtzinment snell is unseatec.

The coconmeainmernt zalso accomodates tne mein systems for

¥ tne azoident consegusnces (some components of these svstems such as
ine grprz: pamps may pe locazted outside the contzinment, see Fig.l and
Tatie :.. The systems inciude ECCS, Emergency Core Cooling System
'nyaroaccumulators, HP and LP systems), and the spray svstem. There are
three ondependent channelis for HP and LP ECCS, and & spray system
supplied with boron from the  tanks for emergency storage of boron

sciution: after <he tanks are emptied the pumps are changed over to

supr-y Irom the sum:.

0d-
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Table 1.

The main parameters of the Emergemcy Core Cooling Sysytem.

I-ll—(HHFCli&-iHHI‘—(P(V'!V{klll‘-{HI—iHHHHHHHHHHHHHH

I I

System, parameter I Value I
I I

I I

1. ECCS hydroaccumulators I I
I I

Number I 4 I
Total volume of Water I 200 md I
Boric asid concentration I 12 g/kg I
Working pressure I 0,6 MPa I
I I

ECCS I I
I I

Number of independent channels I 3 I
Channel parameters I I
-volume of tank for emergency I I
storage of boron acid {common I I
with sprey system) I 700 m? I
~-flow rate at 0.1 MpPa I 700 m? /hr I
-flow rate at 2.2 MPa I 25C - 300 ms /hr I
-boron concentration I 12 g/ke I
I I

3. HP ECCS I I
I I

Number of independent chamnels I 3 I
Channel parameters I I
-volume of tank for storage T I
of boron acid concentrate I S m? z
-nominel flow rate I 150 m® /hr I
-boron concentration I 40 g/kg I
~working pressure I 10-11 MPe I
I I

— 310~



The salety anzlyses of some NFP with VVER-1000 of V-220 model

has shown that the OP2 requirements can be satisfied if additional

228 ani a syster cf filtered venting of the containment would be

try

introduced to the designe (so-called the VVER-82 design {2]). The
agditional cocling systems are passive anbd consist of (see Fig.2):

- passive secondary heat removal system;

- gyster cf additional hydroaccumulators ensuring a long-term

core cooling.

Ir. addition tc the above mentioned systems {(available in the
design and additionzl ones} NPP with \WER-1000 are provided with the
syvstems which can be used in accidents for organisation of core
cocldown, in particuliar:

- system of normzl mekeup of the primary circuit; the svstem

czr. bz useZ for makeur at high pressure ancg may operate in the case cf

W
r

hedalal Lo
E078 fallure:

4
i

- syetem of szlety valves on the pressurizer; it can be used
for reduction of the primary circuit pressure in small LOCA or in the
p.ant black-our, ensuring operation of P ECCS;

- syster <f emergency gas removel; it can be used for
reduction of the primery circuit pressure;

- syveter cf normel supply of feed water to the secondary
i+ car. be used for auplication of the emergency feed water
supply svstem;

- fire system; it can be used for water supply to the steam

generztors in the czse of felure of the normal and emergency feed

wgler systiems.

- 2 -
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Fig 2. VVER-92 (1000 MW) Passive Emerszencv (ove (nnline Swatamn
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2. Spray systen.

The spray system 1is a safety-relatecd systam and serves <he
protection and accident lccalisation. It is macde in accordance wits
the first seismic stability category.

This system is intended for accident lccalisaticn by
ccrndensation of the evaporated part =7 the ccolant Fiscnarged inms zhe
containment as a result of pipe ruptures. The sprav systeam Tuncticns
are: reduction of the pressure in the contaimment %o the Jutside
pressure and fixing of various xinds of icdine released =z a2
ccntainment atmosrhere during the accident.

The spray system operation is swiched on autcmatically by the

signals from HP and LP ECCS and pressure rise in the ccntainment up =¢
0.12 MPa. By the first signal the system is swiched cn tc recircuiaticn
with prohibition of opening the valves on the rump heacd. I¥ Ine secona
signal the velves on the pump head on the line of water supply to the
spray system sprinklers are opened (with prchibiticn of cicsing!. when
the pressure reduced below 0.12 MPa prohibition of remote valve closing
is removed and at a pressure below 0.08 MPa the valves close.

The sprinkler solution is delivered to the sprinklers in 30-30
seconds after start of a big LOCA.

The system consist of three independent channels. The channel
diagram is shown in Fig.3.

Each chammel cconsist of spray pump (4), 6 md tank with
sprinkler solution (1), water-jet pump (2) for delivery cf the
sprinkler solution to the borated water in “700 m?® tank for emergenc:-
storage of boron solution (7), and sprinklers (4} installed in the
form of three concentric open rings under the containment dome, coolsr

of the water charged from the sump and control and isolaticn valves.
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Fig.3.

e et

Spray system flow diagram: 1 - tang for storage of

sprinkler solution; 2 - jet pump; 3 - sprinzler puap;
4 - sprinklers; 5 - sump; 6 - cooler; 7 - tank for
emergency atorage of boron sclution.

-3y -
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Each spray systam cnannei nas 20 sprinklers. The main characteristics
oI *his channel are presented in Taplie Z.

In the analyses or <=he accidenz conseguencses 1t 1s assumed
that <wo of three gpray system chamnels remain overable.

Then tank (7)) is emptied the system is switched con to
recirculaticn with mekeup frem sump (5. The P and P LTS tumcs are

also fed from this sump.

. o . -
he safe=v-related sistam
3
i

. P
- - 353
tion censequences of the accid

3.1. Design basis accident.

Maximum DBA is pcstulated as instantanicus rupture of the
8% cm diam primery pipe and doutle side leakage 2§ the ccolant. The
cladding temperature increases upr =2 10C09C whithin a short =im
depending on the pcwer density. Normally i%t is assumed in the
calculations that this accident is accompanied by failure of the fuel
element claddings and release of all icdine accumulated in the garp
{"0.3% of all iodine inventory in the core or ~2.5,10-3Ci of
iodine~131). In response to ECCS oreration the core is flocded. At
about this time the spray system is switched on. In parallel operation
of the spray system and LP ECCS the borated water can be delivered for
20-30 min and after that the pumps of both systems are changed over to
feeding from the sump. %ith allowance fcr the primary water flowing
through the rupture and the water from the hydroaccumulators, the total
amount of water circulating over one channel of the spray system anc
ECCS will be 1000-1200 m2,

The first 20-30 min the spray pump delivers the pure (non-

radioactive) sprinkler sclution, with the molecular icdine teing

et v
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Table 2.

The msin parameters of the spray system channel,

Component, parameter Value

i,

o

Spray pump

Tyvpe: spirel,horizontal
Pumped medium: non-deaerated radioactive
water containing:
boric acid. i vseieiiiinieirtenensieressup to 16 g/kg
KOH. i vieieossnoanasannassensnsnssssssssup to 2 g/kg
Hydrazine-hydrate....cicviivsiiosnneasasup to 200 g/kg
Nominal flowrate....iiiesvvnrsrecsncssssesas 1700 m/hr
Nomingl Nedd.v.vveserssiovecsesnsevisacesesseely,37 MPa
Maximum permissible head on the suction side:
in operation. v vciisietcsrsssacssascarsasnesss0,69 MPa
Liquid temperature. . icicveeeanccnsancessssnssasl10=-1000C
POWET s uvesnseestsssnsoasssossssscarsensaessses D00 KW

Tank for emergency storage of boron solution.

VO e« vt vseerossonnccsootononensoncansnsnesfOT m3
Bottom are Ceetetenes i sessscerensaessesanes 180 m?
Minimun silution INVentoryY..sceeesessscsseess 200 M3
Boron concentration.s st cerscesverssssservesneal.l2 g/ke

Water jet pump.

Inlet pressure..............................0,68—1,17 MPa
Pressure of pumped water......eceeeseesesass.0,098 MPa
Wworking liquid SUPPly i ceecereereescnrroennsessd0 m/hr
Sprinkler solution SUPPlY....iveeeensensrnsss.10 m/hr

Tank for storage of sprinkler solution.

TOtEL VOLlUM®. s ovetonensnnerenoronsrassssanasssB M3
PresSsSUre. o icessssnerisrsansssnsrnsnensssss atmospheric
Working solution temperature......cveceveeseeed00C
Nominal level T P

Sprinktlers

Design pressure difference.....c.cecvveeeess..0,098 MPa
Solution flow rat€.ic.vececscrsoscscsosaronessess30 m/hr
Spray angie’ Y -
Equivelent drop diameter ceseesssnssavses+800 mkm
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effectively removed from the containment atmosphere (with two channels

in operation the period of semiremoval of the molecular iodine is 4-5

min) and bound by chemical reagents contained in the sprinkler solution
so that within 20~30 min 1-5% of molecular iodine remain in the

containment atmosphere. After the spray system is changed over to

recirculation the water earlier containing the iodine (~0.25 Ci/kg of

iodine-131) will be supplied to the containment through the sprinklers.
In accordance with the distribution law iodine will be trapped by the

solution drops and simultaniously released back into the containment

atmosphere. Therefore the spray system may reduce the iodine

concentration in the containment atmosphere only to a value determined

by the distribution coefficient depending on the rate of hydrolysis of

iodine compounds in the solution and on other physical and chemical

processes. ror the VVER-1000 conditions the coefficient of iodine

distribution between the steam and aqueous phases is about 10-4, the
equilibrium activity of iodine in the containment atmosphere being

~0.3% of the total amount of iodine released during the accident or

750 Ci. Because of a large specific surface of water - drops rapid

kinetics of equilibrium state mey be expected, with the time of

reacking the equilibrium under the conditions described estimated

as 1-2 hrs.

However the water from the sump is delivered not only to the
spray system but also to the cooled ccre where it is reevaporated. As
the cooling water contains iodine the latter will be carried away from
the boiling water with steam and at the time of the steam-water
conversion some iodine concentration is esﬁablished in the steam, which
is determined by the specific surface of steam tmibbles, average time of
bubble emersion, and temperature. It may be expected that under these

conditions the distribution coefficient would be several time higher
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than for the containment conditions because of higher rate of the
hydrelysis reaction at a higher temperature and, particulary, because
of the radiolyvsis of iodine compounds in high radiation fields in the
core. If the iodine is carried away by steam into the containment the
equilibrium there will be' shifted towards the steam phase of the
conteinment atmosphere and the amount of iodine-131 there may reach
several thousands of Ci.

At the design tightness of the containment the iodine release

to the environment mey be as high as 10 Ci/day.

2.2, DBA with unseated valves on the 40 cm diam vent pipe.

In the case of unseated valves radicactive steam-gas mixture
will be carried away from the contaimment through the vent stack
directly to the environment (direct containment by-pass). At_the
initial phase of the accident when the spray system removes effectively
the iodine from the containment atmosphere (for 1-2 hrs) iodine release
to the environment will be determined by the relation between the
relative iodine release through the open pipe and the relative rate of
iodine removal by the spray system. The iodine-~131 release to the
environment during this time will be about 25,000 Ci. Further, during
spray system operstion, only due to distribution law the iodine release

will increase and approach 100,000Ci/day or “40% of initial amount of

iodine released tc the cintainment. The possible equilibrium shift
toward the steam phase due to additional iodine release in core
flooding from the sump is taken into account the total iodine release
to the envirinment may be close to 100%. If the time of iodine release
via bv-pass of the containment is limited to 1~2 hours, its release to

the environment will not exeed the permissible release for beyond DBA

and will be even much lower since it was assumed in the assessment that
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in DBA the claddings of 21l fuel element will b; fail. Taking into
account more realistic estimates of failufe percentage 72,500 Ci are
obtained for iodine-131 release through by-pass whithin the first two
hours. Thus if some additional design (additional isolation valves) or
design and arganization (remote or manual closing of the valves during
accident) measures are taken the radiation consequences of the given

accident may be apprecibly reduced.

3.3. Accidents with core melting.

As noted, the beyond DBA management measures suggest
organization of the protection levels snsuring the barriers integrity.
The core-relating measures include:

- organization of long-term core cooling using the active and

passive means to prevent the core from serious damages;

organization of cooling of a considerably damaged core;

retention of core melt in the reactor vessel;

prevention of the containment basement melt~through if <the

core melt went from reactor vessel.

Depending on the scenario of accident propegation the time of
the beginning of core melting and its duration till full melting are
determined by the initial accident event, composition and perameters
of the core flooding systems and residual heat removal system.

3.3.1. Fuel melting stage.

Let as consider the radiation consequences of a small LOCA
{8 cm diam pipe rupture) with failure of HP and LP ECCS and of the
spray svstem in the presence (a) and in the absence (b) of the passive
heat removal in the secondary circuit. Assume that in the case (b) the
primary pressure is reduced by the system of the safety valves on the

pressurizer so that on the initial accident stage before beginning of
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core heating the processes develop practically at the same velocity.

Fig.4 present the time dependences of the airborne aeroscl
mass in the containment stmosphere for the cases (a) and (b); Fig.5
shows release of the iodine in the aerosol form through <the design
leaks in the containment shell to the enviromment. The total release
of all iodine and caesium forms is presented in Table 3. The difference
in the total release being mainly due to the difference in the release
of the fission product aerosol forms.

The difference observed in Table 3 for the cases (a) and (b)
is mainly due +to the features of the behavior of aerosols in the
containment atmosphere depending on the aerosol concentration. It is
known that the rate of aerosol s edimentation is determined by the
aeroscl particles size depending on the rate of coagulation of
particles of smzller sizes. In twurn the coagulation rate, and
eventually the sedimentation rate and the airborne mass of aerosol
particles are determined by the square of initial aerosol particles
concentration. If the aerosol release rate during core melting is
relatively low then aerosol concentration and natural sedimentation
rate are relatively low too. Besides in case (a) the total mass of
aerosols released from core is smaller than in case (b). All these are
the reason for the above mentioned difference in fission product
release %to the environment and, hence, in the scale of radiation
consequences. Use of a safety-related systems reliably protecting the
core against ladge damages in certain accidents can make consequences

of accidents heavier than in the absence of such a systems.




= E ;
I3
L1\ i
| \ |
. NJ |
M B A
.0 |
0~ — :
9
A1 1
E 7 |
- / |
2 / \ |
1.
: / \
E 7 L S ]
Q 1 l[
£ 7 Y ~
0o
n A A 1
L
) w
lr d

10~ 1 10 10°?
Time, hours

Fig.4. Airborne gerosols mass in confoinment
vs time: (a) - in the presence and (b) — in
the absence of the passive heat rernoval in

the secondary circuit.

10°

\\k

©
1 i 10 i0?
Time, hours

Fig.5. Cumulative release of iodine in aerosol
form to the environment vs time: (a) —~ in the
presence and (b)- in the absence of the pas-—
sive heat iemoval in the secondary circuit.




LP ECCS and of the spray system
absence (b) of the passive heat removal in the secondary circuit.

The radiation consequences of a small LOCA with failure of HP and

Parameters, processes

HHHHHHHHHHHHHHHHHHHHHHHl—!HHHHHHH

in the presence

HHHHH

Iodine and caesium release from the core

Fission products forms:

aerosol iodine
molecular iodine
organic iodine
aerosol caesium

Aerosols mass released from the core

Aerosols mass released during core-
concret interaction

Start of melting
End of melting

Release to the environment through the

untightness thous.Ci/day
iodine cumulative release
aerosols iodine release
molecular iodine release
organic iodine release
caesiur release

iodine release with spray system

10
i

p
{

180 xr I 252 xr

HHHHHHHHHHHHAH

DD et = B D
“ e e
N W Oy W~

-

LU O
HHEHIHHHHHHHHHHHHHHHHHHHHHHHHHHHHA-H

HHEHHHHMMHHSMHEHHHHAHHHHHRHHHH



19.

3.3.2. Stage of flooding of a severely damaged core or core
melt.

One of the requirement normally imposed on the systems which
can be used for flooding of a severely damaged core or core melt is
sufficient removal of decay heat in order to prevent damage of the next
barrier 1i.e. core degradation, melting of the reactor vessel,
containment basement melt-thrcugh. The stage considered occurs, for
example, in the accident with ECCS failure or with its malfunction
{high pressure accidents). Restoration of normal ECCS performanc-- or
use of other sources of water are also possible at the stage
considered.

In the case when the spray system remains operable the
radioactive aerosols and fission products released from the melting
core will be effectively discharged from the containment atmosphere
and accumulate in the sump. With HP and LP ECCS failed the spray systenm
will supply non-radioactive sprinkler solution from the tank to the
containment; in a big loca when 30-40 min are sufficient for the core
to be melt, the sprinkler solution will trap more than 0.98 of
racioactive iodine and caesium. After that the iodine-131 content in
the containment atmosphere stabilized at a level of 1.3-1.5% (71.2
million Ci) Of the its initial inventory in the core.

If at any time the ECCS functions restore the only source of
water for core or corium flooding will be the sump and the water with
ultra-high content of radioactive products {(up to 100 Ci/kg of
iodine-131) supplied to the superheated core. In interaction of
the superheated core the water will evaporate. The fraction of
radioactive products repeatedly reieased from the water with steam
will depend on wether a sufficiently thick layer of water would form

over the fuel surface with relatively slowly rising bubbles or an
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intence surface boiiing would take place. In. the first case the

repeated releése with steam would be relatively small and it has been

alreadyv estimated (increase in the moleculer iodine concentration in

the containment atmosphere by several times). In the second case with

insufficient water flow rate to the melt or with water supply to the

overheated core with partly saved structure, a considerable release of

radioactive products solved in the water should be expected. Due to

high temperatures direct sublimation of chemical compounds of fission

products and their considerable formchanging should be expected, which

will result in intence formation of aerosols and volatile forms of

fission products. If in the containment compertments exist the source

cf carbon compounds, organic highly volatile iodine compounds will also
be produced. As a result the equilibrium concentration of fission

products in tne containment atmosphere will rise (with the spray

syvstem in operation the rise will amount to asa much as an order of

magnitude and more) and, therefore, the fission product release rate

to the environment through the leaks in the contaimment shell will

increase. In the absence of flooding the daily release will amount to

about 3,500 Ci of iodine-131. If the flooding begins in 5-6 hours after
the accident the daily release may rise to 35,000-50,000 Ci and exeed

the permissitle value for beyond DBA. If no special measures for

retaining fission products are teken it may be assumed that 21l
fission products released from the fuel during the accident could
release to the environment.

If the spray sistem fails during the accident considered and
flooding of the core or the corium becomes possible the fission product
release rate to the environment will rise due to increase in the
equilibrium fission product concentration in the containment

atmosphere. According to the estimates, at a water flow rate to ECCS

~32 %o
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of about 1,000 md/hr and at a rate of natural iodine deposition of
10-4¢c-1 the amount of iodine-131 in the containment atmosphere will be
more than 75% of all iodine-131 core inventory, and the daily release
may be about 200,000 Ci.

The phenomenon of repeated release of fission products to the
containment atmosphere, with the safety-related systems being in normal
operation, may be of importance for =asssessment of the radiation
consequences of the accident in the case of loosing of containment
localization functions (containment failure or besement melt~through)
and must be taken into account when choosing the working parameters of

other localization systems, for <xample, the filtered venting system.

P Ll
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€. Discussion and conclusions.

The =zcsessment anzlysis hacs revealed that during the NPP
a2ridente resuiting in pipe ruptures, containment bypaés and possiblie
core degradztion situztions may occur when the goals of some emergency
safety-relating svsteme for a given method of rezlization of these
fuctions may contradict o that cof accidént management - mitigation
of the redistion comnnsequences of the accidents t¢ +the lowest level.
In other words, a2 situation is possible when the 1local goals of

2oident management may not coincide wiin the strategic aim. Attempts

{0

tc prevent core melting, 1o retain the corium in the reactor vessel
er in the core-nzicher, use of additional svstems giving a real gain
irn som= cases mz)y restore the NPP control but in doing so the processes

will be initiated thet increase fission product release to the

ercironmant 23 comparad  with  that without such systems and such

whe gysiems which are, in principle,highliy effective (spray sysiem: 2%t

some accident stage not only stop to perform their design functions

DUt becomes sources of radiocastive products. Such a highly efficient

[ - - s H 3 2 5 s
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T —aiT
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intence source of radicactive products in flooding a degradatecd core
r oorez melt., Therefore restoration o©f KPP control anc bringing it o
ne giable slate from thne viewpoint of taking measures on protecting
wne retention functions of the barriers, requires these special actions
for relimble ztrapping of radioactive products and excluding the
oogsitility ¢f their coyolic release tc the contzinment atmosphere and
increzsed re_eass tC the environmen: tc be made. For this purpose the

following technical and organizazition actions can be proposed:
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contra

1.Use of external sources of wa-
ter for ECCS and spray system

2.Use of the sprinklers solutions
dealing fission products in in-
soluble compounds or essential-
1v decreasing the iodine dist-
ribution coefficient between
steam and water

3.Effective decontamination of
the sump water

HEt M HHHH H R R

4.Initiation of additional aero- I
sols release to the containment I
atmosphere for effective deposi-I

tion of radicactive aerosols I

I

5.Instellation of additional iso- I
lation valves on the venting I

lines for avoiding direct con- I

tainment by-péss I

I

£.Use ¢of the normal containment I

vent system for removal of fis- I

sion products or depressurezati-I

on of the containment with de-

contamination of the medium on
+he normal vent filters

7.Crganization of forced recircu-
lation venting of the contain-
ment with decontamination of
the steam-gas mixture on the
filters designed for the acci-~
dent conditions (e.g., on the
exvisted accident filters)

ot b et b H b

Problem of handling large volumes
of water inside the containment

Lack of protection against repeat-
ed release of fission products to
the containment atmosphere

Considerable expenses for iocn-ex-
change filters

Repeated fission products releesse
during ECCS operation

1]

Possible only at the accident sta-

ge at low temperature and pressure;
otherwise the filters may fail with
direct bypassing of the containment

The latter measure ensbles,

in principle, all problems

associated with wuse of safety-relating systems and with need of

localisation of radiocactive products +to the containment in operation

of these systems to be solved,

product release to the environment.

thus preventing considerable fission
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At present there are fourteen 1000 MW(e) power plant units with the
RBMK-1000 reactor and two 1500 MW(e) units with the RBMK-1500 reactor in
operation in the USSR [l]. Unit 5 of the Kursk nuclear power plant - which
also incorporates an RBMK-1000 - is being prepared for commissioning.

The RBMK nuclear power reactor is a heterogeneous channel-type thermal
reactor in which graphite is used as the moderator and boiling light water as
the coolant. It has 1660 fuel channels located in vertical perforations in
the graphite columns. These channels are zirconium alloy tubes 80 mm in
diameter. The channel contains a fuel assembly with 18 fuel rods each having
a diameter of 13.6 mm in a zirconium alloy cladding. The heat flow diagram is
typical of single-circuit power plants with boiling water reactors (Fig. 1).
The multiple forced circulation circuit (MFCC) consists of two parallel loops
in each of which half the fuel channels of the reactor are cooled. The
coolant is circulated with the help of the electrical main circulation pumps
(MCP). Sub-cooled water is supplied to and steam-water mixture removed from
each channel through individual pipes. The water and steam are separated in
horizontal separators at a pressure of about 7 MPa. The saturated steam is
sent to two turbines and its condensate, after heating and de-aeration,
returns to the separators from where, mixed with the separated saturated
water, it is pumped to the reactor inlet by MCP.

At the time of designing the first power plants with RBMK-1000s, a list
of initiating emergency events was prepared and the worst scenarios were
analysed [2]. On the basis of operating experience and in the light of the
increasingly strict safety requirements for nuclear pawer plants throughout
the world in general, the original list of initiating events has been expanded
considerably. The list of design-basis initiating events for RBMK power
plants today includes about 50 situations which can be divided into five main
types:

(1) Situations involving reactivity changes - fall or spontaneous
removal of scram rods, failures in the instrumental part of the
reactor control and protection system (RCPS), water loss in RCPS
channels and spurious actuation of the emergency core cooling
system (ECCS);




(2)

(3

(4)

(5

Accidents in the core cooling system - MCP trip, rupture of the
non-return valve plate or isolation valve disk of MCP, failures in
the feedwater system, etc.;

Accidents caused by breaks in MFCC piping, in steam lines and in
feedwater lines;

Accidents with disconnection or failure of equipment - loss of
auxiliary power supply, turbogenerator trip, opening of the main
safety valves followed by subsequent disturbance of their
setting, etc.;

Other accidents - during refuelling by the fuelling machine, fire,
water flooding, etc.

The following systems of the reactor and the power plant as a whole
ensure that the designed limits of fuel element damage and the permissible
level of release of radionuclides into the environment in normal operation and
in accident conditions are not exceeded:

Reactor control and protection system (RCPS), which, in addition
to the conventional devices, includes local automatic regulators,
local emergency protection groups and a fast-acting emergency
protection system;

Power density monitoring and control system, which carries out
continuous digital control of radial and vertical power density in
the core;

Emergency core cooling system (ECCS), which removes heat from the
core during accidents caused by pipe rupture or equipment
failure. It goes into operation automatically in accordance with
five independent algorithms, depending on the type of accident;

System of monitoring cladding integrity for each fuel channel
separately and in groups;

System of individual monitoring of the integrity of fuel channels
and RCPS channels;

System for protection asgainst overpressure in the circulation
circuit - group of safety valves;

System of monitoring and control of coolant flow in the fuel
channels and RCPS channels;

System for monitoring temperature in reactor metal structures and
in the volume of the graphite structure;

Centralized monitoring system, which acquires and monitors
analogue and digital inputs, calculates parameters for the safe
conduct of the operating processes, and signals deviations of the
monitored and calculated parameters from their set values;
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- System for dumping the steam and gas mixture from the re=actor
enclosure in the event of reactor channel rupture in an accident
situation;

- Fuelling machine, which is used for on-load changing of spent or
ruptured fuel assemblies;

- Accident containment system designed to receive coolant ejected in
an accident situation, to condense steam and to hold up
non-condensed radioactive gases;

- Water supply system for the main reactor circuits and for the ECCS;
- Station auxiliary power supply system;
- Stand-by diesel generator set.

The above-mentioned systems of the reactor can ensure safe development
of accident processes in accordance with the adopted iist of design-basis
accidents (3]. Upon deviation of the parameters, the reactor control and
protection system automatically controls reactor power, actuates the core
cooling and injection systems, the separator pressure and level controllers,
and automatically maintains the thermohydraulic characteristics within safe
limits, the ECCS ensures emergency cooling of the reactor and so on.
Failure-proof operation of these systems in accident conditions is ensured,
first of all, by emergency power supply and water supply and by redundancy.
Therefore, most important from the standpoint of power plant safety are the
auxiliary power supply system, the water supply system for the reactor safety
injection system and the coolant ejection containment system.

In the present paper we describe thes.: systems for power plants using
the second-generation RBMK-1000 reactor and the principles of their operatinn
under normal and emergency conditions. We consider the emergency condition
created by total loss of the auxiliary power supply and the beyond-design-
basis accident coupled with loss of the auxiliary power supply and failure of
the stand-by diesel generator plant.

1. EMERGENCY POWER SUPPLY SYSTEM

The station emergency power supply system is designed to run the
equipment needed for after-heat removal both under normal and emergency

conditions.

All users of the station auxiliary power supply are divided into three
groups in accordance with their reliability requirements:

Group l: These are devices whose power suppl¥ may not be interrupted
(for more than the fractions of a second needed for automatic switch-over) in
accordance with the safety requirements for the entire duration of the
accident process, including the situation with total loss of station auxiliary

power supply.




This group comprises the instruments and servodrives of the reactor
control and protection system, tlie computer system, reactor instrumentation,
electrical drives of the valves and fittings of the emergency core-cooling
system, accident containment system, circuit safety injection systems, etc.

Group 2: This includes devices whose power supply may be interrupted
for a period determined by the safety requirements (from tens of seconds to
several minutes) and which must have power after actuation of the reactor
protection system. The group includes the mechanisms that ensure after-heat
removal under emergency conditions accompanied by total loss of voltage in the
station auxiliary power supply buses (cooling pond emergency pump, pumps for
the cooling circuit of the reactor safety and protection system, emergency
core cooling system pumps, emergency feed pumps, clean condensate pumps,
fire-fighting pumps, service water pumps and sprinkler cooling system pumps).

Group 3: This consists of devices whose power supply may be
interrupted during the time of emergency connection of the stand-by and which
do not require compulsory power supply after actuation of the reactor
protection system. They include the main circulation pumps, electrical
feedwater pumps, condensate pumps, mechanisms of the auxiliary systems of the
reactor and turbine hall, and other equipment which ensures the operation of
the unit under normal conditions.

Group l.is supplied from the emergency power system, whose source is
static inverters. These are continuous power supply units, which are operated
from batteries in the event of station blackout.

Group 2 is also supplied from the emergency power system which, in the
event of station blackout, is supplied from diesel generators. Not more than
40 s are required by the diesel generators before they can take over the full
load.

For Group 3, the power source is the operating and the stand-by unit
transformers.

The emergency diesel generator plant is intended for supplying power to
the safety system devices under emergency conditions. For each unit of the
power station there is provision for three 6.3 MW 6.3 kV generators located in
three isolated structural compartments. Each compartment is a self-contained
one-generator power plant functioning as one channel of the protective safety
system. Each compartment is equipped with independent systems of fuel, oil
and starting-air supply, together with cooling, heating, auxiliary power
supply, control and monitoring systems.

Diesel fuel is supplied by pipelines from the base store to 100 m3
capacity underground tanks with a minimum of two days' stock of fuel. Each
compartment contains a service tank of oil sufficient for operation of the
emergency diesel plant for 20 days.

The diesel generators are started by compressed air, which is kept in
two cylinders. The reserve of air is sufficient for six successive starts.
The cylinders are refilled from two automatic compressors.




Each compartment has its own 6.3/0.4 kV single-transformer sub-station,
connected to the 6.3 kV station auxiliary power system buses, for users of
auxiliary power supply.

The automatic control circuits which ensure the operation of the
stand-by diesel plant in the event of station blackout in an accident
situation are supplied from an independent source - 24 V batteries on floating
charge from a rectifier. The stand-by plant is fully automated and is
designed to start and operate for 240 h without requiring constant attendance

by personnel.

In normal operation of the power plant unit the diesel generators
remain on stand-by (ready to start automatically at any moment), and are
switched on only for testing the safety systems. Under stand-by conditions
the mechanisms of the station auxiliary power supply are supplied with 6.3 and
0.4 kV AC from the emergency power supply buses, so that the temperature of
the internal-circuit water and oil is maintained within specified limits.

Under emergency conditions requiring the operation of safety systems
the diesel generators start automatically. The time of automatic start of a
diesel generator is about 10 seconds - from the instant when the instruction
to start is given to the instant when it is ready to take the load. As soon
as the rated revolutions and voltage are reached, the diesel generators are
connected to the de-energized emergency power supply buses, followed by
stepped increase of load.

The stand-by diesel generator plant has three completely independent
channels, each of which is capable of carrying out the required functions in
full.

2. WATER SUPPLY FOR THE SAFETY INJECTION AND EMERGENCY CORE COOLING SYSTEMS

The system of intake and filling of the main circuits of the unit and
the reserves in the pressure suppression pool of the accident containment
system are used for supplying water to the emergency core cooling system and
the emergency feedwater system.

The system which is most important for reactor safety is the clean
condensate system. It is used for filling the main and auxiliary circuits and
for make-up under normal operating conditions, for safety injection in the
event of breaks in the feedwater supply system and for emergency core cooling
during accidents caused by pipe breaks in the circulation circuit.

The clean condensate system includes storage tanks and pumps. The
storage tanks (CCST) have a capacity of 3000 m3 for two units of the
station. During gower operation of the unit these tanks have a minimum
reserve of 2000 m” of water. The tanks are refilled with chemically

desalinated water from the chemical water purification system at a maximum
flow rate of 110 t/h and with the secondary steam condensate of the

evaporators of the floor drains purification system at a maximum flow rate
of 45 t/h. The condensate is supplied from two monitor tanks with a total




capacity of 400 m3. Under emergency conditions the four circuit-water
collecting tanks with a capacity of 750 m> each can be used as the CCST
reserve.

During operation of the reactor the following pumps are connected to
the CCST:

- The ECCS pumps which supply water to the unaffected half of the
reactor in the event of circuit pipe break accidents;

- The pumps for independent make-up of the circulation circuit
(clean condensate pumps 1, 2, 3), which supply clean condensate
directly to the suction of the electrical emergency feedwater
pumps or to the de-aerator equalizer line under conditions
associated with steaming of the electrical feedwater pump, break
of the latter's suction lines and loss of power;

- The pumps for filling and make-up of tanks of the reactor
auxiliary systems and water purificution systems (clean condensate
pumps 4, 5, 6). These pumps ensure the operation of the safety-
related systems of the reactor and the normal operation systems.

All pump units supplying water to the clean condensate storage tanks
are powered from the diesel generators in the case of an emergency condition
coupled with loss of plant auxiliary power supply. The pumps on the line
connecting the clean condensate storage tanks and the circuit water collecting
tanks are also connected to the diesel generators. Therefore, in the event of
an accident accompanied by loss of plant auxiliary power supply, condensate
can be supplied from these tanks tn the pressure header of the clean
condensate pumps for circuit make-up or Lo the de-aerators or to the suction
of the electrical emergency feedwater pumps for delivery directly to the
moisture separators.

Another important source of water for reactor cooling during an
accident caused by a circulation circuit pipe break is the reserve of water in
the pressure suppression pool of the accident containment system (ACS). This
pool has a reserve of 3200 t of water. In an accident caused by a circuit
pipe break, the water and steam from the ruptured section go to the above
pool, where the steam is condensed. From this pool the emergency core cooling
pumps deliver water to the affected half of the reactor, ensuring its cooling
and make-up. The necessary temperature conditions in the pool are maintained
by a special sprinkler cooling system, which has circulation pumps and heat-
exchangers. The circulation pumps of this system are also powered from the
diesel generators in the event of loss of plant auxiliary power supply.

Thus, the total reserves of clean condensate are about 5000 md. In
accidents with uncompensated coolant loss, such as steamline break, this
reserve of water will be sufficient for reactor water make-up for seven days.
By this time, the steam production in the reactor due to after-heat release
drops to 10 t/h.
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Compensating reactor water make-up can be arranged from the chemical
water purification system or from the floor drains purification system or from
other special water purification systems of the power station.

3. ACCIDENT CONTAINMENT SYSTEM (ACS)

This is designed to localize radioactive releases during accidents
involving rupture of any reactor cooling circuit piping except the steam-water
lines and the upper part of downcomers, which are situated in the compartments
of the drum~type steam separators (DSS). The ACS is a system of leaktight
compartments and includes a condensation-type pressure suppression system, a
system for heat removal from the latter and from the leaktight compartments, a
system of shut-off and isolation valves and a system of hydrogen removal from
the leaktight compartments.

The system of leaktight compartments (see Fig. 2) includes the
following reactor compartments:

- Sealed pressure-resistant enclosures (items 1 and 2 in Fig. 2)
located symmetrically in relation to the reactor axis and designed
for an overpressure of 0.265 MPa;

- Compartments of the distribution group headers and lower water
lines, which are also located symmetrically in relation to the
reactor axis and separated from each other by the supporting
cross-piece of the reactor with passages having a total area
of 5 m¢. According to the strength requirements for the reactor
structural components, a pressure rise above 0.2 MPa is not
permitted in these compartments;

- Compartment of the steam distribution space (item 5);

- compartment of the condensation-type pressure suppression
system (CPS), a part of which is filled with water and the rest

with air (item 8).

The leaktight compartments are connected with each other by means of
valves of the following three types:

- Non-return valves (item 9) located in the floor separating the
compartment of the distribution group header and lower water lines
from the steam distribution space;

- Non-return valves (item 10) located in the openings of the floor
separating the air-filled part of the pressure suppression pool
and the sealed pressure-resistant enclosures;

- Panels of non-return valves (item 11) located in the partitions
separating the steam distribution space and the sealed pressure-

resistant enclosures.




The pressure-resistant enclosures and the steam distribution space are
connected with the water-filled part of the CPS through the steam extraction
channels (item 17), the lower parts of which are located 1.2 m below the water

level.

In normal operation the system of leaktight compartments and the CPS
remain on stand-by. Under emergency conditions the system functions in the
following manner. In the event of a rupture of circulation circuit pipes, the
boiling coolant is ejected into the pressure-resistant enclosure. The steam
formed raises the pressure inside it. The non-return valves of the panels
between this enclosure and the steam distribution space (item 11) open at a
pressure difference exceeding 0.02 MPa. When the pressure in this enclosure
attains the value sufficient for displacing the water column in the steam
extraction channels, the steam-air mixture begins to enter the condensation
" systems. In bubbling through the water layer the steam condenses, while the
air is collected in the air-filled part of the condensation system. When the
pressure in it goes above S5 kPa, the bleed valves, which connect the air-
filled part of the condensation system and the unaffected pressure-resistant
enclosure, open and a part of the air goes into this enclosure. Thus, the
volume of the latter enclosure is used for reducing the pressure in the
affected enclosure. In the given emergency condition the non-return valves

(item 9) remain closed.

If the circulation circuit break occurs in the compartment of the
distribution group headers and lower water lines, a pressure rise above
0.02 MPa opens the non-return valves connecting this compartment with the
steam distribution space. From the tunnel, through the steam discharge
channels, the steam-air mixture goes to the water-filled part in the central
section of the condensation system located under the steam distribution
space. A rise in pressure in the air space of the condensation system opens
the bleed valves connecting this part with the two pressure-resistant
enclosures. In this emergency condition the volumes of the two enclosures are
used for reducing the pressure in the affected compartment, while the valves
in the panels (item 11l) remain closed.

All the leaktight compartments and the CPS are lined with 4 mm sheet
steel and are subjected to check tests for local and integral leaktightness.

The necessary temperature conditions in the CPS are maintained during
an accident by the operation of its heat removal system, which includes pumps
(item 14) and heat-exchangers (item 15). The pumps take water from the
pressure suppression pool, deliver it to the heat-exchangers for cooling and
return it to the pool through the sprinkler system (item 13).

The temperature conditions in the pressure-resistant enclosures are
maintained by spray coolers (item 12).

A surface-type condenser (item 16) is used for additional heat removal
from the CPS during a design-basis accident.




-9 -

Upon receiving the signal for circulation circuit pipe break, the
shut-off and isolation valves automatically disconnect the pipelines
intersecting the leaktight circuits (system of floor drains, water make up,
water purification of the CPS. etc.) in order to prevent the escape of
radioactive substances outside the leaktight circuit of the accident
containment system.

The purpose of the hydrogen removal system (HRS) is to preclude 2 rise
in hydrogen concentration in the leaktight compartments above the permissible
value under normal, emergency and post-emergency conditions. This system
continuously moniturs the concentration of hydrogen in the compartments and
removes it through the purification system to the station ventilation stack.
In the initial period of a design-basis accident, the HRS is disconnected
automatically from the leaktight compartment system in order to reduce
radioactive releases into the atmosphere. When the maximum permissible
concentration of hydrogen is attained (in about two hours) the HRS goes into
operation and removes hydrogen from the leaktight compartments.

4. TOTAL LOSS OF STATION AUXILIARY POWER SUPPLY

This is possible during system failures coupled with breakdown of the
power system. It is one of the most serious emergency conditions since it 1is
accompanied by a sharp fall in the coolant flow rate in the core and an
appreciable rise in pressure in the drum-type steam separators (DSS). Upon
loss of station auxiliary power supply, the main circulation pumps and the
feedwater pumps trip, the reactor protection system is actuated and the
emergency stop valves before the turbines close. The turbogenerator trip
leads to a pressure rise in the circuit and opens the main safety valves, as
a result of which the pressure in the circuit begins to fall and the safety
valves close. Forty seconds after the power loss the emergency feedwater
pumps are switched on and begin to supply water to the DSS from the clean
condensate tanks at the rate of 500 m3/h and a temperature of 40°C.
Thereupon, as was demonstrated earlier on the simulator aund verified iu
full-scale tests, a stable natural circulation regime is established in the
circuit and core after-heat removal causes no complications. Figures 3 and 4
present the results of the czlculation of changes in plant parameters in the
initial period of power loss coupled with simultaneous failure of one
independent component of the safety system (non-closure of one main safety
vailve of the first group).

The following conclusions may be drawn on the basis of our studies:
- The thermal parameters under emergency after-heat removal

conditions in the event of loss of station auxiliary power supply
do not exceed the safe limits;

- The reactor core is cooled reliably, first by the coasting of the
main circulation pumps and then by natural circulation of the

coolant;
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- The pressure in the DSS, even in the event of failure of one main
safety valve, does not rise above the permissible value (115% of
the rated value) owing to the operation of the other seven.

In the case where during loss of auxiliary power supply the settings of
two main safety valves are disturbed after they are actuated, the emergency
core cooling system (ECCS) is used to prevent a break in natural circulation
and to ensure reliable core cooling. The prolonged cooling sub-system of the
ECCS goes into action when the pressure in the DSS falls to 4.2 MPa and
supplies water by the ECCS pumps from the clean condensate tank of the
pressure suppression pool to the group distribution headers of both halves of
the reactor at the rate of 500 m3/h to each.

Apart from the ECCS pumps, the feedwater injection in the DSS is
performed by the emergency feed pumps, which also have emergency power supply
and can ensure a delivery of 1500 m°/h. After the level in the DSS has been
restored, the water flow rate into the circuit falls to the value needed for
making up the leakage of the coolant.

During loss of auxiliary power supply the operation of the reactor
safety injection system, automatic control system, process instrumentation
system, etc., is ensured by the emergency power supply system. Figure S5 shows
the power supply diagram for the emergency feed pumps. The power supply
diagram for the ECCS pumps is similar to that of the emergency feed pumps.

S. REACTOR COOLING BY NATURAL AIR CIRCULATION

A feature of the RBMK reactor is that the steam and water iines with no
heat insulation have a developed heat-exchange surface. The compartments
containing such lines have knock-down panels in the upper and lower parts to
prevent pressure rises above the limiting value in the event of circuit pipe
break accidents (Fig. 6). This feature of the reactor equipment arrangement
enables after-heat removal from the core by means of air cooling. It is based
on the principle that when the knock-down panels are opened in the upper and
lower parts of the drum-type steam separator (DSS) compartments, this creates
natural circulation of the surrounding air which is brought into motion by the
difference in density between the cocld atmospheric air and the heated air in
contact with the hot steam and water lines.

This air cooling feature of the RBMK reactor can be utilized during a
beyond-design-basis accident associated with total loss of auxiliary power
supply and failure of the stand-by diesel generator plant.

In such an accident, the emergency feed pumps cannot deliver
feedwater. There is only one possibility of supply from the ECCS water
cylinders of about 40 t at a temperature of 40°C by injection into the
circuit. After-heat removal and reactor cooling will take place only through
evaporation of water from the reactor circuit and heat losses. During the
first hour after shutdown of the reactor about 140 t of water evaporates. By
then the power plant personnel will have time to force open the knock-down
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panels of the DSS compartments and to p*: into operation the "a2ir heat-
exchanger" formed by the steam and water line pipe bundles. At the latter's
temperature of 280°C the "heat-exchanger” has a capacity of 22 MW for an
ambient air temperature of 30°C.

The reactor after-heat removal capacity will fall to the level of the
maximum capacity of the "air heat-exchanger" five hours after reactor
shutdown. In the preceding four hours with the heat-exchanger in operation
48 t of water will evaporate. For removal of the heat accumulated in the
graphite structure and amounting to 278 x 108 xJ, it is necessary to
evaporate 110 t of the circulation circuit water and 40 t of the ECCS water
with a temperature of 40°C. Thus, the total quantity of water evaporating
from the circulation circuit will be 295 t, i.e. somewhat less than the
initial stock of water in the four DSS (314 t).

On this basis it can be concluded that, under conditions of a beyond-
design-basis accident caused by total loss of station auxiliary power supply
and failure of the stand-by diesel generator plant, reliable cooling of the
reactor core will be ensured for an unlimited time. This is achieved by the
use of a strustural feature of the RBMK reactor and its layout in the power
station.
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Fig. 1.

Flow diagram of a unit with the RBMK-1000 reactor: (1) reactor; (2) fuel channel;

(3) water lines; (4) steam and
water lines; (5) drum-type steam separators; (6) uowncomer; (7) MCP suction header; (8) MCP; (9) MCP header bypass;
(10) MCP pressure header; (11) mechanical filter; (12) limiter; (13) group header; (14) isalacion and control valve;
(15) mixer; (16) [cedwater e¢quipment; (17) steam header; (18) main safely valves; (19) last-acting steam dump system;

(20) turbine stop and control valve; (21) turbogenerator; (22) condenser; (23) condensate pump; (24) condensate
purification (CP); (25) heater; (26) de-acrator; (27) electrical emergency feod pumps; (28) clectrical feed pumps;
(29) blowdown regenerator; (30) coolant pump; (31) blowdown aftercooler; (32) bypass purification (BP); (33) condensation;
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UCTIOJIE30BAHME CHCTEM ASC C PEAKTOPAMY
PEMK Ui CMATYEHMA [IOCHELNCTBUM ABAPVEA

B.[I.Bacunesckidt, C.I[I.Kys3Heuce, {.I.Kymxop, K.M.Yepkames

Hay4yrO-MCJe [IOBaTeNbCKME ¥ KOHCTDYKTCDCKIG

VHCTUTYT 3HEPreTHKM

Mockra, CCCP




B HacToamee Bpemas B CCCP HaxonATCA B JKCILTyaTallWZ I4 9HeD-
TOCNIOKOB ¢ DeaxkTopamu PRYK-I000 eIVHEYEOY 3JEKTPEIECKOf MOIHOCTEL
I000 MBT 7 2 3Heproduaoxa ¢ peakropamy PEMK-IS0C emuumdaHO#f 3ueK-
Tpraeckoft MomHocTsR IS00 MBT /I/. ToToBETCA K TycKy 5 Onox Kype-
Ko A3C ¢ peaxropoM PRMK-IOOQO.

fnepmui 3HepreTEdecKZ peaxrtop TEna PRIK ABIseTCA TeTepo-
TEHHHM KaHAJIBHHM peaKTOpOM Ha TeIUTOBHX HEUTpOHaxX, B KOTODOM B
Ka9eCTBe 3aMelIUTeNf HCHONB3YyeTcHA I'pafET, a B Ka4eCTBe TEILIOHO-
CHTEJA - KENAlad Jerkad Boma. 1660 TOMMWBHHX KaHATOB pasMemanTcsd
B BEDPTUKAIBHHX OTBEPCTHRX I'PaP¥TOBHX KOJOEH ¥ NPEICTaBIANT Col0Z
Tpyly ImameTpol 80 MM ¥3 IEDKOHXEBOI'O CILI2Ba. BHYTDE KaHasa yC-
TAHORJIEHA TEILIOBHIENANNAS KacCeTa, AMewmas B CeueHAY I8 cTepmeHb-
KOBHX TBIJOB I¥ameTpoM 13,6 MM B OCOJOUKE U3 IMPKOHHEBOI'O CILIABE.
TemwroBad cxeMa ABIASTCA TUIMYIHOX IIA ONHOKOHTYDHHX SHEPreTHIeC-
KFX YCTAHOBOK C KEILAMEM peaxTopoM (pac.Il). KOHTyp MHOI'OKpaTHO#
IPZHYIATe BbHOH wuprywamz (KMILI) cocToHT Z3 IBYX HaDasLIelbHEX
NeTesis, B KaxIOf E3 KOTODHX OCYWECTRIAETCH OXJAaxRIEHZE IIOJOBHHH
TOILTYBHEX KaHAJOB DeaxTOopa. LUPKYIAIEA TEILTOHOCZTE.IT OCymecTBIA-
eTCA C NOMOIBY IMIABHEX LMDKYJIAILIOHHHX 3J2KTpokacocc: (IUH). Ioz-
BOI HELOTDeTO#l BOIH ¥ OTBOL NADOBCIAHOA Cli2C: OT KARIOI'O KaHa
CCYoECTRIASTCA N0 IHIMBUIYATbHEN: TpYySOT-CECISl’. I KOTIYCERY Cé-
IapaTopax TODM3OHTABEOTO THIZ IDX IaBJIexIn cxcro 7 Wlla mocuzcxo-

48]

—=€

IIT Da3resedile Iapa ¥ BOTH. LECHUSHENZ le) E&TDes3lieTca
TypOilKH, 2 ero KOEIEcHCaT BO3BrauaeTcd INOCaEe LOIOIDEBE ¥ J2aldpami:
B cellapaTopH, OTKyIa, CMEIMBAACh C OTCEeIaDYPO3aHEOI HaCHueHHOX
Bomoi, nozaeTcd IiH Ha BXOI B DPEaxTOD.

b rmpoilecce IDOEKTUPOBaHUA mepBHX ASC ¢ peaxTopoM PoMK-IOCC

GHJ COOPMIDOBAH NEDEUEeHDb ACXONHHY aBap«iHEX COOHTHZ #




TpOaHaTH3UPOBaHH Harfojee HeGIATONpUATHHE OyTZ ¥X pasBhTus /2/.
Fz OCHOBe omuTE IXCLIyaTalllX ¥ IO Mepe yRecTOdYeHuA TpeGoBaHZZ

K 0e30macHoOCTy A3C, KOTOpoe EHMeeT MECTO B MEPOBOI aTOMHO# BHEp-
TeTHXe BOOOLe, HeDBOHAYANBHHY IepedeHb HCXOIHHX COCHTHH CHJI
3HaYUTENBHO pacIMpeH. [lepedeHb IMAHUPYEMEX HCXOIHEX COOHTHY aBa-
pr# mig A3C ¢ peaxTopamy PHIK, ceromHs BRIKNIa2eT B cebd OKOJNO

50 cuTyammi, KOTOpHE MOIYT OHTH paslesJeHH HA O OCHOBHHX THIOB:

1) cATyamu C E3MEHEeHWEM DPeaxT¥BHOCTY - HaleHue HJIM Camo-
IDCY3BOJLHOE K3BJeUeHne cTepsHA CY3, OTKA3W B amnapaTypHo# dacT:
CiC, ofe3BomzBaKue XKaHanoB CY3, JOXHOE BHRJINYEHUE CHCTEMH aBapui-
HOTO OXJIaRTeHUA DpeaxTopa;

<) ampapad B CiCTeMe OXJARIGHAS aKTEBHOE 30HK - OTKINYEeHUE
I_Z, OODEB Tapesr: 0SpaTHOIO KiamaHa G IUECKa 3alODHOH 3aIBUERTI
IZ, oTXa3H B cucCTeNMe NOIJ&4i IMTaTeNEHOZ BOIH X T.I.;

3) aBapuu, BH3BAHHHE Pa3PHBOM TPYOOIDPOBOIOB iill, IADPOIDO-
BOZOB # I¥TaTEe BHEEX TDYOOIPOBOIOB;

4) as3apzy ¢ OTX/ITIEHZeN XTI OTHa30M 000pyIoBaHIA - 00ecTc-
YUBaHle COGCTBEHERX HYRI, OTKJNGEHZE Typoorszepartopa (IT), oT-
HTETUE IVIABEEX NMDEICYDaEIfTesHEX Kianmaxcs (7750 ¢ mocsewmmesr
Eenmocamxod & T.I.;
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S) mTouis asarii - DI IeDETPYSKE TOLTIBE DE3IITDYE0
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3&ICY3O0YHOLI liaitlHON, [I0%2D, 3aTOTeKXS IDI K&30TEeZill I T.I.

L eTpeRNIE IS TICSHTHEN MDEZEIOB IOBDIITSEIS TBATOE I Z3T°C-
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TITI0T0 YPOBHR BEXOIZ& DAGIOAXTHBHEX EYR/IILOE B OXDYyRAKITD CIely
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B DExMAaX HODMAN>HOY 3XCLIyaTaili ¥ B aBaDiiiEy cuTyamsX o0ec-

sty T

[E4Y4BaeTCA CIeIYyRLna! CUCTeMali PeakTOopHO.! yCTaHOBK: i ASC

B lleJIOM:




~ cuzcTeMO# yupaBaerusa ¥ 3amuTh (CY3), B cocTas KOTODOE Kpo-
Me TPaIUII#OHHHX YCTPOZCTB BXOLAT JOKATbHHE aBTOMATHIECKEZE DeTy-
JATODH, I'DYIIH JOKATbHOY aBapuiHOY 3amuTH X cucrponeﬁCTBymmaﬂ
apapufHan 3aruTa;

- CHCTEMO# KOHTDOJA ¥ PEeryJHpPOBaHMA 3HepropacIpeleJerHis,
KoTOpad OCYmMeCTBJIAET HEUPEePHBHHY HUCKDETHHY KOHTPOJIE SHEPI'OBHIE-
JEeHH# MO pamrycy ¥ BHCOTEe AKTEBHOZ 30HH;

- czCTemO# apapufHOTO OXJaRIeHusa peaktopa (CACOP), obecre-
YuBapmeZ TEILIOOTBOL OT SKTHBHOE 30HH IPY aBapuy, BH3BAHHHX
PaA3DHBOM TPYGOIPOBONOB HJIXM OTKa30M OGODYIOBAHMA, KOTOpad aBTO-
MaTHYeCKY BKJIOI2eTCA B DPadoTy MO O He3aBUCHMHM AJTODETMEM B 3a-
BHCEMOCTH OT THUIla aBapuk;

- CHCTeMOI NOKZHATLHOTO ¥ IDYINIOBOT'O KOHTPOJA T'€DMETHIHOCTZ
000JI09€K TB3JOB TOILIMBHHX KaHAJOB}

- CHCTeMOH HHIWBHIYAJIRPHOI'O KOHTPOJA HEJOCTHOCTZ TOIUINSHEY
KaHaJoB ¥ KaraloB CYG;

~ CHCTeMOZ 3amTH OT IIDPeBHIIEHUA IaBVIeHEd B LUDKYJIAIR OHHOM
KOHTYDE - IDyIOE IpelOXpaEMTeJbHEX KianaxoB (ITn);

- CUCTeMO¥ KOHTDOJIA ¥ DPETYLIDO3AKIS DACXOoI& TeLIOHOCHTELI
E TOILL!BHXY K&H& eX i Xazamex Cye;

- CICT2MCE KOHTDOIR TEMIEPaTyDH METATIOXROECTOVKINL TIax¥Tioe
I TpaduTa n0 O00BENT KIaIxy,

L

— CILCTELICI LeKTD&LI3CBaHHOTO KOETDCIE, CCyuecTaznsll olilt
¥ KOHTDOJI> EBXOIHO: aHanOT'OBO# ¥ I#ECHRPETHOD iALCDIMEIIM, Dac¥st
LazaleTPCs Ce30nacHCIC BeIeH:A TEeXHOICTWIECHIX IpOLsCCC= I cil-
EaTa3aldl 00 OTHIOHEHISY KOHTDOMLIDYElMEX i DACISTHEYX NEDalieTTOB
OT 38IaHEHX YCTa3O0K;

- cucTeMo# clpoca maporal30Boi CMeC¥ U3 DeaxTCDHOI'O LIOCTDaE-

CTBa TpH aBapUilHoil pasTeuMeTH3all¥y KaHAJOE DEeaxrToDa};
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- Da3rpy309HO-3arpy309HOlt mMamzyo#, mo3Bouawme IPOU3BOIXTH
IepeIpy3Ky BHIOPEBUMX HJII NOTEDABLEX I'eDMETHIEOCT: TOILIABHHX
KacceT 6€3 OCTaHOBa peaxTopa,

- CLCTeMoZ Jorau3aldy asapu#, OpeIHasHaueHHOR IJA mMDZena
2BapEZHEX BHODOCOB TEILIO4OCHTE]I, KOHIEHCAIWZ Iapa ¥ BEISDRKI
HEeKOHIeHCUDYRIUAXCA PATHOaKTUBHEX T'a30B;

- CHCTeMO# BONOCHACReHHA OCHOBHHX KOHTYDOB DeaxTopa ¥ CEC-—
TeM &BapuiHOI'O OXJaxRIeHuA peaxTopa;

- CHCTEMO# 3JeKTPOCHAGREHUA COOCTBEHHHX Hy== ASC;

~ DE3ePBHOR IH3eJBb-3JeKTpoCcTaxImed,

[lepewicneHHHe BHINE CHCTEMH PeaKTOPHOX ycTaHoBkZ (PY) mosso-
JART 00ecleddTs (e30NaCHOe IIPOTEeKAHKEe aBapUfiHHX HOpPOLECCOB B CO-
OTBETCTBUZ C IDWHATHM NepedYHeM IPOSKTHHX aBapuit /3/. Cucrema
CY3 aBTOMaTKIECKY 1O OTKIOHEHZAN NapaMeTDOB BOSLENCTEyST Ba MOU-
HOCTb peaxTopa, CHCTeMd OXJaXNeHZA ¥ NOIMMTKY aKTiBz0# 30HH,
DETYAATOPH JARVIeHHA ¥ YPOBHA B CeIapaTopax, aBTOMASTZYECKE NOI-

repEEBAMT TEIVIOTUIPABVIMYECKHAE XapaKTePUCTHKY B 6e30IMacHHX Ipe-

Zsaex, CAl? ofecmedzBasT aBapifiHoe pacXosaxiBaxis peaxTora &
T.-. DE30TKa3HaAA DpacoTa 3TZX CUCTEM B a&Bapuimlrny ciuTyailisy odec-

IRYIBRETCE NDExTe 3Cer0 HaJexHuM 3JeXTPOCHalzeHu:ll, EO0JOCHES~

wror=— wy =y

T2HIeM ¥ pe3erBuDOBaHliel; 060pyIoBaHZA. [I03TOLY HelloTee Basimin:
cicTemar® A3C ¢ TO4UK® 3peHuA ofecrnedeHds ee 0e30LACHOCTY m3ii-
LTCA CHCTELE BIEHTDOCEASISHIA COOCTRONEXY HVEN ¥ =0J0CHASHSHIS

- Ceteme COv T L H froiivie ¥ P ey

CuCTEM aBapuiHod NOIIITXY peaxTopa i JOR&JLIBAIL: E:xSTOCCE TSi-

—

D I2EHOL LORJN&Ze IPEBOTXTCHS OIBICainie 3THX CIcTel ASJ ¢

27 PE.A~ICCOC BTOPOTO MOKOJEHUA, NDHHIIYNOB KX padoTH 3 HOpMa in-

-~y me

HEX o aBapiuiHEX pexuMax. PacCMOTpeHa aBapuiiHad cuTyalis,




BEEZBEHEEI LOIEN 06ECTCUNBaENeN COCCTBEHHHY HYED, B BaIpOeKTHAL

("~

&8Dug, COIDOBOZIam-adcs 00eCcToYdBaHZen COOCTEeHHEX Hy=EIZ ¥ OT-




I. GACTEMA HAZEXHCTO SJEKTPOCHABXEHMS

Cucrema HaeXHOTO 3JEKTPOCHalreHZg ASC npexﬁasaéqeﬁa bitsz s
odecnevyerssd 3JIEXTPO3EepIrEe# o60pyLoOBaHZdA, KOTOPOE HeOOXOIZMO
L19 pacxoJaRHBaHUSI DEaKTOpa KaKk B HODMaILbHHX, TAK K B aBapiidHuX
pexumax.

Bce noTtpeduTes® COOCTBEHHHX Hy®I ASC no TpelSoBaHaaIM K X
HaZeRHOCTHY Pa3le sIoTCA Ha 3 IpYINIH:

I rpymia - noTpeduTesn:, He IONMyCKakmZe IO yCJa0BZAL Ge3omac-
HOCTY NEPEepHBOB 3JIEKTDOMETAHEA (Gojee 4eM HA IOJH cexyﬁnu g
OCYueCTRIEHUS aBTOMATUYECKUX HepeR/mdeHm#) Bech NepUOX TPOTEKa-
H¥A aBapuiHOIrO mpomecca, BRIXYAA CHTYAlK C NOIEHEN ofecTodHBa-
HZeM COGCTBEeHHHX Hy=I ASC.

n I TpymIle DOTpeSETeJ e OTHOCHATCA: &ar=iapaTtyna # Cepro-
mpuBoTH C¥3, HHPOPMAMOHHO-BHUHCJHMTENBHAA CHCTEMa, KOHTDPOJIHHO-
A3MepuTeJbHHEE I-ZO0O0DH, 3JIEKTPONPUYBQIH 3aImBUzeK ¥ apMaTypd CAOP,
CA, czeren asapziﬂoﬁ NOIIKTKE KOHTYypa ¥ T.Z.

2 Ipymma - NOTpeCuTelN, IOLIYCHKAaKLGIS NeDepiBSH IMTaxig Ha
TeMA, ONpeleJideMOe YCJIOBUAME 6e30nacHOCTH (0T IECATROE CEXYHL
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TIcCJe cpadaTeBaHad AS peaxTopa. K HNOTDeCXTe.a: 3TON Ity

OTHOCATCA MEXaH¥3MH, OCecCHevrBamlliie DaCXOJaxiBaHileé DEaxTO0D& B

[Z’HaX COCGCTBeHHHX Hy®Rn AcC (amapuifhnid HacoCc mpyIa oxnamiIssA,

HaGCOCL KOHTypa oxnazmex:d Cy3, Hacock CAC-, A=, H2C0C ¥ICTO-
IO KOHIEHcaTa, IIOXaDHHe HaCOCH, HACOCH TeXEII§elHOI BlIX, HacocH

CTIDHEKJIE PHO-0X 18I TEJBHOE CHCTEMH) .




3 rpymmna - IoTpelZTelnI, IJOMyCKaWuMe NeDepHBH MMTaHMA Ha
Breng aBapyiHOIrO BEOIEG pPe3epBa ¥ He TpelywiEe 0043aTEeJBHOTO Ha-
JYAA mMTaH¥d IOCJhe cpadaTHBaHUA A3 peaxTopa. K HéM OTHOCATCH
1T7H, mATaTejJbHHe dJNeXTporacocH (IIGH), KOHIEHCaTHNe HacOCH,
MEXQHU3MH BCIOMOTATEJNBHHX CHCTEM DEaxTopa ¥ MaIMHHOTO 3aJja ¥
Ipyroe o6OpYyIOBaHEE, ObecHeddBanilee padoTy OnOKA B HOPMAJBHHX
pezuMax.

lioTpeduTesmu I IPYTIH 3aIMTHBANTCA OT CeTZ HANEXHOTO MXTaKUE,
HCTOYHMKOM MHTAHEA KOTODOH ARIANTCA CTaTHYECK#e YHBEPTOPHHe Ipe-
o6pa3oBartesi. OH: ABIANTCH arperaTaMd 6ecnepefOdHOro IMTAHHA ¥
B cryydae ofecTouxBaEiA ASC MUTANTCA OT aKKYMyJIATOPHRX CaTtapei.

2 I'PyIma noTpedzTeled 3aI¥THBAETCA Taxze OT CeTX HATEeEHOIO
ITaHNA, KOTOpad, B CBOK o4Yepelb, B cCJaydae ofecTouBaHus AJC
TdTaeTcA OT IX3eJb-I'eHEDPATOPOB. BDEMA DA3BOpOTa Id3ein-IeHepa-
TOPOB IO IpuUeMa #l% HOJHOZ HATDPY3KZ CoCcTaalieT He GoJgee 4C c.

HCTOYHUKOM ImTaHuA NOTpelHTesell 3 IPymnx ABIANTCS Padodas

7 Te3epREMe 6I0YHEe TparcdOpMaTODH.

Te3epsEad M3eJdnHaS JeXTpocTaHums (PLEC) OoernHasHausHe

17 CHaCXEE:A 3VIeKTDOJHEDITHE n OOTPECUTENeR CulTEN GE3CIECHCCTL

[§4)
(l)
' [I

&3s7uiEEy pezinex. LIS xamzoro 6sora ASC Ims=yeueTnis

YCTEEC2FE B TDEX U30TDOBEHHEX CTDOETeNSERX S32i=aX Ie C=EIT

v
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IU32TI3-TEHEDETOTY LICLEOCTEN £€,3
gyeiiva 250 mpelcTasideT cOCO# aBTOHOMHYW OLEsaIDEraTHy: 13-
TPOCTEXIIIN, BENOJHTIIYH TyHRUZY OITHOTO KaHaTté OC3Cheulzanlsl:
CHCTELZ (0e30mac:oCcTi. naxiai fg4elrna 0007y IyeTCE 8STOECLIET!
cucTeMar:! ofecledeHud TOILIHBOM, MACJON ¥ BO3IyXOi
Taxe CHCTeMaNy OXJIasneHiud, OTOILIeHEA, 3J3KTNICHACESHIZ COSCT-

BeHHZEX HYRI, YIIpaBiIeH:A I KOHTDOJA.

- 35y -




Li3€JpHOe TOIVIMBO N0 TPYOOIPOBOIAM HOIAEeTCA C Ga3UCHOTO
CKZalla B IIOL3eMHHE Oaky HeCHME2EMOL" EBYXCYTOUHOTO 3amaca TOLTZ-
Ba eMKocTsD I00 MS. B Kaxno} Adeiixe pasMellaeTCA PACXONHHA Oax
macJsia B3 ycJoBHA ofecHmedeHus padoTH PLIC B Tedemme 20 CYTOK.

3aIlyCK I#3eJie# OCYymecTBIAETCA .XaTHM BO3LYXOM, KOTOPHA
XpaHUTCA B IBYyX CaJlIOHaX, 3araca BO3LyXa IOCTATOYHO IIA 6 Inocte-
IOBaTeJBbHHEX IIYCKOB, IONOJHeHHe CaJ/UIOHOB CRATHM BO3IYXOM IpeIyc-
MOTDPEHO OT IBYX aBTOMATH3YPOBAHHHX ROMIPSCCODOE,

g IMTaxzd NoTpeduTeselt COOCTBEHHEX HYRI B Kaxmof dueiixe
PI3C mpeXycMaTpABaeTCA CBOA ONHOTPaHCQOPMATOPHAA IIOICTAHIEA
€,3/0,4 B, IOmx/oYeHHad XK IMHaM 6,3 KB HamexHoro maraHua A3C.

[HTaHMe leNlejl a3TOMATHKE IM3eJb-TeHSpaToDa, O6ecHeTdBaley
BETOTHEERe GyHxums PISC B pexuMe aBapmitHoro odecTowmsaxzas ASC,
OCYWeCTBIASTCS OT HE3aBHCHMNMOTO UCTOYHAKE SJIEKTDOCHACREHAA - &K-—
XYMyIATODHO: GaTapeu 24 B, padoTammeif B pexaMe MOCTOAHHOTO IOI-
3&DAZ2 OT BHIPAMATEJBHOTO ycTpoitcTBa. PLOC mOJHOCTER asToMATI-
3wDoBaHa i OPEenycMaTDUBaeT 3alIycK ¥ padoTy 6e3 IMOCTOAHHOTO 06—
CIYZIBaHLs ONepaTHUBHEM IIeDCOHANOM B TedeHHe 24( d.

LDE EODMABHOA DpadoTe CUIOKa II3eJb-T€HEDATODH HEXO0IATCSH
B pexilie "OmizZasize" (IOCTOAHHAA TOTOBHOCT: K &3TOLETUYECHILY
Iyery) o DIHUENTCA TCIBEO IJIA ONPOCOBEHPA CiCTen $e3ClacH:liTii.

2 pezive "ozrmaxue" SNEKTDOMITAHNE NMEXAMH3L0B COOCTBEHHEI HITo

~oo coT e imees

0Ci2CTRISETCA LESDENMEHEI TOXONL Harmpasemiel €,3 o (,4 ¥ T =iF
HaIexFOT'0 B/IEXTDOCHEOXeH:A, Npi 3TON NOLIEDXIBAETCA B 3aTar::X
Iperesax TelTeDEaTyDE BOTE BHEYTDEHKEETO KOETypa d Mac.a.

5 asapiZHHy pemiliex ASC, TpelywnsiX PadoTs CicTen e30mac-
HOCT#, IOPOUE3BOMMTCA aBTOMATXUYECKHZ 3aIyck IM3eSb-T'eEepaTopD

DpENd aBTOMATHYECKOTO 3alycKa Iii3esb-TeHepaTropa ¢ MOMeHTa noJad:




KOMEHIOH HE OYyCK 00 MOMeHTa I'OTOBHOCTE K NDHHATIH HaIDy3SKE
cocrapnAeT OkoaI0 IO c. II0 HOCTEEEHIX HONMHALLHEX OCODOTOB H
HelpAKSHUS IK3eNb-T'eHePaTOpH BRINYANTCA HA O0eCTOYEHHHNe WHMHH
HANeEHOI'0 IMTAHAA C NOCIeNyomEM CTYIeHYaTHM HasopoM HaTrDy3KAa.
PL3C mMeeT TDH HOJHOCTBLY HE3LBHCHAMHX KaHalz, KaXKOHZ Z3

KOTOPEX -CIOCOGeH BHIOONHHTE TPedyeMHe (yHXKUEM B HOJIHOM OOBbeEME.

_ 254 -




11
2. BCLOCEADEEE CUCTEM ABAZML.AC NOLZITRI
: b OXLAZZZHUSA Z=ALTCPA

75 OpTezizamns BOLOCHaSHEHMA CZCTISM &B38DiLIH0T0 OXIeiIe-
@S DPeaKTops U azepdisHod Iolad¥ I¥TaTe, »3Z0s  BOZH UCIOID3YETCH
czcTeMa NpUeMa # 3allOJHEHHA OCHOBHHX KOHTYDOB 6J0Ka Z 3allaCu
i BOOH B Jacceilze-6apboTepe CHCTEMH JOKAIE3AIKE aBapEi.
i

Sairsoaes BARHOZ, C TOYKM 3DEHUA Ge30NECHOCTE DPACOTH peeii-

=
'
(@]

O.

N

| TOpPEOA yCTaHOBXKU, ABIASTCA CHCTeME YZCTOTO KOHIEHCara, D&
COy#aIT I8 3allOJHeHXS OCHOBHHX M BCIOMOI'aTeJbHEX KOHTYypO3B

| GoIOKE § ¥X NOLIKTXY B PeRMMAX HODMaIBHOZ SKCILIyaTaly, LIS
&3apZ:iHoy  OOTIATHY peaxTopa NPHY HapyLeHAsX B CHCTeMe I0oLav#
ILITATEJNbHOE BOIN, WLIX 2BapPHRHOIO OXNARIeHER DeaxTopa IpH
EZZ0I0iX, SHGZaENEX pa3pHBOM TPYOOODPOBOGO3S I DRy IAIAO0HHOITC
ROHTYLS.

Cxcrens TECTOIO KOHIOEHCATZ BKINYaaT B Celf Carz-HAKONUTEe.
7 JEDeKeBANIZ  HacocH. 0¢eem Gaxom-HaxonuTesel (E9X)
cocTasIAeT 300o 1°° Ha Be GaOHa ASS. upZ pajoie CULOKE HE
1IOEEOCTH 3anac BOGE B DI COCTa’lAeT He Mexes 2050 M°. LogmmTze

mmm——— - e -~t e mtmreia B vem menmma -
L O84Sl BlEsTCR XiD:08ecCosesH0w BOICH, LnoOCTymaERMed 3 cnlTell

LoBONO0LICTEY (JB0) ¢ MEKCIMAIBHEM pactxolon IIC ©/4, o =2ox-

ISHC&70: BTOTZHYEOI0 [aré BRUADHHX &lIsraTos CiCTelx Odlsizi
———m s - P . o e = /- st n o~ —
TIETHLX BCL C LEHCILaTREAL paCXonoll 40 T/4. 0HDSHCET

X3 LByX ROHIDOSHHEEX S&XOB WMCTOI'O KOHZEACE&TZ 00T 0UBel

fem o8 T am s eerthere .. e T ammee A e
430 1°. 3 ezspriupy pemuTiaX DeSeDBOL Sen MOIyT CIyEITE
< P e LTy - haga g .- [y Jenef xR 3 PP PRCRpURpp
cioza KOHTyDHEEX BOZ (S0X3) ofsenon 720 »° memzxl,
- rd
2 j“. -




i, B4R IIpu pacoTe peaxTopa NOLKINYeHH:

Hacocu CACP momamiie BOLY Ha HeaBapWilHy®n IOJOBUHY DEaxTO-~
Ta Ip¥ aBapaAX CBA3AHMHX C Da3pHBOM TPYCOIDOBOZOB KOHTYDA;

-~ HaCOCH &BTOHOMHOI MOIIMTHA UMPKYLAIMOHHOTO KOHTYDE
(F4K-I1,2,3), ofecneuwBanide Iomady YUCTOIO XKOHTEHcATa Hemocpel-
CTBEHEO Ha Bcac AICE WM B yDaBHUTEJELHYD JWHAK IeaspaTopoB B pe-
XiMax, CBfASAHHHX C 3anapuBanieM [I3H, paspHBoM BcaCHBAaKWUX TPySo-
mposozoB IIGH, ofecToYrBayueM;

- HACOCH 3anoMHEHEA @ MONIZTHA GaXKOB BCIOMOTaTEJIBLHEX CHUCTEN
DEAKTODHOTO OTLeJeEHs ¥ cucTeMm BojooumcTkm (HUK-4,5,6), oGecme-
ursaniae padoTy CHCTEM DEaKTODHOT'O OTIHeJeHMSA BAXHHX I 0e30mac-
KOCTZ & CHCTeM HODMATIbEOZ SKCILyaTaldH.

Sce HACOCH:e arperaTH, Nojammee Boxy #3 FUK, mMenT aJeKTDo-
IITaHre OT Iil3eJ5~I'eHEpaTopOB HA Chydad aBapuilHof caATyalw:,
COTPOBORIANIEACS 00eCTOYUBAHESM COOCTBEHHRX HYRL OJOKa., » Id3eJdb-
HepaTopan NOIK.NIEHN ¥ HaCOCH Ha JMHUE CBA3EZ BIRh ¥ GaxoE céopas

-

H
m
mn

KCETYDE=X R20Z, IO3TOMY DY amapfi, CONMPOBOXRIGHIeZCE ofeCcTo¥zZza-
Eilsl COCCTBEHHHX HYXZ O0Ka KOHIEHCAT ¥3 3TZX 0akoB MOXeT OETh
II0Za¥ WL! B HaIODER® KOJIEKTOp E<i IIA NMOMLITHY KOETYpa, ild B

-——— T mAT o r-

.. -y — - -— [ e -— -— -
C2aSpaTop, ol Ha BC&C ALCE 51T OCIaWl BCT: HEDOCHEICTISH:

t1

— -y

~DyTin) BaTHRD) UCTOYHUKOM BOZH LiA OXIAZIEHHS DEAXTCIE oo

- Led

SBETUTI, Bu3BEHIII DEITEECI ToYIOMDOBCIOR ITHYIMIIOHEITD Hix-
TyDa, FBIASTCA 3a74C BOLH B Caccelne-0ardoTene CACTENE Jirami-

JnriscTRe 320C 7. Il &3anuAX, BH33aHEEX paspEBol TTyC0IICBL003

v

KOXTypa, BOIa ¥ Uap 43 CevYeHld paspwBa NOCTyHasT E Gacceir-fan-

Gotep Cili, IHOe 7ap KOHIeHCUDPyeTCH. 13 GaccelrHe-Gap6oTeda HECOCH
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CaC? NozawT BOIXY B aBapHiHyn IIOIOBYEY DE&XTCDE, O0cChnedsBad ee
OXTaZxZeHUe ¥ IOITMTHY. HeoOxommzl TewnIepaTypHui pexmy B dacceil-
He-JapdcTepe NOLIEPRZBAESTCA CIELAATHHOY CIPUEXIEDEO-OXIALZATe b=
HOZ cuCTeMO#, uMemule? IWMDKYLALIOHHHE HACOCH E TeIIOOCMEHEHZKU.
LEDKYIAIMOHEREE HAcoCs 9TOH CHCTeMH Taxme ¥MerT 3JIeXKTpOomiTakEde
OT IX3eJ:-TeHepaTopoR Ha ciaydail 06eCTOTBaEMSI COSCTBEHHEX Hy=T.

Taxum ofpa3soM, CyMMaphHe 3alacH TACTOI'O KOHIeHcaTa COocTaB-
JINT OKOJo 5CC0 M°. [py aBapuAX C HEKOMIIEHCUDPYyaMofi yTeuxoi
TEILUIOHOCHTEeJI, HampinMeD, Ipd pasphkBe DApONpoBOLE, J2HHOIO 3ala-
ca BOZH CyIeT IOCTATOYHO NIA IOIMTKY peaxTopa E TE4eHMe 7 Cy-
TOK. [IapOrmpor3BOIUTEIRHOCTE DEakTOpa 3a CYeT OCTATOYHEX TeIIo-
BHTeJeH:# XK 23TOMYy BpeMEEn cHiuzaeTcd ro IC T/d.

RonmeHcupywnias NOIMTK2 PeaxTope MO=eT CHTEL OTTasi3ozars
Z7Z 0T cHCTeMu XABC, EII OT CHCTONE OLICTXE: TDEIKLX BCI BN T

IDYTEX CHCTEM CIeLB0Io0TdcTKY ASC.

N
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3. CHUCTEMA JIOKATMBAINGA ARAPH

C¥cTeMa JOKAIR3aN¥® aBapEfl mpenHasHadeH: LAA JOKAIH3ATEH
PATEOAKTEBHHX BJODOCOR UDE aBAPEAX C pasrepMeTE3aume# modukx
TpyGOOPOBONOB KOHTypa OXNAXIeHHs peaKTopa, 3a ECKINUEHZEEM
TPyGONPOBOROB NapOBOLAHKX KoMMyHuxamuit ([IBK) m mepxue# wacTH
OMyCKHHX TPYyS, KOTOpHEe HaXOLATCA B IOMemeHRMAX OapadaHOB-CeNapa-
TOpoB. CJA DpencTaBIfeT CECTEMY I'ePMETHIHHX HOMemeHumil ¥ BrIDYaeT
B ceda 6ap60TaxHO-KOHTEHCAIMORHOe ycTpodcTao (BKY), cmcTeMy
0T300a Temla B3 BKY ¥ repMeTHAUHHX OOMemeHH#, CEcTeMy oTcedHOH
¥ repMmeTE3Epywme# apMaTypH, CHECTEMYy yUAIEHEA BOROpOTa H3 Iep-
MeTEIHEX noMmemexm# (CYB).

CucTeMa repMeTHUHHX HOMemexZ# (cM.pEC. 2 ), BRIDIZET
B cela cJelyokZe NOoMelleHHA DPEaKTOPHOIO OTHeNeHus:

~ OPOTHO-IIOTHHE GOKCH (mo3.I Z 2), pachmoJoxexHHe CAMMETDHY
OTHOCHTEJSbHO OCE PEaKTOPa ¥ pPAaCCUMTAHHHE Ha E30HTOYHOEe LABIEHLS
. .

[§N]

- OOMeNeHEA paslaTOYikX I'DYLIOBHX KOLIEKTODOE ¥ HALEHEX
BOTAHHX RoMuyHEKauu# (PTK-HBK), Taxie CHMMeTDUYEHE OTHOCHTEIBHC

—eres .
sn

OCil PearTOoDza ¥ pal3ieJieHHHe MEAZy COJ00id OOOpDHO: RDECTOBIHCY TeSam-
Topa, k.sspsell TDoXOoIHme OXKHa 006He LIoelzd S 7. ST dowEIsEs

10 yCXOZiT. IDOUHOCTH 3JeMEHTOR HOHCTDYRIDML De2&XTORE H2 I 2HE-

< A — e SR
0T DPOCTE LazviszZid Bale U,< .-LLE.;

.

- IonelleHile IapopaclIpelesiTe.IbH0r0 KOopniosa (i103.3);
- LOLelezye 0apO0TaxHO-HOHIEHSE&IMOHHOI0 yCIDOHCT32, I23Th
KOTODOI'O 3anoJEeHa BONOR (103.7), & OCTATBHAR H&CTh - B3I X0

(m03.58).

"
32t -
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IepmeTquQe [IOMellesHAAs COEOAHEeKE MEeXLYy COC0Z ¢ NIOMOLSR
KIalaHOB CJelyliEX TpexX THIOB:

- 06paTHre Kilapaud (D03.9), yCTaHOBIeHEHe B NSPEKDPHTEZ
MexLy nomememzan PIK-IBn 2 ODapopacOpene.I¥Te bl ROPUIoPOn:;

- oSpaTHe Kiamams (mo3.I0), ycTaHoBIeHHMe B JpOEMZX Iepe-
KDHTEZS, pa3iesomero BO3IYMHOE IPOCTPAaHCTBO 6apdoTepa E IDOSHC-
ILIOTHHX COKCOB,

- OaH&IX O6paTHHX KJIamaHos (mo3.II), YCTaHOBIEHAHE B Oepe-
TOpOLKEX, DPa3ievfiOiMX IapOpacUpeledBTeJbHHE KOPUIOpP B IpOYHO-
LIOTHHEe GOKCH. '

[IoMemesHua OPOYHO-ILVIOTHHX GOKCOB K MapOpaCHpPeleaATeIbHOTO
KODUITOpa COEIUHANTCA C BOL HuM 00%eMOM DXy IapooTBOIANIME
Kananavy (703.I7), HIRHAA 9aCTH KOTOPHX 3aBeleHa HOL ypOoBeHD BOL:
Ha naydusy 1,2 M.

[Ipy HOPMaJbHOA PKCLIyATAllXd CUCTEMA IePMeTHLHNX IOMEmeHHHR
¥ EXJ pafoTawT B pexirie "OXEIAHUA"., B aBapUiHHX CHTYZLZSX CHCTEN:
EyHRIMOHZDyST CJAeLyWIRtd 06pa3oM. [IpE pa3TepMEeTE3EI¥ TDYSOIPOBO-
4°E HIPKYSAIKOHHOIO KOHTYPE B OPOYHO-ILIOTHOM OOKCE IODOXCXOIHT
BHOpPOC  BCKEIanieI'o TeLIOHOCHTeNA. 00Dpas3ywniMiCi OSD BH3HB&eT
[OCT Zemils=ig 5 ZomensHEri., (0partHHE Klajass Zanslil LRIy

IIPOSHO-LIOTER. CORCOM C NAPOPACHPelNenXTeJbHKN HODIIODOM Z03.1C

—ayn - - — oy ~ ; [ 2oad ~. « e~ —
OTHDHBEXTCS DI nepenaie LamilexHus o6oxee (,C2 Lina. nOorLz: fzsls-
& B IDOEC~LICTEON COXCE LOCTEIZeT BSJNWIIEX, oS0CTE2TC¥=ll 1=

BuTEeCHEeHIZ CcToada BOOH B NSPOOTBOIAMEX KaEaieX, HEurHaeICs SOCTyn-

- ——u o
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0d cueCi B KOHOEHCAINOHHHE YCTpPOiCTB&. Lpil
Gap6oTsxe uYepe3 CJIOL BCIM HAD KOHIEHCHDyeTCHE, & BO3IyX CO

B BO3IyLHO:M O0beMe KOHIEHCAUMOHHOTO YCTPOUACTBA. Lpi NOCTIESHUM

ZBISHIA B HeM Cojee 5 ila OTHKDHBEOTCH HNepPenlyCrrhe K.IEIaEX,

£




COSHYHMOMUEe BO3LyUWHOE IPOCTP2HCTBO KOHIEHCAUUOHHOI'O YCTPOHCTBE
C HeaBaphiiHuM OPOYHO-IIOTHzM GOKCOM, E 9aCTh BO3IyXa IepemyCKa-
eTCA B 3TOT OOKC., Taxunm o0pa3om, 00beM HeaBapZAHOI'0 IPOYHO-
ILI0THOTO OOKCa HCHOOIB3yeTCA LA CHESCHUsE NaBJieHEsA B aBapuAHoM
TPOYHO-IIOTHOM OOKCe. B TaxHO# apapuiliod CUTyalHME OGPaTHHE
Kiranasd (003.3) OCTANTCH 3aKPHTHMI.

Eonu pasrTepMeTd3alA DUDKYJIATMOHHOI'O KOHTYpPa OPOHUCXOIAT
B DoMmelleHr¥ PIR-HBR, TO DOCT NaBleHZL B HeM Bmme (0,02 Mila
IPUBOIAT K OTKPuTEN OCPaTEHX KJIANAHOR,COoelMHAwIEX HONMSeH:s
PTR-HBK ¥ napopachopeleJUTENbHHE KOPEIOP. M3 KODEIOpPa I2pOBO3Lym-
Hafg CMeChk IO DapOCODOCHHM KaHakaM IOCTyHaeT B BOIHEE 00BeEM
LeHTpaTbHO! 9acTZ KOHIEKCAIMOHHOT'O YCTpPO#CTBa, DECIOJOXKEHHOTO
00T IDapopacHpeleNRTeNIbHEM KOPHLOPOM. POCT DamieHZd B BO3IYIHOM
IpOCTPEHCTBE KOHIEHCAIMOHHOI'O YCTPOACTBE BH3HBaeT OTKDETES Iepe-
OyCXHHX HJamadoB, COSTUNHMONMX BO3IyUHOE OPOCTDAHCTBO HOHLEHCA-
IOHH0I0 YCTPOfCTBa C IBYyMA OPOYHO-~ILIOTHERMM OOKZaME. 3 5Tof
aBaDZLHON CHTyallZZ O0beMd OCOEX IPOYHO-ILIOTHHX OOKCOB ECLOOIB3YWTC

15 CHAAEHUA NaBiexid B aBaDHUHOM IIOMelleHHd, a Kialadx NaHeled
(mo3.II) ocTamnTCA 3aKPETHMI.

oCe TepiieTU¥uNe [OMEUeHLA II DAY OOIEiOB&EN SLICTOROL CT&In
TOZIZHOY 4 M. X IOIBEDTafTCH IPOBEDOUHNY HCIHTEEITY HE JIOREIDE™
M EHTeIrDATR. ¥  DepMEeTAUHOCTD.

LiE TONGEDEEHd HEOOXOLLIOTO TeNMLEDETyPE0I0 T&Riniz Z.00 mIx
aBapid BRJINYAETCA B PadoTy CACTeNMa 0TBON& Temla ¥3 bXY I
TepMeTHSHHX NOMeieHud, BRI0YaOLad B ceba Hacock (mo3.I4) =
Ten100G e MKy (1o3.15)., Hacocw 3adupanT BOLy E3 6acceiza-5ap6o-

Tepa, OOJawT €€ B TeILIOOCMEeHHUKY OJIA OXNAaRI2KMA ¥ BO3BDEUANT

B GacCeliH dUepe3 CIOPUHRJIEPHY® CECTeMy (mo3.I3).
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TevzepaTypHH? DexuM NMPOYHO-IIOTHHX GOKCOB OCECHeTMBaETCH
SKEKLMOHEHMY oxaamuTeavz ( mos.I2).

1A DONOJHUTENLHOTO OTBoNa Temna 3 BKY mpE MaxkCEMATBHOL
OPOEKTHOZ apapHl HCHOJAB3YETCA KOHNEHCATOD HOBEePXHOCTHOIO THIG
(mo3.I6).

[lo cyrsary aBapHE C Da3spHBOM TPYGOOPOBONOB LMEPKYJAIZOHHOTO
KOHTypa C IOOMOMbI OTCEYHOX ¥ IepMeTH3Epymmedl apMaTypH aBTOMATE-
YeCKE OTHKJNUYANTCA TPYOOOIPOBOOH HepeceKawmEe KOHTYD I'ePMeTH3almM
(cZcTeMa TpanHHX BON, OONUETKE, OYACTKE BOX DBXY H T.U.) ¢ HEIbD
IpenoTBpAalleHNs BHXOL2 DPANMOAKTUBHHX BeMeCTB 3a HpeneJH KOHTYpa
TepMeTH3aUMy CHCTEMH JOKAIE3IAUXE apapuil.

17 NCRUIOYeHNs NOBHNEHKS KOHIEHTDAUZE BONOPOLa B I'ePMETHYHHX
nomerTesenx CJA Bulle TONyCTEMO# B HOPMANbHHX, aBapREHNX K mocje-
&BapHEAHNX DeXEMAX HCHOONBIYSTCHA CHCTEMZ yOaJeH. A BOUOpoLa. LaHHAS
CHCTEeMa OCymeCTBJIAeT HeUPepPHBHHE KOHTPOIP KOHIEHTDAOEE BOLOpOUAa
B OOMeDeHEAX H el'0 OTBOL Yepe3 CECTEMH OYHCTKE B BeHTRIAIIAOHH;
TPySy ASC. B HadaJbHHE OepHOL OpE MAKCEMAIBEOY TDOSRTHOE aBapHE
CyD> a2BTONATHYECKH OTKINYaeTCA OT CHCTEMH I'épDMeTHUHHX IIOMemexuid
C LeJbi CIIXeHMA DANEOAKTEBHHX BHODOCOB B atMmocdepy. [Ipe ZOCTE-
ASHELD OPELNS.IbEQ TOUyCTXAOM KOMISHIPAIEI BOIODOLE 9epe3 ~ - dace

C/3 BBOmMTCS B padoTy X oCyWlecTmIAeT yialexle BOIOPOIE L2

TEeDMEeTHYHEX noMederuil.
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4, I0udGn ObeCTODIBAHIE COBCTBEHHNX @Yl ASC

GecToduBaHde COOCTBEHHHX HYXN ASC BO3MOZHO MOPM CHCTEMHHX
aBapiix, CONDPOBOANANUMXCA "pa3BaloM" SHEPI'OCECTEMH. STO OSHA H3
HauGoee TAEZENHX aBaPUMHHX CHTyarmi, HOCKOIBKY OHa COINPOBORNAETCS
Pe3K:IM CHEREHHEeM pacXxola TelLIOHOCHTENA Yepe3 aKTHBHy 30Hy H
3HAUATEJAbHEM POCTOM LamileH#A B DC. [IpE 06eCTOYHMBAHEY COGCTBEHHHX
HyxEIL ASC OTKIOYARTCA TJIaBHNS IMDRYJAAIEOHHHEe HACOCH, NHTaTEJibHHE
HacoCh, CpalaTHBaeT aBapHiHad 3alMTa, 3aKDHBADTCHA CTONODHHE
Khanasd [epec Typounav#. OTKIWIeHHE TYDPOOI'€HEDATODOB HIDUBOIHT K
DOBHIEeHNK NABIGHKA B KOHType Z OTKDHTHK  TI'iaBHHX ODeNOXPaHETel:
HEX K:alsH0s, BCJAENCTBHE Wero0 NamileHHe B KOHTyDe HadyHaerT
T IpeloxDpaHuTeJbHHE KIaOaHH 3aKPHBaNTCHA. 4epe3 40 ¢

v’l

CHZAZTHC]
C MOMeHTZ 00eCTOUMBAHKA IpPOLecca BRIKGANTCA &SBAPEIHNE MATATEJbHHE
Hecocs (AllZ), KOTOpDHE HaT@HaWT NOnaBaTh BOWY B BC, ¥3 GaKOB THCTC
woxmescara (FIX) ¢ pacxomon 500 M3/% m TemmepaTypoi oxoro 42 °C.
DT 3TOM, K&X JnI0 yCTaHOBIEHO padee Ba MONETZPYyLmeM. CTeHIe Z
ODOBEDEEO B HATYPHEX UCIOHTAHUAX, B KOHTYPE yCTAnARIABAETCH
YCTOHIEBHY Desild eCTEeCTBEHHOY LEDKYJAALKYE # D2CXOJARUBaNve aXTEREC
30Zx HE Bu3a3287T KEKZX-AHOO OCJOEHEeHM#. Pe3y.abTaTH pacIeTHmX
ECCUIEIOB2HA! K3MeHEHXS [apamMeTPOB (JIOKa B HAS&ibmui LNEePHOI
Deriiia 00eCTOYUBEHES C EATORSHIEM ONHO3DEMEHEOTO OTKE32 0IHOT0
HE32ENCiIM0T0  BIEMEHTE CHCTeNE OE30LACHOCTE | HZE3&XDaTus 0I=JD)
TJIZBHOT'O IIPENOXDaHNTEAbHOTO KianaHa NeDEO IFyIny) HOHa3E8HH
Ha puc. 3,4

52 OCHOBAHYY LNDOBENSHEEX HCCJIeNOoBaxdd MOZZ0 CLSi&Th 3u30Nu:

- TeLIOTeXHMYEeCKUe lapavMeTPd B DEXEME &BEpUAHOTO DaCXOIaRE-

BaHia an:.TODa [IDM OCECTOYXBaHNZ COOCTBEHHEX Hyall CJIOKE He BHXOLK

3a Gezonac:zke IDEIeVH;
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- AKTZBHER 30Ha DeaKkToDa HALEXHO OXJarla:TCHA CHadalz 32

cueT Buydera ILd, 3&8TeM 3a CHYeT eCTECTBeHHOL IEpHY IAIIHE TeLiOH0-

CETELS;

- Oasznerze B EC masze IpZ OTKase OLHoro Iuin sa
OCTaBiMXCSE CeME ITi He BO3pacTaeT BwIe LOTyCTIDMCTO
(II5 % OT HEOMHHATBHOTO 3HAUEHUA).

B caysae, Rorna NIPE 00RCTOYHBANAE COCCTREHIHX

O:T Hemocatke ByX [iX, mocie ¥X cpadaTHBaHks, LA

o

Cot

EXTYB=0# 30HH DEaxTOpa HCIONBL3YETCA CECTEMa &B&DIH

eCTECTBEHHEOR UEDRYJALEE ¥ OJeCHevYeHZA @AEISEHC

HYRL ODOECXO0-
HCHIDUSHER
T70 OoXiaxnemia

OT'0 oXjaxme-

HEZSA peaxkTopa. [loOcEcTeMa IIUTeJNBHOTO pacxogaxmusaxrs CAOP BRIOIE-

eTCA Ipa CHZXEeHEE maBiexus B BC 1o 4,2 Mila # 1ozaeT BOOy Hacocam

CAQP u3 BiX Gzcceliza-0apfoTepa B pa3faTodxke I'Dy IOBHE KOLIEK-

TODH 008l IOLOBEH PEEKTOpa ¢ pacxozoM o0C v3/% B REZIFD.

Kpome HacocoB CAQP IOUIIMTKAE pea-TOPa B DU OCYueCTRIAeTCSE

Hacocans Aln, KOTODHE Takke KMeWT HaeRHOe 3Is8KTIDOC

yo03HA B EC PaCXOl BOOE B KOHTYP CHEEEAETCA LO 3HZ4S

@LDL0T0 LIS BOCLHOJHeHHS YTe4dKE TeILIOHOCHTeJIE.

sa0xkedde 1

MOTYT ofecrnevyTs momavy Io 1500 M°/% pomy. IOCIe BOCCTAHORISHER

=313, HeoUXO0-

- ~ e - ~ o~ -y - - — ~ P T S 1 Ty wpp— PR - [
S PeLiLis Q0eCIOWIZa=EA COoOCTIeR-mX HY D Tallli Jills
aBaDuiioLs DOITUTRI DeaxTopé, aBTOMETLKIL, KOZTDOI:HI=IBLEelilile:z-

e -

ERX [PAGOpOs K T.O4. O00eCHeTMBAETCH CUCTEMOZ 33LixZlI0 3GEXnIDi-

CAC? adaioryuxa IPUBEZEHEOA CXELE 3.eRTPOCHal:iexiiz
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OXLAEEEHHE PEAKTOPA ECTECTBEHHOY

CcoGesH0CTh0 peakTopa Podl ABIAETCA HAIKTLE DE3IEBATO:
DOBEPXHOCTX TeII00JMeHe TPYSOOIPOBONOB INAaPOBOLAECHE KOMMYEAHAL
e EMEenIMX TeIIOH3OJAIME, lloMelleHEsa, I'e PaClOJ0ReHH TPYSOIPOBOLE
[IBK B EmxHe#l ¥ BepxHe# 4acTH IMEOT BHOMCHHE NaHEeIE WIJIA HCKOYEHES
OOBHINEHEA NABRISGHEA Bhulle NPeNeIbHOIO, UPY aBapPUUHHX pa3pHBax

TPyO0IPOBOIOB KOHTYPE (ci.pic.b ). l2sHZA OCOSEeHHOCT:

KOMLEHOBKE pPeaXTOPHEOI0 odopyuoaannz IO3BOJAET OPran¥30BaTH OTBOE
OCT&TOYHHX TEILIOBHIOSJAEHEA OT aKTEBHOM 30HH peaxTopa HyTeM
Opraxu3alldy BO3IYWHOI'O OXJIaRneHYd. [IPEHOFN BO3IYUEHOTY PaCXOIakd-
BaHEA 3a4KI0YaeTCA B TOM, 4TO IPE OTKPHTHR BHIMGENX naHedef B
BepxHed ¥ HumAHeZ vacTAX noMemeHHMA dapalaH-CenapaTopoB OpPIaHW3Y--
eTCA eCTeCTBEHHAsR LWMPKYJAIMA OKPYRapller'0 BO3INyXa, LIBRAEKYHEM
HamopoM KOTOpO# ARIAETCA Pa3HOCTh IIOTHOCTEeH XoI0mzOr0 arMmocdep-
HOT'O BO3LyXa ¥ HarpPeTOr'0 BO3LyXa UPE KOHTAKTEe C IOPSIAMZ TPyGO-
npoBoLaNX IBHK.

BO3MOXHOCTD Oprazi3allyy BO3IYMHOI'O pacXoJakéBaHpd peakTopa
PEVR D02BOJAET HCIOJNb30BATS 2TO KaueCTBO pea.TOpHOid ycTazos:xa
B YCJAOBESX 32IPOEKTHOH# azaphmy, CBA3axHOR C NOJHKM 00eCTOWYEBaEme:
COGCTBEEHEX HYRI E OTKA30M De3epBHOY NH3EIbHOR 3JeKTPOCTaMII.

[ipz Tzxo#l aBapyil HE MOXsT OHThH OJeclededa molada IMTaTe. b-
HOZ BOOH Hacocamm AllH. CymecTByeT eIMHCTBEHHAZ BO3IMOZHOCTE
nogad¥ BOTd OT rugpodaniodoB CACP B koimgecTze ~ 40 T ¢ Tenme-
paTypoid 40 9C 3a cuer ee IepeiaBIUBaEUA B KOHTYD. CpeM ocTaTo3-
HHX TeNNOBHOEJIEEZH @ pacXojam¥BaHWe peaxTopa OyleT OCYymMeCTRIATLES
TOJBKO 32 CYeT HCHapeHmsa BOUOH PeaxTOPHOI'0 KOHTyra K TeILIOBHX

IoTeph. B TedeHWMe NEPBOTO 9aca IOCJe 3aIlVIyDeHER DeaxTopa

- 3¢é~-
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ECOapAeTCA OKOJO I40 T Boumn. K aTOMy BpemeHnz mepcomaa A3C
IMeeT BO3MOXHOCT: OPUHYNATENIBHO OTKDHTL BHIHMOHHE HAHENH IOMele-
dZ# Gapadar-cenapaTopoB A BRMOWUTL B DaloTy ”Boauymaﬁﬁ Tern1006-
MeHHPEK", 06pasoBadmxil Omywxamz Tpydompozonos IBK. MomEoCTh
"BO3OYMWHOTO TELIOOOMEeHHEKA" OpU TeMneparype TPySompOBOLZOB Iapo-
BOLAHHX KoMMyHEmKamE: 280 °C cocTamnger oxomo 22 MBT IpE TeMme-
paType Oxpyrawmero Bo3Xyxa 30 .

MomHOCTS OCTATOYHHX TEMIOBHOEJeHNE pearTopa CHE3ATCA
5O YyPOBHEA MAXCHEMAIBHOL MONHOCTX "BO3IYWHOIO TeLIOOCMeHHHKa"
depe3 5 9acoB NOCJTE OCTAHOBA PeaKTopa. B Tedemme Opeqwny IHMX
4 4acoB 0D BReleHHOM B pPadoTy TelNOOOMeHHHEKe HCIapATCcHA 48 T BOU
LJS cheMa Telna, 2KKYMyJIEPOBAHHOI'O B I'PafWTOBOE KIaLKe B KOIH-
qecTBe 278-106 kllz, nmoTrpeSyerca ucnapéTs II0 T BOON LEPKYJISIMOHKC
TO KOHEType ¥ 40 T BOomH CACP ¢ Temzepatypoi 40 C. Taxma o6pa3oM,
odiee KOJEZISCTBO ECLHEpABLedCA U3 LUDKY/LAUMOHEEOIO KOHTypa ZONH
cocTas#T 293 T, T.e. HECKOSHKO MeHblle HaYaJbHOI'O 3aJaca BOUH B
geTapex BC (314 7).

Z& OCHOBaHK¥ 3TOI0 MOAZO CHEJaaTb BWBOL, ¥T0 2 YCJIO0BEA

OD0TEREHIS 3ANPOSKTHOR &B3aDiil, BuHSBAHHOR 0N 05SCTOYZSaILIE.

- -
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Puc. I [pusuunuanbHas cxewa Gnoka ¢ peakrtopom PoMH-I000

- ; &~ ; 3- ; 4- [IBK: 5-BC; 6-omyckHas Tnyda; 7-BCa&CH-
I-peakTop; 2-tornupHuM kaHan; 3-TpySonpoBoau Bi; 4-T 1 ONPOBOIH H H Pﬂﬁ; III nhzgp'uaxaunuecxuu;
I2-pcTaska orpanwuurTentHas: [3-rpynnoBoR KORXGKTOP: |4-3anopHO-pEryAw WA KEANAH; CcMeCuTedb;
n ko ’ uf 2DECPﬁ T§¥gﬁmu; ZI-ryﬁdoreHeparo ’
OHREHCATOOUUCTKE ; 25-nojorpeearexanb; 26-feaapaTop;
3} -nooxaanurem n NyBkM; I2-CafinacHesn ouncria;

panuuit koamextop 'lUH; 8-T'UH; 9-Galinac koaxexropos I'IH; I0-HanopHuit komnexTop

16-nurarenbhult yaen; [7-napopoft KOJIJIBKTOR; 18-I'MK;  19-BPY-
22-K0ﬁne3{ca1'0p; 23-KoHfleHCATHH! Hacoc; 24-k
28-110H; 29-pereneparop npomyeku; 30-HACOC pACXONAXUBAHMA;
HdeununeHcaiuolHne vc'rmgg'rno CJIA; 34-06ak Cc aanacoM poan; 35-Hacoc apapuitiol nomnurku BC.
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Puc. 4 MWomenenme napameTpop 6/0Ka B POMUME MOAHOTO 0COCTOUNMBAHUA COGCTBEHMHNX HYKD OJOKA:

I-paBnenue B BC(Pc); 2-maccomoe napoconepmanue Ha Buxone ua akrTuptof somu(Xe);

3-0TKIOHEHUa MACCOBOTO YPOBHA OT craimoxapHoro anauenua(tic);

4-3cnac go kpuauca tennoobuenalKy).
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