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PREFACE 

OECD member countries have adopted various accident management measures and 

procedures. Ta initiale these measures and contral their effectiveness, infannation on 

the status of the plant and on accident symptoms is necessary. This information 

includes physical data (pressure, temperatures, hydrogen concentrations, etc.) but 

also data on the condition of components such as pumps, valves, power supplies, etc. 

In response to proposals made by the CSNI - PWG 4 Task Group on Containment 

Aspects of Severe Accident Management (CAM) and endorsed by PWG 4, CSNI has 

decided 10 sponsor a Special ist Meeting on Instrumentation 10 Manage Severe 

Accidents. The knowlegde-basis for the Specialist Meeting was the paper on 

"Instrumentation for Accident Management in Containment". This technical document 

(NEAlCSNI/R(92)4) was prepared by the CSNI - Principle Wor1<ing Group Number 4 of 

experts on January 1992 . 

The Specialist Meeting was organized and hosted by the Gesellschaft für Anlagen­

und Reaktorsicherheit (GRS) mbH at Cologne on March 16th - 17th, 1992. 

The Specialist Meeting was structured in the following sessions: 

I. Information Needs tor Managing Severe Accidents, 

11. Capabilities and Umitations of Existing Instrumentation, 

111 . Unconventional Use and Further Oevelopment of Instrumentation, 

IV. Operational Ai.ds and Artificiallntelligence. 
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SUMMARY and RECOMMENDATIONS of the SPECIALIST MEETING 

First CSNI-Specialist Meeting onlnstrumentation to Manage Severe Accidents 

The Firsl CSNI Specialisl Meeling on Inslrumenlalion to Manage Severe Accidents 

was held at Cologne, Gennany on 16th and 17th March 1992. It was hosted by the 

Gesellschalt lür Anlagen- und Reaktorsicherheit (GRS) mbH. About seventy experts 

aUended the Specialist Meeting Irom thirteen countries and two intemational 

organizations; these included an expert Irom the Czech and Siovak Federal Republic. 

Twenty-two papers were presented in lour sessions. The proceedings will be 

published by GRS under separate cover. 

The Specialist Meeting concentrated on existing instrumentation and its possible use 

under severe accident conditions; it also examined developments undelWay and 

planed. Desirable new instrumentation was discussed briefly. The interactions and 

discussions during the sessions were helplul to bring different perspectives to bear, 

thus sharpening the thinking 01 all . Questions were raised conceming the long-tenn 

viability 01 current (or added) instrumentation. 

It must be realized that the subject 01 instrumentation to manage severe accidents is 

very new, and that no international meeting on this topic was held previously. One of 

the objectives was to bring thls Important issue to Ihe aUenlion 01 bolh salety 

aulhorilies and experts. 11 could be seen lrom several 01 Ihe presenlations and lrom 

the discussions that this kind 01 work is still in a planning phase. The lollowing 

conclusions and recommendations must therefore be seen as preliminary, 

1. To make decisions which are appropriate and effective to control and mitigate an 

accident, it is essential to have the clearest picture possible 01 the accident and its 

progress. This can be obtained by accumulating information trom as many 

sources as is practical. 

2. It is important to use a systematic approach to evaluate accident sequences, 

information needs and instrument capabilities in severe accident conditions. 



3. It should be confirmed that instrument performance will be sulficient to give the 

information needed to manage a severe accident. In some cases the instruments 

may function beyond their specifications. 

4. Important lessons ean be learned lrorn the TMI and LOFT-FP-2 measurements 

tram the instruments, in particular for instruments giving new information (e.g. 

Souree Range Monitor (SRM) inlormation about vessel water level). 

5. All participants agree on using the full instrumentation and accident management 

capacity 01 the plants. All are loeusing on making lull use 01 posHMI-2 salety 

enhancements and instrumentation additions al ready in place. 

6. Most participants agree on the types of measurements which will prove useful. 

Various means are being pursued to think ahead and interpret plant status, such 

as computer codes and calculational tools. 

7. An important conclusion is thaI there is a need for additional work on 

unconventional use of existing instrumentation under severe accident conditions. 

8. This work will identily areas where existing instrumentation can indirectly 

contribute to the information needs in severe accident situations and areas where 

it cannot, thereby giving indications on desirable new developments. 

9. The question of new accident management instrumentation was raised. The 

current perspectives are based on national objectives, and dependent on the 

optimism or pessimism of participants over the langer term viability of instruments. 

It is clear that efforts to ensure the lang-term viability of instruments are being 

pursued by all (with a reasonable "eommon sense" attitude). In laet, the 

pessimistic view is "conservative" and leads planners to make prudent provisions 

to manage the accident with any instruments that may be available. 

10. Same new instruments are being developed; their possible uselulness under 

severe accident conditions needs to be further qualified. 

11 . In spite of the different purpose, same instruments used in experiments can be 

evaluated and qualified also for current nuclear power plants. 
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12. The papers presented at this meeting clearly showed thai most approaches of 

expert syslems are still in a conceptual phase. Some applications transierred lrom 

other fields are under development for use in the severe accident domain. Only 

those systems that offer a set of less sophisticaled tools can be said to be readily 

available for limited purposes. 

13. Expert systems may be 01 help to plant staff and external experts, but canno! 

substitute lor them. 

14. There will not be a single expert system lor severe accidents (Le. a general 

problem salver) but rather a set of simpler systems devoted 10 specific goals in 

situations that can be clear1y identified. 

15. Expert systems should have the capability to verily plant conditions and 

assumptions made by the operating personnel. 

16. Expert systems used in this domain must be even more explanatory and 

transparent 10 permit verification 01 their conclusions by the personnel . 

17. Expert systems should, if possible, also be used du ring normal plant situations 10 

increase operating personnel confidence. 
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SESSION I 

Information Needs for Managing Severe Accidents 

Chainnan: R.N. OEHLBERG 
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INSTRUMENTATION 
FOR ACCIDENT MANAGEMENT 

IN CONTAINMENT 

Task Group on Containment Aspects 
of Accident Management 



CD 

ACCIDENT MANAGEMENT 
PROCESS 

, ~ INFORMA T/ON 

1 
ASSESSMENT OF STATUS 

1 
SELECT IIMPLEMENT STRATEGY 

1 
ASSESS EFFECTS 

1 
ACCIDENT MANAGEMENT 



'" 

ACCIDENT MANAGEMENT INFORMATION NEEDS 

ACCIDENT MANAGEMENT PLANNING 

REQUIRES 

ACCIDENT MANAGEMENT INFORMATION PLANNING 

SYSTEMATIC PLANNING FOR ACCIDENT MANAGEMENT 

REQUIRES 

SYSTEMATIC ASSESSMENT OF INFORMATION NEEDS 



o 

INEL METHODOLOGY FOR SYSTEMATIC ASSESSMENT 
OF ACCIDENT MANAGEMENT INFORMATION NEEDS 

SAFETY OBJECTIVE 

~ 
SAFETY FUNCTION 

~ 
CHALLENGES TO SAFETY FUNCTlON 

~ 
MECHANISM/PHYSICAL PHENOMENA INVOLVED 

t 
POTENTIAL STRATEGIES TO RESTORE SAFETY FUNCTION 



SYSTEMATIC ASSESSMENT 
OF ACCIDENT MANAGEMENT INFORMATION NEEDS 

FOR EACH MATCH OF CHALLENGE AND STRATEGY: 

• ASSESS AVAILABLE INSTRUMENTATION 

• CONSIDER EFFECT OF ACCIDENT ENVIRONMENT 
ON INSTRUMENTATION 

• TABULATE OTHER SOURCES OF INFORMATION 

• ASSESS NEED FOR SUPPLEMENTAL SOURCES 
OF INFORMATION 



~ 

'" 

TYPICAL RESULTS 
OF INSTRUMENTATION ASSESSMENT 

SAMPLE APPLICATION OF INEL METHODOLOGY INDICATES: 

• INSTALLED INSRTRUMENTATION IS USUALLY QUALIFIED 
FOR DBA CONDITIONS ONLY 

• PERFORMANCE BEYOND DBA IS GENERALLY UNKNOWN 
(WITH EXCEPTION OF A FEW SANDIA TESTS BEYOND DBA) 

• FOR MANY STRATEGIES, OTHER SOURCES OF 
INFORMATION NEED TO BE TAPPED 
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OTHER SOURCES 
OF ACCIDENT MANAGEMENT INFORMATION 

OTHER SOURCES OF INFORMATION ABOUND 
-- BUT MAY BE DIFFICULT TO INTERPRET: 

'. 

• INSTRUMENT READINGS BEYOND QUALIFICATIONS 
(lf bias is known, readings can be corrected) 

• INSTRUMENT FAllURE MODE may give clue about 
conditions which caused failure 

• SYSTEMS STATUS (OPERATIONALIFAILED) 
(Operability/failure may indicate conditions) 



... 

OTHER SOURCES -- continued 

• COMPONENT FAllURES 
(Failure mode may indicate cause of failure) 

• UNINTENDED USE OF INSTRUMENTATION 
(e.g. use of neutron instrumentation 
as water level indication at TMI-2) 

• PORTABLE/REMOTE INSTRUMENTATION 
(e.g. use of portable rad. monitor to obtain 
Containment radiation levels from outside) 

• SYNTHESIS OF SYSTEM/COMPONENT FAllURE STATUS 
(May give composite picture of plant conditions) 
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MEETING OBJECTIVE 

IT IS THE HOPE OF THE ' CAM" TASK GROUP 

THAT THIS EXPERT MEETING WILL PROVIDE 

THE OPPORTUNUTY TO PURSUE NON-ROUTINE 

AND CREATIVE METHODS FOR OBTAINING, 

INTERPRETING, SYNTHESIZING, AND APPLYING 

INFORMATION FOR ACCIDENT MANAGEMENT. 





SWEDISH APPROACH TO 
INFORMATION NEEDS IN 

SEVERE ACCIDENT SITUATIONS 

ABSTRACT 

Erik Söderman 
Peter Karnik 

ES-KONSULT AB 
Stockholm, Sweden 

In Sweden. systems for mitigating sever. accidents hav. been installed 8t aJl plants and 
procedures have been implemented tor accident mangament. This work has included 
the assessment of needs of information and the survivability of existing instrumentation 
during the various phases of an accident scenario. 

The approach has been pragmatic and based on existing knowledge of accident 
phanomenology snd MAAP code calculations together with plant statt experience of 
detailed plant design and installation. 

During the early phases cf accidents, which is defined to remaln up to maximum fuel 
temperatures in the order of 800 oe, the ordinary instrumentation is to a graat axtent 
useful. TM reactor vessel levet measurement is however ldentified to be weak in BWRs 
as soon as the cora is partIy uncovered. This has lead to the daveJopment of a Core 
Cooling Monitor, which is presented by Professor 8ecker in aseparate presentation. 

In later phases of accident scenarios, the general basis has been that no instrumentation 
inside the containment can survive. It has been analysed what information is strictty 
needed. It has been found that detailed information of the status inside the pressure 
vessel is of littie importanC8 after vessel penetration. 

Certain important information needs have been identified, that was not safely accessible 
from existing instrumentation. This has lead to complementary installations, using 
instruments Inserted into Öle containment through protected guide tubes. Also for 
sampling of gas and water complementary installations have been made. 

In conclusion, several improvements in accident mangement instrumentation have been 
made or are underway. However, also problems have been identified, which call for 
further attention. Ukewise, more systematic anatyses that are underway in Sweden and 
abroad may indicate that we have overseen something 
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Introduction 

Tho Swedish nuclear utilities have all implemented severe accident mitigation systems 
and accident management prooedures tor their 12 nudear units. This means that they 
have had 10 face also the information needs in different accident situations. It does not. 
however, mean that thera is nothing more to be dons. 

The time schedule imposed on the utilities by the Swedish Govemment, 10 have finalized 
the "first round" of actions by the end of 1988. has made il necessary to make the best 
out 01 the information available and thus to find solutions thai are "good enough". Tho 
acddent management strategies and an overview of Swedish werks 90in9 on in the field 
was reported al the OECO/NEA Specialist Meeting in Rama last autumn (1) . 

This raport will give a short overview of the Swedish severe accident management 
organization and strategy and take this as a basis for the further discussion. The general 
idea is to put the reader into the position of the 'accident manager' and to discuss the 
needs from a pragmatic point of view rather than 10 make a full scope analysis of al1 
possibilities. 

To make the report tangible, the Forsmark 2 plant will be usad as an example. There 
certainly are differences in approach between the Swedish plants. but there are more 
similarities. 

SWedish Severe Accident Management Organization 

Accident States 
A basic idea in Sweden is that ac· 
eident management starts as soon 
as aplant disturbance has occurrad 
that has, or should have, caused 
a reaetor scram. 

This approach means that accident 
management starts already at the 
first precursor of an accident. It also 
means that the staft has to apply 
the Emergency Operating Proce­
dures, EOP, at aach setam, and 
thus get acquainted to thair use. In 
tha early stages of an accident. it is 
a pure operator responsibility 10 
handle the siruation. 

Coming further into an accident sla­
le the plant management and the 
Technical Support Center, TSC, 
may be available for support. In 
case of rapidly developing scena­
rios this may, however, not be pos­
sible. The operators thus nead to 
have authorization to handle even 

Normal 
Operation 

Transient 

Co<. 
Unc.oveIy 

Co<. 
Damag. 

Core 
Fallure 

Operaror 
RtsporWbillty 

oE 

Technkal 

=~cenrer 

t--

severe accidents without tadious Figure 1: Accident states and respons;bilities 
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contacts e .g . 10 gel permisston for usa of filtered venting . This is also one of the important 
basic elements of the Swedish legislation. The plant itself is authorized to take all 
decistons conceming the aocident management at the ~ant. induding the decision to 
rel ief radioactive gases, if this is necessary to mitigale the plant state. 

The shift crew consists of a shift supervisor, a reactor operator and a turbine operator 
plus lINo station te<:hnicians and a shift electrician, the last two woridng mostty outsKie 
the controI room. The lINo operators are responsible for the operation of the ~ant. They 
have event oriented procedures also to handle a11 kinds of disturbances. The shift 
supervisor ls normally working in his office adjacent to the control room. 

In case of • r.actor scram, th. shitt supervisor is to apply th. EOP, which is functionally 
oriented to four critical safety functions: Aeactivity, Core ooollng, Heat sink and Activity 
barriers. The work In the control room thus, to a certain extent. represents redundancy 
and diversification. The instrumentation and information system is, however, the same 
tor the opertors and the shift supervisor respectively. 

The EOPs cover, as indicated in figure 1, accident states rather far into severe acddent 
states. 1I ts assumed that the TSC and plant mangement is available for support further 
Into the acddent At this stage, they will also have access, and time to apply, their set of 
background information, the Technical Handbook tor Plant Management with the Swe­
dish aaonym THAL Whereas the EOPs are distinct procedures the THAL contains a 
more elaborate background material but caJls for assessment of the situation on a 
broader basis. 

The EOPs contain protocols lor reporting the situation 10 TSC and Plant Management. 
These reports will be very important, as the aedibility of instrumentation as a whole will 
be questionabie jf an accident develops far into the severe regime. 

Basic Infonnation Needs in Severe Accident Situations 

When designing sever& acddent mitigating systems and Emergency Operating Proc:e­
dures, the basic strategy was that existing instrumentation should not be taken credit 
for, as it was not designed and installed taking severe aoodent conditions into account. 
The analysis thus was started from saatdl and from -the back end", i.B. in a situation 
when the reactor vessel is penetrated by the core melt and part of the core is alraady in 
the bottom of the containment In this situation information from the vessel itsetf may be 
of halp, but Is not central. The list of necessary information then was found to cover 

Containment pressure 

2 Containment water levels 

3 Temperature in drywell 

4 Radiation level in drywell 

5 Activity in water- and gas phases 

This basic list of Information needs narurally is insufficient to give a picture of the 
containment and reactor accident state, and it will be neoessary also to anatyze the 
availability ofaxisting instrumentation in different accident situations. The resul t of this 
analysis is contalned in the THAL handbook. 
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Availability of Existing Instrumentation 

Reactor instrumentation 

Pressure- and level instrumentation is located outside the containment. generaJly divided 
in tour subdivisions and connected to the reactor with instrument pipes. Cables to 
temperatur. sensors eIe. are qualified tor Design Basis Ac::cident conditions. Within 
design the instrumentation thus should be aedible as a whole. The pressure transducers 
are believed 10 be operable also tar into the severe accident regime. 

Already fallowing a severe reactor pressure b'ansient, 8.g. caused by a pipe rupture, the 
feactor water level measurement has to be checked. The procedur.s then include control 
cf r.terence leg cooling and crosschecking of instrument subdivislons etc. Uncertainty 
in this verification leads to priority for water injection to the prass ure vessel. 

The water ~vel indication in the venel is poor when the water falls below the top of core 
level, 1 single instrument measuring a range of some 13 m. The THAl handbook 
contains information on how the neutron flux measurement is expected to react during 
core uncovery. This can help to give complementary information, but needs care in 
interpretation. This is also one of the reasons for the Swedish interest in developing the 
8ecker Core Cooling Monitor, BCCM, which is presented in aseparate presentation. 

Following core melt, most of the pressure vessel instrumentation will be atfected by 
extreme temperatures. Also deposition of 8erosols and activity may contribute 10 
plugging or superheating 01 instrument pipes and to difficulties to interpret instnJment 
recordings. 

Containment instrumentation 

The containment instrumentation has been analyzed lor a broad range of possible 
accident states, also the laie state when the containment is refiooded up to a level in 
range of the reactor oore. Several of the existing instruments do not meet requriements 
tor severe accident states. 

Containment 
pre •• ure 

Water ~velln 
lower drywell 

Water ~vclln 
wctwcll 

Tcmperture in 
wetwell 

Temperature in 
lower drywell 

Temperature In 
upper drywell 

Radiation 
monitoring 

is insufficient in range and may be covered with water during 
containment flooding 

is insufficient in range. Risk tor damage by missiles and 
susceptibiiity to high temperatures 

is believed to operat& also in accident situations 

is designed only tor the range 0-60 °c 

is designed only lor the range 0-60 °C. Also subject to missiles 
and excessive temperture 

Some 01 the instruments will be drowned when flooding the 
containment 

Some of the sensors are not suitably located with respect to 
flooding and temperature 
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Thus, both reador and containment instrumentation may be used under certain condi­
tions but respect has to be taken to the specifk: accident srtuation and the plant 
operational state. This is difftcUlt to indude in a systemaHe way into the EOPs, which 
have to be simple and straight on. A lot of the information is, however, included in the 
THAL handbook. 

Instrumentation for Severe Accidents 

When design was made f04' the severe accident mitigation systems, special instrumen­
tation wu Included to eupervise the containment state also in severe accicktnt situations. 
Tha instruments now buHt Into the plant take their power supply from aseparate batlery 
powered system. It has capacity to run the instrumentation for 24 hours and has 
connections prepared for recharging from a mobile generator. All the equipment is 
qualifled for severe accident concIitions, induding earthquake, with instrument pipes and 
radiation sensors protected for missiles and excessive temperarures. All electronic 
devices are Iocatad outside the Containment. Instrument panels are k>cated in lhe central 
contr04 room and also in the two emergency controt boards and in Öle filter system loeaJ 
contr04 panel. The instruments instalied Ble shown tn ftgure 2. 

Temperature 0-300 C - 2 sub 

Pressure 0 -15 bar - 2 sub 

Water level 3 - 35 m Irom 
bottom 01 drywell - 1 sub 

Water level 27 - 35 m Irom 
bottom 01 drywell - 2 sub 

Activity low region 2 sub 
high region 2 sub 

Flgu,. 2: New In.trument. ftx .ew,. .ccldenf condltlon. 

Also Öle measurment ranges Are designed to severe acddent concIitions and 10 the 
possibility of ftooding the containment in Öle late stage of recovery. The radiation 
mon~ors havo rango. 10'" - 102 (lew rango) and 10- 10" GY/h (high range) rospectivoly. 
The water level gauges are of bubb~ type bk>wIng nitrogen Into the bubble tubes and 
measuring the pressure difference. 

In addition to these instruments, the PASS, the Post Accident Sampling System, enables 
the staff to take sampies of 

21 



reaetor water (before meltthrough) 

2 condensation pool water 

3 lower drywell water and 

4 containment atmosphere 

The PASS system will be rather slow as it is a manual system and the sampies will be 
highly radioaetive. 

From viewing the list of instruments above, it can be concluded that the information given 
by them will be very poor standing alone. The plant management and the Technical 
Support Center would have very limited capabllity to assess an accldent situation on the 
basis of only this information. 

Accident History Infonnation Needs 

When technicaf support staff arrives to the pfant, the above instruments will be all they 
can rety on without know1edge of the plant state history. Thus the documentation of plant 
parameters during the accident is crueial for ttleir ability to perform accident manage­
ment. 

In the Swedish plants this is taken into account in the EOPs by predesigned protocols 
to be filled out regularty during an accident - in this context it is an advantage 10 define 
the initiation of accident management as has been done for Swedish plants - and there 
are also a standardized procedure for what information is 10 be given to the support staff 
al initial handover of the accident state. 

If the operators have had full know1edge of the development of the accident and followed 
their procedures, the historie reports thus will, together with instrument raadings, give 
an acceptable basis for the further accident management. 1I is, however, a plausible part 
of a severe accident scenario that the operators have misinterpreted the situation one 
way orthe otheror have not realized the importance of some information. In sueh a case, 
the historie report will be misleading or at least incomplete. Examples of this can be 
found not only trom drills but also e.g. from the TMI accident. 

In any case, the fresh view of the support staff will lead 10 complementary questions 
conceming the sequence of events and of parameter values. The answers to these, if 
available, will be difficult to synchronize wilh the historie picture given in the report. 

Again, the conclusion must be ttlat the late state accident management would improve 
considerabty in capability and precision, If ttle documentation of operating history could 
be improved in quality and in detail and still better would be if the operators could be 
relieved trom making the routine part of this documentation and from answering 
questions that could be answered by ttle plant computer. 

Naturally, such enhancement would be beneficial also for the operators in ttle accident 
precuf'SOf' and earty accident srtuations. That is why we in Sweden have put more eftort 
in analyzing and preparing for accident management in the earty aoodent stages than 
in lale accident management tf we are successfuU, the operators will have tools avallable 
to avoid the development of the accident into a severe slale. 
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Posslbilities to Enhance Accident Documentation 

Modem computer technique using expert systems can be used for improving the 
Information quaJity delivered to the operator. The improvement can be of many different 
kinds: 

* reduction of alarm message flow 

* supervision of critical safety functions 

* elaborale verification of parameter vnlues 

* cakulation of parameters that are not directly measured 

Several cf these tasks are more cr lass implemented in a number of plants, especially 
the first. signal reduction. The SAS U· projeet in Forsmark 2 has made a comprehensive 
research proJect on the second (2). 

The SAS 11 p4'oject has appIied an expert system .hell to superviso all the four criticaI 
satety functions that are subiect to controI in the Emergency Operating Procedures. The 
preS8ntation Is also adapted to the EOPs. They are rn.ant to be a support for the shift 
supervisor in his work with the EOPs. The SAS 11 system also contains log/es, by the 
help of which the shift supervisor is abfe 10 track malfunctions within the critica1 safety 
functions back to the root~uses. 

The system was developed using experienced plant operators tor functional design. It 
has now been validated by a number ot shift supervisors, using the SASII system 
operating on a plant simulator. It is being instaJled in the Forsmari< 2 plant by the end of 
this year. 

Another Project, the CAMS-system (3), is still in a preproject phase. The idea 1$ directed 
towards acddent management, but is actually a broader and more general approach, in 
which accident management is one of several applications. Each module in the system 
outline (figure 3) could be developed separately and only the data base would be the 
same. 

Plant stote AppIication 

information 

~ ~ ~ '-

AppIication 

Application 

Plant 
Expert =:> =:> sy:stem doto 

Input =:> verHication =:> 
=:> ot plant dalc =:> 

-

Application 

Figur. 3: CAMS Gener.1 Sy.fem Structure 
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The verified data base already exists in a fragmentaric form in most plants. Median 
values of redundant channels are calculated excluding channels with excassive diffe­
renca from the others, etc. More elaborate systems would induda comparison of 
flowmeter indication with state of according pumps and valves. A tull scope system could 
also use continuity conditions or even a full scope simulator, which calculates faster than 
real time and checks the validity of several measured value. 1I could also calculate 
parameter values that are not directly measured. During shutdown and accidents the 
decay power and the core two-phase water level are examples of useful information. 

Having established a data base, the applications should be built separately and adapted 
to each specific user. Thus the operator will need the information presented at one level 
of detail and adapted to the control room procedures and practices, whereas the TSC 
staff would need anothar set of presentations. An example of a useful TSC presentation 
is shown in figura 4. 

ff f .... .,-
1. Reactor.cra.m at 14.57.1 0 

I-OOIadon at 14.57.13 

2. Wate( leak 60 ks/I 
c:ak:ulat<d at 14.57.30 

3. ADS initiamd at 15.00.013 

4. lJ>CI ftow 
voriIied .r 15.04.03 

The applications for accident management could be extended to different types of 
predictive calculations, but it can be questioned how important this is, onca the data 
base is usefu1. The operators and tedmical specialists do have a very good capacity to 
do this themselves, onca they have access to a reliabte data base. 

Ons of the great advantages with a concapt like this is, that the data base can be used 
also for normal operation applications. Such could be optimizalion of coast down 
operation, surveitlance of instrument drift and heat exchanger efficiency etc. 
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Conclusions 

Tha accident management in a tar developed accident with the reactor vessel molten 
through and part of the core in the containment outside the reactor vessel can never be 
efficient only on the basis of instrumentation thai is reliable in thai tate accident state. 1I 
is strongly dependent on reliable information trom Öle aarl ier part of the scenario. 

Information tram Öle accident initiation state can be improved by computerized support, 
aiming al verification of parameters and plant state information and al documentation of 
the parameters and sequence of events. 

Such improvements will lead 10 double benefits: 

* Improvement cf the capability of the shirt c(6W to interpret the information 
correctly and thus improve thair possibility to recover a stable situation 
before it has developed into a severe accident state. 

* Improvement of tha basis tor the Technical Support Center and Plant 
Management to assess the situation and 10 take the appropriate decisions, 
should a severe accident oocur. 
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ABSTRACT 

This paper describes a methodology to determine the needed information and 
instrumentation as weil as the requirements to the equipment for accident mitigation. The 
Investigations are made for typical German PWR's with a large dry containment. The 
methodology presented comprises the foUowing four steps: 

development of Salety Objective Trees lor German PWR's 

detennination of information needs and Information sources 

assessment of instrumentation capability 

comparison of information needs and available instruments 

The part of the developed Safety Objective Trees which characterizes the Safety Objective 
"Prevention of Containment Failure" will be used to demonstrate the application of the 
presented method. The main points discussed after that are the enterta to assess 
Instrumentation capability and the results of the comparison between needed information 
and available Instruments conceming accident mitigation measures, e,9. containment 
ventlng and measures to limit the H:2-concentration inside the containment. 

. Also, the general requlrements to the equlpment necessary to realize the presented 
accldent mitigation measures will be demonstrated. Strong environmental conditions 
expected during severe accidents as weil as criteria to minimize the release of radioactive 
substances are reasons for the high equipment requirements. 

Finally, this presentation gives more detailed Information about accident mitigation while 
the paper with the titie "Information Needs for Accident Management - GRS Approach" 
presented at the CSNI specialist meeting on "Severe Accident Management Programme 
Development" held in September 1991 at Rome [8] gives more information about 
prevention measures and aspects. 

Paper presented at the 
CSNI Specialist Meeting on 

tnstrumentation to Manage Sever. Accidents 

GRS (mbH), Cologne, Germany 
March, 16th - 17th 1992 
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1 Introduction 

Accident management comprises the total of all measures 10 analyse, 10 contral and 10 
manage severe accidents as weil as the prevention cr mitigation cf the conseqences 10 the 
environment. The planned actions and preparatory measures will enhance the safety, the 
capability, and the reliability of nuclear power plants. 

Accident mitigation comprises three Safety Objectives: 

retention of the core in reaetar pressure vessel 

prevention of containment failure 

limitation of fission product release. 

The availability of all needed information with the help of adequate Instrumentation is 
necessary to realize the prepared AM measures or plans. Without adequate diagnostic 
capability or instrumentation the operating personnel cannot reliably identify the plant 
status, cannot select the correct and most effective strategy and can not contml the 
effectiveness of the selected strategy. 

The safety-related instrumenlation installed in nuclear power plants was primarily designed 
for the conditions of the DBA's. After the TMI accident the importance of the 
instrumentation increased and new requirements for safety-related and wide-range 
instrumentation were developed. 

The GRS accident management program, which is sponsered by the BMU (Federal 
Ministry for the Environment, Nature Conservation and Nuclear Safety), comprises many 
different activities. One of them, a methodology to determine systematically the needed 
information for accident management, will be presented. An application of this methodology 
to a typical German Pressurlzed Water Reactor (PWR) with a large dry containment Is 
given. Especially the information needs and requirements for the filtered containment vent 
strategy and the H,-limitation measures will be presented. 

Answers to the following questions should be given as a result of the investigations. 

Which Information is needed du ring accidents fQ( understanding the status of the plant, 
for equipment diagnosis, for declsion making and for control of the effectiveness of 
3ccident management measures, e.9. for filtered containment venting and H2·limitation 
measures? 

Which are the general requlrements to the equipment? 

Could the installed instrumentation supply the needed Information for the realisation of 
the above-mentioned measures? 

Which instruments are able 10 function under conditions which have 10 be expected 
during severe accidents and which are the challenges to the normal function of the 
instruments? . 

Which potential or additional instruments could be useful to achieve needed 
information and which are the general requirements for those instruments? 
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2 Approach 

Our approach to detennine the needed inlonnation lor AM and to assess the existing 
instrumentation includes 4 steps. 

FirsUy Safety Objective Trees lor LWR were developed, e.g. lor a 1300 MW PWR. The 
calculated design basis and severe accidents are the basis lor the development 01 these 
Safety Objec/ive Trees. The physical phenomena end mechanisms occunng at these 
events are considered. The salety or AM goal lor all developed trees is the "reduction 01 
beyond-DBA consequences· . Four Safety Objectives were selected but only the last three 
of thern are relevant for Accident Mitigation: 

prevention of core damage 

retention of the core in the reactor pressure vessel 

prevention 01 containment failure 

limitation of fission product release 

Also the diHerent Safety Func/ions, their Challenges and the Mechanisms occunng were 
detennined. New Strategies to prevent the Challenge or to mitigate their consequences 
were evaluated. 

Secondly, the Safety Objec/ive Trees at every branch point were examined; than it was 
determined which inlonnation is necessary. For better underslanding all this Inlonnation is 
set into tables (see table land 11). We selected the needed inlonnation to maintain Safety 
Functions and to diagnose the Challenges and the Mechanisms. The inlonnation needed 
lor the selection 01 Strategies is subdivided into !wo parts: cntena lor selection and crlterla 
lor control 01 the eHectiveness. The developed general requirements lor lhe realization 01 
the measures (e.g. requirements to the equipment) are taken Into account. The selected 
information sources could supply the needed inlonnation directly (e.g. temperatures, 
pressures, position of valves, power supply) or Indirectly (e.g. balance 01 heat generation 
and heat sink, status 01 the core or the fuel assembly, relocation of the core). Therelore lhe 
Inlonnation sources were subdivided Into these !wo parts. Finally the existing 
instrumentation 01 a typIcal Gennan 1300 MW PWR was detennined In connectlon w1th the 
selected Information sources. 

Thirdly, cnteria lor the assessment 01 the Ins/rumen/ation Capability were lound out. The 
range and accuracy 01 measurements as weil as the environmental qualilication conditlons 
and lailure crltena have to be detennined. It Is not so easy to find out more simpllfied 
criteria 10 assess the functlon of instruments under severe accident conditions. 

After companson w1th conditions prevailing dunng severe accidents it can be identified 
which infonnation will be supplied with the existing instrumentation and which additional 
instrumentation will be needed. 
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3 Application to a PWR • Containment Mitigation Measures 

In order 10 distinguish between acddent prellention and rnitigation lour Safety Objective 
Trees were selecled . As an example lor Ihe demonslralion 01 Ihe melhod Ihe Iree which 
includes the Safety Function MPrevention of containment tailure- and is relevant for the 
mitigation phase Is presented in this paper. The maintaining of the containment integrity is 
very important, because it is the ultimate barrier for retention of lisson products. Some of 
Ihe phenomena which challenge Ihe conlainmenl salety lunclion are presenled. The 
containment venting strategy and the different H:!-reduction measures connected with these 
phenomena.The investigations are made for a PWA with a large dry containment. 

3.1 Salely Objeclive Tree 

The Safety Objective Tree presenled in ligure 1a and 1 b comprises Ihree Safety Funcfions 

"Pressure Conlrol" (C1), 

"Temperature Control" (C2), 

"Mainlain Containment Inlegrity" (C3). 

These Safety Func/ions will be presenled in greater detail in the lollowing chapters. 

3,1,1 "Pressure Conlrol" (C1) 

The challenges and mechanisms occuring will be characterized belore the delermined 
Slra/egies will be presented in chapter 3.2. 

"Slow Pressurization" (C1 A) 

The Safety Func/ion "Pressure Conlrol" (C1) will be ehallenged e.g. due to "Slow 
Pressurization" (C1A). During different accidents In the eMy accident phase big steam 
mass Ilow rales released into the containment via the leak or through the pressurizer salety 
valves. In the later aeeident phase, il core eooling could not maintained and a reactor 
pressure vessel tailure occures, continuous mass Ilow rates 01 steam will be produced in 
the case 01 melt-conerete interaction with or without sump water contact andlor as a result 
01 evaporation 01 sump water by saturation conditions within the containmenl. Also, high 
eoncentrations 01 noneondensable gases as a result 01 the melt eonerete interaction could 
challenge the Safety Func/ion 01 Ihe containment. 

'Rapid Pressurization" (Ct 6) 

In principle three different Mechanisms could lead to a ' Rapid Pressurization" (C1 6) 01 the 
containment. Two of them, ~ Direct Containment Heating (DCH)" (C1 61) and ~Ex-Vessel 
Steam Explosion' (C1 62), o~en diseussed in connection wilh other PWRs [1, 4, 5] are 
eonsidered as not relevant lor KWU-type PWR's in the Gennan Risk Study Phase 6 [2J and 
tt1erefore more detailed information is not treated in this paper. The increasing 
H2-concentration inside the containment may lead 10 a H2-detonation process if there are 
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no measures to reduce the concentration before. This detonation has the potential to 
destroy the containment due to rapid overpressurization. 

"Subatmospheric Pressure" (C1 C) 

The "Subatmospheric Pressure" (C1 C) path describes the Mechanisms occuring in 
connection with the long·term operation of containment venting followed by steam 
condensation Inside the containment and low concentrations of noncondensable gases. 

3.1.2 "Temperature Control" (C2) 

Two different phenomena are selected which may challenge the Safefy Function 
"Temperature Control" (C2). 

"Temperature in Atmosphere to high" (C2A) 

The high temperature in containment atmosphere could be a result of the high energy input 
01 a steam mass flow or of a H,-<leflagration process or as a result 01 a lire accldent. The 
containment Integrity will be challenged, e.g. In case 01 a lailure 01 containment 
penetrations due to high temperature over a long time period. 

"Melt-Concrete Inleraction" (C2B) 

The basemat 01 the containment especially the steel shell will be challenged il the melt / 
concrete interaction could not be stopped. 

3.1.3 "Maintain Containment Integrity" (C3) 

Two different phenomena are selected, which may challenge the Sa/ety Funclion "Maintain 
Containment Integrity" (C3). 

"Loss 01 Tightness 01 Containment" (C3A) 

There are also !wo different Mechanisms, an "Isolation Failure" (C3A 1) and a "Leak In 
Containment Shell / Penetration" (C3A2), which could lead to a 1055 01 containment salety 
lunction. The "Isolation Fallure" Mechanism has to different modes, any lailure belore or 
after isolation 01 the containment. 

High atmospheric temperatures du ring several minutes or hours could be the reason lor the 
penetration failure. 

However not only the lact that there 15 a leak In the containment shelils enough lor the loss 
01 containment salety lunction; the diameter 01 the leak or the leak area is also important. 

"Generation 01 Missiles" (C3B) 

There are also three different Mechanisms, "Steam Explosion In-vessel" (C3B1), 
"H, Detonation" (C3B2) and "High Pressure Failure of RPV" (C3B3), which could lead to a 
lass cf Sa/ely Function of containment. But the probability that any of these mechanisms 
will occure is very different. The result of these explosions, detonations er rupture events 
are nearly the same. Some parls of the lacility with high energy may destroy the 
containment immediately. 
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3.2 Strategies 

As shown in fig . 1 there are possible many different Strategies to prevent or to mitigate the 
consequences of severe accidents. To select the special and most effective Strategy it is 
necessary to detect the Mechanism occuring without any doubt. 

Not all of these measures are realised in German PWR·s. They will be discussed and the 
general requirements to the instrumentation and the equipment tor realisation will be 
determined [6. 7. 8]. 

This presentation will give only more detailed information about two of the possible 
strategies - containment venting - and the measures to limit the H2-concentration Inside the 
containment, e.g. by· catalytic recombination and ignition-. 

3.3 Information Needs and General Requirements to the Equipment 

The second part 01 our method comprises the determination of needed information and 
available Information sources. The path C1 A "Slow Pressurization" of the Safe/y Objective 
Tree will be used to demonstrate the method. The needed Information and available 
information sources to detect the ChaJ/enges and the Mechanism and to select the 
Strategies are depicted in the tables land 11. 

3.3.1 OSteom Production" (C1A1) 

a) Information Needs 

The needed information to detect the ChaJ/enge of the Safe/y Function is the time­
dependent containment pressure. which is a direct information (see table 1) .The needed 
Information to detect the mechanism "Steam Production" (C1 A 1) is the relation of heat 
production and heat removal and the steam concentration inside the containment. The first 
needed information will be supplyed indirectly by the time-dependent containment pressure 
and temperature. Instruments to measure the steam concentration are not available for the 
investigated plant. Information about the contact of the melt in the reactor cavity with the 
sump water In the later event phase Is necessary to detect the reason for the steam 
production. An information source which could supply this information could be the 
decreasing sump water level or the increasing containment pressure at the beginning of the 
contact. But it is very difficult to detect this mechanism without doubt. 

The necessary Information to select the filtered venting strategy (strategy 6 in table I) is the 
time-dependent containment pressure and temperature and the concentration of 
noncondensable gases inside different rooms. Also the loss of tightness and the fission 
product invetory in the containment atmosphere or the time difference between the 
initiation of the event and the initiation of the filtered venting are criteria or needed 
infonnation. 

The loUowing points gives more infonnation about the criteria: 

The containment venting strategy has to be initiated if the pressure exceeds the design 
pressure 01 the containment. 
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AlSO, high atmospheric temperature (about 145 Oe) is a crilerion 10 initiale containment 
venting strategy, to remove the heat and 10 reduee the loadings to the equipment. e.g. 
instrumentation, cables, penetrations ete., 

The containment venting strategy has to be Initialised il an important teak will be 
detected or If the melt breaks through the basemat and the pressure is much higher 
than In the annulus or In the environment. 

It is not so easy to lind out the best point in time lor the lirst start 01 containment 
venting. If the lission product inventory In the containment atmosphere Is to high and 
the containment ventlng will be Inltlalised atthis time then the lission products may tead 
to a high amount 01 heat generation in the lilter system. tn this case the venting system 
shoutd not be Initiated ea~ier than about three or lour days after the initiation 01 the 
accident. 

tnlormation aboutthe concentration 01 the components 01 the atmosphere (air, H" CO 
+ CO,) Is absotutety necessary belore the venting strategy can be initiated. The 
concentration 01 H, has to be reduced to nonbumable concentration. If the H,­
concentration Is too high the venting system may lail in case 01 a H,-deflagration or 
-detonation and an uncontrolled release ollission products out 01 the containment may 
occur. 

b) Generat Requirements 

The general requirements depend upon the design olthe system. Different lilter systems 
and positions 01 the lilters inside or outside the containment are possible. Also, different 
points to connect the system with the containment are possibte, but itls not a lask lor this 
presentatlon to give a survey 01 different containment ventlng systems. Some global 
requirements will be given below [6): 

connection olthe venting system to existing parts 01 the NPP 

the possibllity to controlthe valves 01 the venting device lrom the controt room 

determination 01 the mass flow rate 01 lhe venting slream (il depends upon Ihe NPP) 

determination 01 lhe filler lactors lor iodine and aerosols 

instrumentation 10 measure the following parameters 

pressure, differential pressure 01 the filter unil 

Iilter temperature (e.g. after closing the venting line) 

temperature of the venting stream 

water tevel inside the venturi lilter (il used) 

radioactivity behind the lilter unit 
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3.3.2 "Noncondensable Gas Build-up" (e1 A2) 

a) Infannation Needs 

The second Mechanism "Noncondensable Gas Build·up" (C1A2) as a resull 01 e.g. the 
melt· conerele interaction also leads 10 a ·Slow PressurizationM of Ihe containment. The 
needed information and the available information sources are depicted in table 11. 
Information about the distribution of the concentration of noncondensable gases inside the 
containment, Ihe containment pressure and the stesm concentration is necessary 10 deleet 
the Mechanism. The steam concentration inside the different rooms of the containment Is 
an importan! parameter.1f there is more lhan 50% steam Inside the containment then the 
hydrogen is not bumable because of the steam inertisation. 

More information about the core melt process and the RPV·integrity du ring the different 
aceident phases could be helpfull tu detect the mechanism wilhout doubt. 

The needed information 10 use the Strategies MRecombinationM er -'9nillon- is discussed 
in the following part In most cases MAecombinationM will be a passive measure and 
therefore no information is necessary to Initiate the measure. The needed information to 
initiate the ignition (global or local if possible) is the concentration of H" 0, and steam 
inside the containment, the time-dependent temperature and pressure inside the 
containment and the status of the melt-concrete interaction. In most cases the initiation of 
the ignition automatically occure. The needed information to control the eHectiveness of the 
measures is near1y the same as betore: the concentration of H2 and the pressure and 
temperature inside the containment. 

b) General Requirements 

To prevent ea~y and late containment failure by hydrogen buming, the mitigation measures 
have to fulfill the following points 17]: 

Exclude large·scale detonation or a highly turbulent deflagration with the potential to 
reach failure-pressure of the containment. 

Prevention of local detonations which could lead to missile-generation. 

Prevention of high local hydrogen concentration. 

Mitigate the consequences of loeal, mulliple deflagralion, leading to high temperatures 
(failure of local equipment) . 

The determination of the most eHective position inside the containment to install e .g. 
recor1)biners orfand ignitors is also a task for lhe near future. Another task is the design of 
recombiner devices againsl possible poisoning and aggressive media. 

3.4 Criteria to assess the Cabability of Instruments 

In our investigation the most important instruments instalied in the investigated plant and 
the qualification range and other features were determined. The required safety·related and 
wide·range measurements for PWR according to KTA·3502 rules (Nuclear Safety 
Standards Commission [9]) and their measurement range are presented in lable 111. These 
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required instruments include also the H2·concentration and the containment pressure and 
temperature measurement, 

Typical instrument systems consist of transducers, cables, electronics and other 
components, and it is not easy to determine all possible lailure conditions. Alt salety-related 
and wide-range Instrument systems were tested under specilic environmental conditions 
depending upon their position inside the containment, outside in the annular space or in the 
valve eompartment. Figure 2 shows examplartly the pressure, temperature and time­
dependent test parameters lor instruments positioned inside the containment [10). 

For the assessment 01 the eapability 01 the Instruments we use at the moment lour 
simplilied ertterta. The ertterta are not totally equat to the ertterta used In the literature [5). 

1. Instrument pertormance will be degraded iI the system is operated outside the range. 

2. For instruments located in Ihe primary circuit, the evaluation is focused on sensors 

because 01 the temperature or pressure eonditions to whieh these sensors could be 

exposed durtng a severe accident. 

3. For instruments located in the containment the possible strong environmental 

conditions. e.g. du ring hydrogen buming Influencing the whole instrument system have 

to be eonsidered. 

4. The availability 01 eleetrical power supply iI needed. 

These simplilied eriteria relleet the principle behavior 01 the instruments under accident 
eonditions. More detailed investigations about the capability 01 instrument systems 
espeeially in the case 01 longterm high radioaetivity loads will be a task lor the near luture. 
Together with the improvement 01 the enteria the quality and aeeuraey 01 codes used to 
caleutate the possible aeeidents in NPP's have to assessed . 

A PWR aceident sequenee with total loss 01 leedwater with prtmary bleed as an accident 
management measure, the so called ND·-accident, was seleeted to demonstrate the 
application 01 the method [2, BI.The caleulated accident parameters (see table IV) are used 
to assess the loads to the instruments. 

3.5 Assessmenl 01 Inslrumenls needed for Venling and H,-Limitation Measures 

a) Pressu re Measurement 

The measurement range as shown in lable 111 is much higher than Ihe failure pressure of 
the containment and therefore the pressure criteria 10 initiale filtered venling should be 
available. The expected parameters inside the containment during the accident are lower 
than the qualilication limit (KT A-3505 rule [10]) 01 the Investigated instrument iI no 
hydrogen bums. Further investigations are necessary to assess the influence of local 
hydrogen burning . 
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b) Temperature Measurement 

The calculated parameters of the DBA's are the basis tor the detennined measurement 
range tor the temperature measurement inside the containment dome required in 
KT A-rules (20 ... 160 °C) as weil as the range 01 the installed instruments 01 the 
relerence station (20 ... 200 oe). The temperatures inside the containment ealculated lor 
the ND"-accident lies within the range 01 the installed instruments il no hydrogen bums. In 
this case the temperature criteria to initiale filtered venting will be supplied. 

Any more investigations are necessary to assess the inlluence 01 global or loeal hydrogen 
buming processes, the lemperature increaslng In this case and the Influence of heat 
production and temperature increasing il catalylic devices will be used to limit the hydrogen 
concentration. For example such questions as how much time does a hydrogen buming 
process nead and which temperatures are expected are of interest to assess the 
availability of instruments much better. 

c) Measurement 01 H,-concentration 

The installed H2-diffusion instruments inside Ihe containment of the reference plant can 
measure the H2-concentration at eight different points al the same time continuously with a 
measurement range up to 10 Vol.%. The measurement principle of these instruments is the 
principle of temper color. The measurement system consists of adetector which 
recombines the hydrogen together with oxygen. The small amount 01 heat resulting 01 this 
process will be detected with a temperature-dependent resistor and a comparable 
temperature. It means that oxygen as a compound 01 the atmosphere is absolutely 
necessary lor the measurement 01 H, with this method. 

Funher investigations are necessary e.g. to assess the inliuence 01 hydrogen combustion 
to the oxygen concentratlon of the air and therefore the nonnal function 01 the 
measurement system. 

The qualification conditions lor this H2-measurement instrument are the same as lor 
salely-related instruments installed inside the containment. Therelore the expected 
environmental conditions do not challenge the function 01 this instrument if no hydrogen 
bums. 

If there are no measures available to limit the H,-concentration or il Ihe Installed measures 
are ineffective then the measurement range 01 Ihis instrument is tao small to detect the 
expected H2-concentration during severe accidents. 

In the case 01 a leak in the containment shell than it is possible that the hydrogen leaves 
the containment. In this case the H2 concentration inside the annulus, the room between 
primary and secondary containment, increases and there are no instruments installed up 10 
now to detect hydrogen nor are any measures prepared to limit the concentration. 
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4 Conclusion 

The presented method to determine the information needs and to assess the availability of 
instruments could be successfully used for PWR's as shown in cur example. This paper 
glves only a short overview of the woM< belng done In the field of aecident mltigation In 
relation to "Prevention of Containment Failure". The developed Safety Objeclive Tree 
eomprises all possible Mechanisms oceuring du ring different severe accidents In our 
opinion. The other trees for the other accident phases or Safety Objectives will be 
eompleted and diseussed In the future. 

The assessment of the capability of the existing instrumentation shows that further 
investigations are necessary. It is not so easy to gel information about the situation in 
different rooms inside-the containment e.g. about steam inerting cr about H2 concentration 
greater than 10 Vol. %. Higher eoncentrations are posslble If severe accidents occure . 

Further investigations are also necessary, e.g. to obtain information about the Influence of 
local or global hydrogen bumlng. 

As a result 01 the Investlgations demonstrated at the last CSNI meeting at Rome [8J It Is 
necessary to gel more information about: 

the status of the core during severe accidents, 

the location and relocation of material, 

the water inventory of the lower plenum, 

the integrity of the reaetor pressure vessel and 

the melt I conerele interaction in an adequate manneT. 

Another blg problem is the eorrect assessment 01 the function of Instruments, e.g. the 
asumption that instruments, II they are working outside their qualilication or measurement 
range for only a short period, will be degraded. 

The extension of the Investlgatlon to a broader spectrum 01 events is necessary and can be 
perlorrned in the future using the knowledge base 01 the exlsting PSA and other studies. 
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Table I Information Needs 10r the Safety Objective • "Prevention of Containment Failure" (C) 

Information Needs Olrect Infonmatlon Indlrect Information Avallable Instruments 
Source Source 

·Slow Pressurizalion· time-dependent pres· pressure I diff. pres- none pressure I diff. pres-
(C1A) sure in containment sure containment I at- sure measurement 

mosphere 

I[)Qi~tQ[ 
·Steam Production" relation of heat pro- none time-dependent pres- pressure I diff. pres-
(ClAl ) duelion and heat re- sure in containment sure measurement 
(insufficient heat reme- moval time-dependent tem- temperature measu-
val from containment) perature In contain- rement in contain-

ment and sump ment dome and sump 

steam concentration steam concentralion 
in containment at- In containment at-
mosphere mosphere 

contact melt with con- none progress of sump wa- sump water level 
tainment sump water ter level measurement 

time-dependent steam 
concentration in con-
talnment atmosphere 

-

Potential Instruments 

steam concentration 
measuremenl in con-
tainmenl atmosphere 

steam concentration 
measurement 
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Conl. Table I 

>'~ 

6. 
fIItered containment 
ventlng 

• requlres nonbuma· 
ble gasmhctures 

- requlres instumenla-
lion 10 detect e.g. H, 

Infonnalion Needs 
:"". 

SeiectiQD Cdteda 
tlme-dependent pres· 
sure In containment 

lime-dependent lern-
perature In contaln· 
men! and sump 

avallabllity of venling 
system system 

H2-,concentration In-
slde containment 

CQ'concentralion In-
slde containment 
fission product Inven· 
tory In atmosphere 

lightness of contain-
men! 

Slllilew EHes::II~De~ 
time-dependent pres-
sure In containment 
tlme-dependent tem-
perature In contaln-
ment and sump 

.Direct Information Indlrect Information Avallable Instrumenis Potential Instruments . Source Source 

tlme-dependent pres· pressure I dill. pressu· 
sure In containment re measurement 
time-dependent tem· temperature measura-
perature In contain- ment In containment 
ment and sump dem and sump 

parameter In the sy· 
stern 

H2-concentration In- H2-concentration mea-
slde containment suremen! 

CO-concentration In- CO-concentration 
slde containment measurement 
fission product Inven- sampllng system 
tory In atmosphere 

lightness of penetra- fission product l"ven- activlty I emission via leak detectlon system 
lions tory In auter contalnm. stack 

lime-dependent pres· pressure I dlff. pressu· 
sure In containment re measurement 
lime-dependent lem- temperature measure-
perature In contain- ment In containment 
menl and sump dom andsump 
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Table 11 Information Needl for the Safety Objeetl.e - "Pro.entlon of Containment Failur." (C) 

InformaIIon Needs Dlreel InformaIIon Indlreel InformaIIon Available Inslrumenls 
. ' <.". "(' \. "y, Sour~'·l!k ' , Source . 

·Slow Pressurization· IIme-dependent pres- pressure I diff. pres~ none pressure J ditto pres-
(C1A) sure In containment sure containment I al- sure measurement 

mosphere 

IDgi~lc[ 
MNoncondensable H2-concentratlon In- H2-concentration In- H2-concenlratlon mea-
Gas BUlld-up' slde containment side containment surement 
(C1A2) concentratlon of other concentratlon of olher 
(core melt process. gases inside conta1n- gases Inside contaln-
malt concrete interae- men! men! 
lIon) 

steam concentratlon steam concenlration 
In containment at- In containment at-
mosphere mosphere 

IIme-dependent pres- IIme-dependent pres- pressure I diH. pres-
sure in containment sure In containment sure measurement 

slatus of melt- temperature dlslibullon 
conerete Interaellon In basemat 

precursor Informations cQolant Invenlory In APV-Ievel probe (level 
about the slatus of primary circult In upper plenum) 
lhe core or APV- core relocation status 
fallure 

Inlegrity 01 APV primary pressure 
- ---- --

RPV· Reactor Pressura Vassal 

Potenllallnslrumenls 
, 

concentration of other 
gases Inside contaln-
men! 

steam concentration 
measurement In con-
tainmen! atmosphere 

temperature measure· 
ment In basemat 

radlalion field oulslde 
APV 

acoustic monitor 
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Conl. Table 11 

'nfo~~2~~c~?e~: , Dlr~~~~':t~~~ . Indlre~~ti~~~1:2n ; Avallable Instru~enls I POI~nllallnslrumenls 
Se1wion Cdteda 

catalytical recomblna-
lIon of H2 I Most of lhe systems sre passive system, therefore 00 Information is necessary 10 Inltiate the system . 
• passive device 
• actually not installed I Strategy EHecliyeness 

In reference plant H2-concentration In-IH2.oConcentration in-I I~-concentratlon mea-
slde containment side containment surement 

IIme-dependenl pres-I"me-dependent pres-I 1 pressure I dill. pressu-
sure In containment sure In containment re measurement 
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Conl. Table 11 

calalytlc or battery-
powered ignitors 
. aclually not installed 

in reference plant 

Information Needs 

SelecliQo Cdleda 
ignilability 01 Ihe gas 
mixture inside conlaln-
men! or different 
rooms 

time-dependent pres-
sure in containment 

tlme-dependent tem-
peralure in contaln-
men! and sump 

availability of ignilors 

Sl(ateg~ Eff~tive[]ess 
H, concentration in-
side containment 

time-dependent pres-
sure in containment 

time-dependent tern-
perature In contain· 
rnent and surnp 

Dlrect Infonnatlon lndlrect Information Available Instruments Potential Instruments 
Souree Souree 

H2"concentration inside H2-concenlration mea-
containment surement 
sleam concentration sleam concentration 
inside containment inside containment 

time--dependent pres- pressure I diff. pressu-
sure in containment re measurement 

time-dependent tempe- temperature measure- temperature measure-
rature in containment men! In containment men! in rooms with 
and sump dome and sump ignitors 

H2 concentration inside H2 concenlration mea-
containment surement 

time-dependent pres- pressure I diff. pressu-
sure In containment re measurernent 

tlme-dependent tempe- temperature measure- temperalure measure-
rature In containment ment in containment ment in rooms with 
and sump dome and sump ignitors 



Table 111: Overview of Required Accident Measurements for PWR (KTA-3S02 [9]) 

Nr. Parameter Safely Relaled WideRange 

1 neutronflux 10" PN 1010'" PN -
2 boron concentration of sumpwater 50 10 2600 ppm -
3 coolant temperature in loops 5010400 ·e -
4 core outlet temperature 100 1010oo·e 100 10 1ooo·e 

5 level in pressurizer 1,81011.4 m-) -
6 level in SG - 1,871014,53 m') -
7 temperature of sumpwater 1010150 ·e -
8 level in containment sumpwater 1,8103,9 m') 1,8103,9 m') 

9 subcooling 50100 K -
10 temperature of water in fuel pool 1010150 ·e -
11 pressure in reactor coolant system 1 10250 bar 1 10400 bar 

12 pressure of SG-secondary 1 10 150 bar -
13 pressure In containment (.1.p) -0,510 5,5 bar -11015bar 

14 pressure In annulus (Ap) -0,5105,5·bar -
15 H2-concentration in containment 0104 Vol.-% 01010 VoI.-%·) 

16 lemperature in containment dome 2010160 ·e -
17 dose rate in containment 10" 10 10' RIh 10" 10 10' RIh 

18 emission via stack 10" 10 10' Gylh -
19 emission with waste water 2x10~ IO 1x10' Gylh -
20 level in tuel element pool 16,71021,7m') o m 10 maximum 

level 

.) range of the instrumentation in the reference plant (1 300 MW PWR) 
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Table IV: Value. 01 key parameters lor the NO·-aeeldent - total los. 01 SG-Ieed water supply with prlmary bleed 

Value I , ( I. Phase 2.\Phase 3. phase 4. Phase 
upte core,uncovery up 10 Core ,lump up to lower head tailure ex-vessel 

time period 0 . ., 285 min 285.,.360 min 360.,.410 min 410 .. , min 

I Circult 
average core temperature <600K 2200 K 

max. core temperature < 850 K 2700 K 

gastemp. of upper plenum < 600 K < 1500 K < 1000 K < 1000 K 

max. pressure of reactor 16,3 MPa 5 MPa 5 MPa 1 MPa 

mln. pressure cf reactor -1 MPa -1 MPa (0,1 MPa) 0,1 MPa 

average H2-mass Inside the Okg 0.,.500 kg 500 kg 
prlmary circuit 

average temperature (wllh 30.,.110'C 110 'C 110."120'C .,. 150'C 
contact meltlsump water) 

average temperature wllh 30.,.110 'C 110 .,.350'C 120.,.350 'C < 160 oe 
continous H2-buming 

average pressure (with con- 0,1 .,.0,25 MPa 0,25 ,., 0,35 MPa 0,35 MPa 0,35.,. > 0,6 MPa 
lacl melVsump waler) 

average H2-mass inside the o kg > 0 kg > 0 kg .,. 500 kg < 1350 kg 
containment 



INSTRUMENTATION NEEDS AND DATA MANAGEMENT BY THE FRENCH 
PROTECTION AND NUCLEAR SAFETY INSTITUTE FOR THE DIAGNOSIS AND 
PROGNOSIS OF THE RELEASE DURING AN EMERGENCY ON A PWR. 

B. RAGUE, L.JANOT, A.JOUZIER 

CEAllnstilul de Prolec\ioD el de Sürele Nucleaire 

92265 Fonlenay-aux-Roses FRANCE 

Abstracl 

IPSN in conjunction with EDF has been developing for the last few years an approach for 

the diagnosis and prognosis of the Source Term during an accident on a PWR. Intended for 

the off-site emergency teams, this methodology is implemented with dedicated manual and 

computerized tools within the frame of the SESAME project. 

lt is necessary to have access during the accident to various information dea1ing with the 

state of the plant. These information needs and the various means available to pick up data 
from the plant are described in this paper. 

Emphasis is given on the analysis of data thaI is needed to avoid any failure in the 

assessment of the state of the safety barriers and functions. This analysis deals with : 

the quality 9f the information depending on the environmental conditions and 

on the avaiIabiIity of the suppIy systems, 

the cross-check between measurements of same type , 

the cross-check between measurements of different types. 

OECD(NEA) CSNI speciaLisl meeling on instrumenlaIion 10 manage severe accidenrs. 
Cologne, Gennany, 16th-17th March 1992. 
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Introduction 

The instrumentation needs in case of accident on a PWR are twofold. They cover on the 
one hand the accident management by the operating team and, on the other hand, the 
follow-up of the accident by the national crisis teams. After recalling the tasks and 
resources of the IPSN Emergency Technical Center (ETC), this paper reviews the 
information necessary to the crisis teams. 

The measurements - existing and to be developed - essential to provide a diagnosis and a 
prognosis of the state of the installation are described. 

Finally, the needs in maUers of management of the data provided by instrumentation are 
defined, as regards their acquisition, their organization, their contral and their use within 
the IPSN ETC. 

I.INSTRUMENTATIüN NEEDS ANALYSIS FüR THE CRISIS TEAMS üF THE 
FRENCH PRüTECTIüN AND NlJCLEAR SAFETY INSTITUTE. 

I. I. The national emergency organization. 

In case of accident in a nuclear installation, it is necessary to evaluate the situation and in 
particular to forecast its possible consequences in terms of release into the environment. In 
France, this information is elaborated by anational emergency organization and provided to 
the local govemment representative (the head of the Prefecture) who takes it into account in 
order to implement the decisions conceming the protection of the population. 

The national emergency organization consists mainly of a decision-making level (the 
Emergency Managing Centers) and a reflection level (the Emergency Technical Centers of 
the utility - one located in the plant. the other in the Paris area - and of the IPSN). 

The IPSN Emergency Technical Center (ETC) is organized round a management unit 
receiving analysis data ftom two working , parties, one studying the situation within the 
damaged plant (Plant Assessment Unit) and the other concemed with assessing the 
radiological consequences of the accident (Radiological Consequence Unit). 

I 2. The Plant Assessment Unh. 

This paper focusses on the instrumentation necessary for the work performed by the Plant 
Assessment Unit. During an emergency, the experts working in this Unit have to face the 
challenge of making, in real time, an operational synthesis of the available information. In 
particular, they have to make the discrenpancy between essential and subordinate 
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information, detect the eITors and raise the judicious questions at the right time. Finally, 
their synthesis aims at providing a diagnosis and a prognosis of the situation. 

Although this synthesis is elaborated by the IPSN ETC on its own side, it is periodicaJly 
confronted through a phone conference network, with the diagnosis and the prognosis 
performed by the ETCs of the utility. In order to structure the dialogue between the three 
ETCs, a think grid has been jointly designed (fig. I). According to that grid, the surveyed 
items are : the physicaJ state of the safety barriers (fig.2), the availability of the safety 
systems and the margins to critical states. 

Various means are available lO pick up the information needed for filling up the think grid : 

- the terminals existing in the plant are duplicated in the ETC. These tools 
allow the access to logie and analogie signals available for the operators. 
This information is struetured within synthesis images describing the state of 
the plant. These data are transmitted through the Freneh national network 
TRANSPAC. 

- specific messages are used in case of unavailability of Ihe plant computer. 
In this case, the information is transmitted to the ETCs by fax or through 
phone conference. 

These data being obtained are structured in a pre-formated think grid designed with the 
national operator. This message describes the state and the evolution of the safety barriers, 
of the safety functions and of the safety-relaled systems. The answers to the quantitative 
questions are calculated with manual or computerized tools developed within the frame of 
the SESAME project (fig .3). 

2. NECESSARY MEASUREMENTS. 

2.1. Diagnosis of the plant 

The diagnosis provides information on the state of the three safety barriers. It gives also the 
state of eaeh safety function and associated systems. Fission product releases out of the 
fuel, activity suspended into the containment, leak path and releases in the environment are 
thus estimated. 

2.1. J. First barrier. 

The state of the first barrier, the fuel, is determined by [WO measurements : 

- the core exil temperature, 

- the dose rate in the containment. 
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The subcritica1ity safety function is followed up using the intermediate nuclear measuring 
channels. 

The water-inventory safety function is followed up using the reactor vessel, containment 
sump and pressurizer levels with the saturation margin . 

2. J. 2. Second barner. 

The state of the second barner, the primary circuit, is determined by two measurements : 

- the containment pressure, the saturation margin , a primary circuit mass 
balance and the dose rate in the containment for a primary break within the 
containment, 

- the same parameters associated with the activity measurements in the 
surrounding buildings for a break out of the containment on a connected 
circuit, 

- the activity and steam generators blowdown measurements associated with 
their levels for asteam generator tube rupture. 

The heat removal safety function is followed up using the temperature and the pressure of 
Lhe primary circuil. 

2. J. 3. Third barner. 

The state of the third barner, the containment, is determined by the follow-up of : 

- JX>sition switch on the isolating valves of the mechanica1 penetrations which 
are useful to detect a leak path, 

- the activity through the stack, in the au.iliary sumps and buildings 

for the assessment of the containment integrity, 

- the state of the steam generator and condenser steam dump valves 

- the damaged steam generator pressure and the mass balance 

for an accident with steam generator tube rupture and steam 
pipe rupture. 

The associated function, the confinement, is followed up by the containment building 
pressure and an activity balance between the containment and the environment. 
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2. J.4. QuaruificaJions. 

The filling-up of the synthesis grid needs the quantification of various parameters or 
phenomena. This is done with correlations or computerized tools using simplified models. 

The BRECHEMETRE software is dcdicatcd 10 the assessment of the primary break size 
by means of • mass balance based on the pressuriur level and the input and output flow 
rates. The water inventory is compared with critical flow rate correlations to assess the 
brcak sire dcaling with this thermohydraulic environment. 

The critica1ity margin is assessed with the boron concentration measurement and the 
thermohydraulie eharaeteristies of the coolant by means of the CRAC software. A mass and 
concentration balance is used in case of unavailability cf the boron direct measurement to 
determine the anti-reaetivity associated with the bumable poison. 

The clad rupture or core meltdown fraction is estimated with the exit core temperature or 
the containment dose rate. This is done using correlations introduced in the SINBAD 
software. 

The containment lealc. rate is assessed from a lealc size and the containment pressure using 
the SINBAD software. The ALIBABA expert system provides an early diagnosis of 
containment leakage using the instrumentation associated with the containment isolation and 
the activity mea.surements. 

The containment building pressure and temperature measurements associated with particular 
assumptions such as steam saturation or core meltdown fraction allow the hydrogen risk 
assessment using the HYDROMEL software. 

The release into the environment during an accident without containment bypass is 
quanti fied in the PERSAN software. It is obtained from other softwares results and 
partieular information such as the use of the spray system or of the sand-bed filter. 

The release into the environment during an accident with containment bypass and without 
core damage is quantified in the RTGV software using simplified models of 
thermohydraulic and of fission product transfers. 

2.2 Prognosis on tbe accjdent progression 

The prognosis on the state of the plant deals with the state of the safety functions and with 
the availability of the associated funetions. The necessary information can be provided 
directly by the instrumentation such as it is the case for reliable or foreseeable losses due to 
defaults on the supply systems. The information can also be pieked up through the control 
team for the procedures to be followed or through the on site operating teams for the repair 
or substitution of devices. 

Some quantifications are necessary as for the diagnosis. 
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The SCHEHERASADE software deals with the delay before core uncovery by means of a 
mass and energy balance. The necessary information is the lhermohydraulic environment 
and the input and output flow rates in (he primary and secondary circuits. 

The predicted time between core uncovery and c1ad rupture er core meltdown is ca1culated 
with the residual power using the SINBAD software. 

The prognosis on the releases calculated with the PERSAN software does not need 
additional information from the instrumentation . 

2.3. Measurements to be developed, 

Same limitations exist in the available instrumentation dea1ing with the implementalion of 
the diagnosis-prognosis method : 

- the dose rate measurement in the reaetoT building does not allow an 
accurate assessment of the activity of the vanous ramilies suspended in the 
containment. 

- the direct hydrogen measurement is not available in all foreseeable 
conditions. 

- finally, the containment leak is not directly measured. 

Specific phenomena dealing with the accident progression in case of core meltdown such as 
core slump, bottom head failure and corium-concrete interaction cannot be followed up by 
an appropriate instrumentation. 

3. DATA MANAGEMENT. 

3.1. Data collection 

A'· described under 1.2 ., vanous means are available in order to catch the required 
information . Manual and automatie tools have to be separately mentioned : 

- the local treatments allow the storage of 100 measurements important for 
safety every minute. When they are available, these data allow the diagnosis 
of the plant state (mainly safety barriers and funclions). It is automaticaly 
reassessed with the reception of a new set of values. The advantage of this 
device is the exhaustivity while its main disadvantage is the leak of reliability 
which demands the results validation by an expert . The pre-definoo messages 
sent by fax are used in place of this tool while the plant computers are 
unavailable. 
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- the other means allow to pick up more precise but less general information 
which deals with specific questions. 

3.2. Data organization. 

The set of data necessary for the implementation of the diagnosis-prognosis method in the 
IPSN ETC is structured in three main parts: 

- the data dealing with a standardized plant series. They describe the 
buildings and main equipment geometrical characteristics ; these basic data 
are not modified during the crisis, 

- the data dealing with the initial conditions of the unit such as power 
history , fuel features and various information on particular aspects of the 
plant before the accident, 

- the data changing during the accident, mainly the thermohydraulic data of 
the primary and secondary circuits and of the reactor building. They are re­
assessed automatically when local treatments are available or manually when 
periodic messages sent by fax are used. 

The use of this organization allows the crisis team to follow up the accident in a better way 
by taking into account the new values more quickly. 

3.3. Data control. 

Each data has to be checked in order to assess its validity. The reception of an 
alphanumerical data means that the sensor, the transductor and the processing functions are 
available with their supply systems. If not, a specific code is sent meaning that this 
measurement is unavailable. The sensor qualification, its physical environment and 
electrical supply are described. In case of availability, the value is compared with its up and 
down limits. 

The consistency between the measurements of the redundant chains or of the same type of 
sensors is checked. Such controls are : 

- the cold and hot leg, core exil and between legs temperatures , 

- the pressurizer, reactor vessel, refueling water storage tank and sump 
levels, 

- the various activity measurements. 

Finally, the more sophisticated control deals with the cross-check of measurements of 
different type. Such controls are : 
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- exit core temperature with containment dose rate, 

- reactor vessel level and saturation margin, 

- refueling water storage tank level and safety injection flow rate, 

- reactor vessel and pressurizer levels with the temperature before the 
pressurizer valves, 

- beron concentration and intermediate nudear measuring channel. 

This analysis allows to re-assess a data or to detect a particular event such as a bubble at the 
top of the reactor vessel or a primary breach through the pressurizer valves. 

This set of control is structured by means of rules dea1ing with periodically received values. 

3.4 Data processing. 

The collected, structured and controlled data are used in different ways : 

- position and displacement in the state grid, 

- use in the various SESAME softwares, 

- filling-up of the think grid. 

This data management is semi-automatic. Each diagnosis proposal has to be validated by the 
crisis team of the Plant Assessment Unit. 
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Conclusion 

The present direction of the IPSN tasks in matters of accidental instrumentation deals with a 
more efficient follow-up of a severe accident by the crisis teams. However, the 
instrumentation is assessed to be fully available under the qualification conditions and 
unavailable beyond. The nexl step will deal with the behaviour and response beyond these 
environmental conditions and with the complementary instrumentation needs. 

REFERENCES. 
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ABSTRACT 

An effective accident management program involves identifying those actions 

necessary to assure that aJl available utility options are considered and understood 

so that, in the event of an accident, maximum benefit can be obtained from the 

effective and timely utilization of such capability. Ta assure that such capability is 

effectively utilized, it is appropriate to identify those plant parameters that can (1) be 

utilized to determine the necessity for various actions to be taken, and (2) provide 

feedback on the effectiveness of such actions. 

Therefore, a critical element of the process for determining the appropriate guidance 

for operators in any postulated accident conditions involves the identification of 

available plant infonnation SQurces and the degree to which plant instrumentation 

can be utilized to determine plant functional status. 

Areport by an NEA Group of Experts states: "In the face of the specific loads and 

requirements imposed during severe accident sequences the existing 

instrumentation may not be adequate and may have to be improved and perhaps 

supplemented."+ A reporttt prepared by INEL for the U.S. NRC mentions several 

examples of existing instrumentation that may not be available under certain 

circumstances . 

The Electric Power Research Institute is conducting a project related to 

instrumentation and severe accident plant status interpretation, wh ich may provide 

a balance to the views expressed in the two reports ci~d above. The project will 

recognize the facts that (i) instrument responses du ring severe accidents do not need 

to be as accurate as during normal operation, and (ii) not a11 instrument loops will 

see a severe environment. In particular, the proposed work is to provide 

technology to get the most information from the existing instrumentation under 

severe accident conditions by developing (1) calculational aids to determine actual 

plant parameters based on severe-accident-affected instrument readings, and (2) 

means to utilize indications from operational instruments to infer parameters 

values for failed instruments, or where no instrument may exist. 

t 'The Role of Nudear Reactor Containment in Severe Accidcnts", Report by an NEA Group of Experts, 
April 1989. NEA-QECD 
tt "Acddent Management Infonnation Needs", NUREG/CR·5513, ApriI1990, lNEL 
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Specific deliverables for !his project are (i) an instrumentation data base that will 

inc1ude both instrumentation failures and successes under severe conditions, and 
con.tain instrument performance infonnation from both nuclear and non·nuclear 
industry situations; (ü) methods to assess the vaJidity of instrument signals and 

estimate the performance of individual instrument loops; and (;ii) calcuJational aids 

to estimate and interpret instrument readings under severe acddent conditions, 
incJuding the ability to extrapolate readings from functioning instruments to 

locations where instruments have failed. 
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INTRODUCTION 

A key to achieving regulatory dosure of the severe aceident issue, for operating 

nuclear power plants, is the commitment by nuclear utilities to assess and enhance 

their existing acddent management capabilities. A number of activities are 

currenUy underway that will assist utilities in their understanding of where current 
aCcident·management provisions can be enhanced. Currently, utility owner's 

groups are developing generic severe aceident management guidance (SAMGs) 

speeific to each of the major Nuc1ear Sieam Supply System (NSSS) designs. These 
SAMGs will identify and develop aceident management strategies in response to 

expected conditions associated with severe accidents. 

A vital link in the acddent management process is successful interpretation of the 

plant instruments' response to the accident. Previous work 1 has used Regulatory 

Guide 1.97 for providing a boundary for the adequacy of existing plant 
instrumentation for severe accident management applications. The Electric Power 

Research Institute (EPRI) is currently conducting a project to develop techniques to 

interpret instrument signals during a severe accident independent of the artifidal, 

Regulatory Guide 1.97 !imitations. This project builds on the existing work in this 
area by examining TMI-2 instrument response, instrument performance limits, and 

degraded performance more closely. 

The uitimate results of this project will provide an approach for interpreting 

instrument responses during severe accidents and for developing methodologies, 

induding calculational aids, to understand instrument responses during severe 

accidents. 

1 Accident Management Information Needs, NUREG/CR·SS13. April 1990, Idaho National Engineering 
Laboratory 
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PROJECT APPROACH 

The approach chosen for this p"'ject is being applied at two spOOfic V.S. nuclear 

pl~ts: A General Electric BWR (Mark II Containment) and a Westinghouse PWR. 

The project is being performed in the following steps: 

• Identify severe accident conditions for which mitigating accident 

management strategies may be desired. 

• Define information to arrive at plant status which allows anticipation and/or 

identification of associated severe accident conditions. 

• Identify selected spOOfic instruments that could fulfill this role. 

• Develop an understanding of how identified instruments perform under 
degraded conditions and when they fail. 

• Develop calculational aids where necessary to correlate measured data and/or 

trends of instruments to parameters of interest. 

• Develop matrices relating plant status and plant status trends with associated 

accident conditions and relating instrument availability /performance. 

Identification of Severe Accident Conditions 

The first step is identifying conditions for which mitigating actions should be taken. 
Conditions correspond to different phases of different accident types. A key 

reference source for identification of these conditions is the "Accident Management 
Guidance Technical Basis Report"2. This report discusses. in detail. basic phases of 

severe accidents with respect to core status and containment status; and it also 
discusses the effects of a range of mitigating actions that might be taken. Examples 

of important a«ident conditions indude core unrecovery. dadding oxidation. fuel 

melting. and vessel failure. 

2 EPRI report, in preparation 
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Identification of Parameters of Interest 

Successful antidpation and/or identification of aplant condition or plant status 
requires definition of criteria which define the existence of that condition or presage 
the onset of that condition. Qualitatively, criteria are parameters such as core 
temperature, vessel water level, containment pressure, RCS system pressure, ete. 
The second step of the project is, therefore, to identify parameters of interest that 

allow anticipation and/or identification of severe accident conditions, and provide 
information with regard to response of the plant to the severe accident strategies 

that are being implemented by plant staff. It is important to note that less stringent 

instrument accuracies may often be sufficient to fulfil operational needs during a 
severe accident. In some cases, instrument/ parameter trends may be adequate. 
Selected cases will be pursued. 

Identification of Instruments 

Based upon the parameters of interest identified in the prior task, instruments are 
identified that fulfill those needs under severe accident conditions. Diverse 
instrument sources will be considered to provide some redundancy in fulfilling a 
given operational goal. Plant drawings, equipment lists, and other sources are used 
to identify potentially useful instruments. Where possible, instruments that can 
directly measure a key parameter of interest are identified (e.g., source range 
monitors or cavity temperature sensors). Instruments.that measure a secondary 
elfect which can be correlated to a key parameter (via a calculational ald) are also 

identified (e.g., process radiation monitor which can correlate to core damage status). 
80th non-safety and safety related instruments are considered. The project is taking 

into consideration the fact that many instruments can provide useful da ta over a 
wider range of conditions than those over which the instrument is required to 

perform. 

Characterization of Instrument Performance 

A selection of instruments identified as potentially useful in a severe accident will 

be chosen, and, then, investigated to determine under what conditions the 

instrument's performance begins to degrade and ultimately when the instrument 
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fails. This determination involves review of vendor test data l vendor contactl 

industry studies on instrument survivabilitYI and other SOUIces. The project is 
att~mpting to characterize degraded instrument performance in terms of decreasing 
ac:;:curacy and the ability of the instrument to continue to trend the measured 
variable. Support system failure is considered in assessing overall instrument 
failure, and can also be used for supplying information about the aceident. 

Calculational Aids 

A very important step in this project is development of calculational aids which 

permit determining the value for, or trend of, a key parameter by correlation with 
another monitored parameter. These "aids" consist of analyses which caleulate the 

relationship between two plant parametersl e.g' l pressurizer water level and core 
water level. These caleulational aids help to quantitatively establish criteria for 

when severe accident management mitigating actions should be taken. They also 
enable the interpretation of a wider range of instruments for severe accident 
management in a timely manner. 

Proiect Resul ts 

The project will produce matrices which relate information sources to their 
associated severe accident conditions and relate specific instruments and instrument 
performance to information sources. The format of the information 
source/ accident conditions matrix is shown in Fig. I, while the format for the 

instrument/information SOUIce is shown in Fig. 2. 

Where possible, a given parameter in the information source/acddent conditions 
matrix will include an accuracy judgement. Also, the same parameter may appear 
more than once in the information source/instrument matrix, if it can be derived 
from different instruments. 

The project started in November 1991 and will be completed by the end of 1992. 

Periodic review meetings with operations and engineering staff from the 
partieipating plants will be held to assure the practicality and correctness of project 

results. Similar reviews are planned with staff from a B&W PWR and a 
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Combustion Engineering PWR 10 identify Ihe degree 10 which projecl results are 

applicable 10 those NSSS designs. 
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Conditions Oxidizing Badly Damaged 
{e.g. uncooled core, 
v'; .. , '.;Iu ..... d 

Core (OX) Core (BD) 

Severe Accident 
Type 
(e.g., LOCA. 
ISLOCA, A TWS, Informa tion 
etc.l (e.g. core water 

level) 

Fi~ure 1 

Instrument 10 .. 
Information 
Source 

... Instrument 
A vailability I 
Performance 
Code" 

• Where Codes Are: A = Available 
o = Degraded Accuracy (specify) 
T = Degraded Trending Only 
F = Failed 

Fi&'lre 2 
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CONCLUSION 

Areport by an NEA Group of Experts states: "In the face of the specific loads and 

T:quirements imposed during severe accident sequences the existing 
instrumentation may not be adequate and may have to be improved and perhaps 
supplemented".3 This project is intended to support a basis for showing the extent 

and adequacy of existing instrumentation for use with severe accident management 
guidance. It is, however, rerognized that this project is Jimited in the srope of the 
instruments to be examined, and therefore, it is not intended to be drawing generic 

conclusions about the overall adequacy of instrumentation in today's plants. 

3 'The Role cf Nudear Reactor Containment in Severe Accidents", Report by an NEA Group of Experts, 
April 1989, NEA.{)ECD 
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CONSIDERATIONS ON MONITORING NEEDS OF ADVANCED, PASSIVE SAFETY 
LIGHT WATER REACTORS FOR SEVERE ACCIDENT MANAGEMENT 

G,BaV4, F.Zambardl 
ENEA DISP - Directorate tor Nuclear Safety and Health Pro tee ti on 

Rame, Italy 

ABSTRACT 

Thls paper deals wlth problems concernlng Information and related 
instrumentation needs tor Accldent Management (AM), wlth 
special emphasls on Severe Accldents (BA) In the new advanced, 
passive safety Light Water Reactors (PLWR), presently In a 
development stage. 
The passive safety conception adopted in the plants concerned 
90e8 parallel wlth a deeper conslderatlon of SA, that reflects 
the need of increasinq the plant resistance aqainst conditions 
901n9 beyond traditional "design basIs accldents". Further, the 
role of Accldent Management (AM) 18 still emphaslzed 48 last step 
of the defence in depth concept, in spite of the design efforts 
aimed to reduce human factor importance; as a consequence, the 
availability of pertinent information on actual plant conditions 
remains a necessary premise for performing preplanned actions. 
This information is essential to assess the evolution of the 
accident scenarios, to monitor the performances of the safety 
systems, to evaluate the ultimate challenge to the plant safety, 
and to implement the emergency operating procedures and the 
emergency plans. Based on these general purposes, the impact of 
the new conception on the monitoring structure is discussed, 
furthermore reference is made to the accident monitoring criteria 
applied in current plants to evaluate the requirements for 
possible solutions. 
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1. Introduction. 

Thls paper dlscusses same posslble Improvements In 
safety of new advanced, passive safety lIght water 
(PLWR), for most of whlch condltlons exlst for a 
exploitation of their safety potential. 

nuclear 
reactor 
better 

PLWR are Intended to achleve Improvements In areas such as 
rellabl11ty of safety tunetions, human faeters, oecupatlonal 
doses, environmental impact, emergency preparedness, amplitude of 
accident sequences spectrum they can face. However, details of 
design solutions or accidents analysis results are not yet 
avallable . 
Even if no nuclear plant commissioning is foreseen in the short 
term in Italy, ENEA/DISP and other public and private italian 
organizations are devoting efforts in analysing PLWR design 
proposals and related 1ssues for possible future installations. 
In this paper, considerations on new monitoring objectives and 
requirements arising from new design conceptions, especially in 
Accident Management (AM) areas, are reported and discussedj AM Is 
consldered in aglobai view, so not only Severe Accldent (SA) 
conditions are Investlgated. 
Obvlously, monltoring has a direct interface wlth AM, because of 
the information needed for operator actions; an indirect 
interface comes from the observation that more enhanced 
monltoring, controls, protection and automation prevent or 
reduce the frequency of some accident conditions, or (together 
with improved process design margins) make longer time Intervals 
available for operator interventions. 

2. The conception of advanced, passive safety reactors. 

The most important objectives end features of PLWR designs (at 
hardware and software level) can be synthesized as foliows: 

• plant simplification, both at system and at component level, 
* application, as extensive as possible, of the Inherent and 

passive safety principles, 
* low accident progression 

response parameters are 
perturbations), 

rates (Le. 
delayed 

critical limits of 
with respect to 

• capabllity to cope with any considered event for a 
predetermined "grace period" (typlcally three days) wlthout 
reliance on human action, 

* improved reliability of the safety functions, with particular 
reference to the reduction of human factors Importance and 
of the avoidance of technologlcal faults , 

* assured protection against a set of events that Includes 
severe ones, 

* simpliflcatlon of emergency preparedness requirements. 
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The further objective of the overall safety atructure 
optimization implies the integration of safety principles 
pertalning functlons and systems in a comprehensive set of 
requirements at plant level . In partlculer, requlrements coming 
from AM end related monitoring needs should contrlbute to, end 
should be impacted by the overall safety design structure. 

The PLWR designs consldered In thls paper put reliance on 
enhanced prevention of core melt, for an enlarged set of events, 
and on effective mitigatlon features In melt-down condltions. 
This family of plants is the most interesting from AM viewpoint 
due to the largest room to mitigative actions in the largest 
spectrum of plant conditions. 
Among the proposed designs that respond to the above 
characteristics there are, for Instance, the Advanced Pressurized 
Water Reactor (AP-600), developed by Westinghouse Electric 
Corporation and the Simplified Boiling Water Reactor (SBWR), 
developed by General Electric. 
The above quoted desIgns consist of medium power (about 600 
electric MWatts) reactors and are beeing developed in the United 
States with the sponsorship of the Department of Energy. 

]. The Accident Management appl1ed to Advanced, passive safety 
LWR - Infor.ation needs. 

For the present generation NPPs, Accident Management i8 
considered an important 8tep In the defence in depth strategy. 
Experience has been gained, during the last decade about rules, 
quides and procedures for ACC'ident Management; many improvements 
have been Implemented to cope with beyond design bases 
condltions, taking advantage of the margins al ready exlsting in 
their designs. 
AM requirements affect important areas of plant design auch as 
supervision, manoeuvre and information means (man-machine 
interface system). 
The completeness , qualification and understandability of the 
information to the operator have been more and more improvedj so, 
in this area, a consolidated basis of applications Is available 
for future implementation in advanced, passive safety designs. 
Nevertheless , some adjustments are needed to take into account 
the peculiarities of new designs. A special mention has to be 
devoted to the reduction of human factors importance (par.2)j In 
addition to the "Grace Period" requirement , a large spectrum of 
possible design improvements is pursued , including the following: 

*enhanced capability of the plant to withstand operator errors 
1n the frame of plant procedures, 

*reduced testinq/maintenance needs or complexity, 
*enhanced quality of information to assess plant and environment 
conditions during accidents, 

*optimal automation level (optimization between workload and 
understanding ongoing processes), 
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*restrictions to operator interventions in selected plant 
conditions (i.e. bypass of critical systems during accldents), 

*extended autonomy of safety systems, 
*capability of easily detect abnormal plant conditions and 
operator errors. 

Even if these requirements tend 
human intervention, it can be 
plays an important role 1n 
following purposes: 

to reduce the Importance of the 
certainly asserted that AM still 
the concerned plantB tor the 

+to furtherly reduce event consequences, both to the plant And 
to the environment, even in the Grace-period (achievement of 
additional safety margins), 

+to face unexpected event evolutions, by setting up possible 
actions to perform when specific conditions take place, 

+to perform plant recovery. 
For the reasons above, adequate information must be provided In 
new plants and the related monitoring needs must be consldered. 

The information important for AM end for the assesement of 
accident scenarios is delineated in ref.5, concerning the 
present generation plants. The purpose of the information 1s 
to perform preplanned manual actions (e . g. emergency procedures 
entry conditions), to verify the accomplishment of safety 
functions and the integrity of barriers to radlaactlve releases, 
to contral the availability of the concerned plant systems, end 
for the evaluation of the amount of releases to the environment. 
It is an authors ' op1nion that the same general information 
purposes are applicable to the advanced. passive safety plants. 

Coming to the assessment of the information needs, guidelines of 
Ref.5 are no longer applicable because systems, processes and 
reference conditions of PLWR differ trom those of current plants. 
As starting point for the new ass essment, three different 
Accident Configurations asking for AM intervention can be 
distinguished: 
*inside Design Bases conditions (OBAs), 
*Severe Accldents (SA) , and 
*recovery after accidents. 
The strategies and the available features are different in 
each conflgurationi related information needs are described in 
the following paragraphs, with particular emphasis on SA. 

Concernlng condltions inside DBA's, the PLWR has to be designed 
and optimized for the most frequent and deterministically 
characterized conditions (operation, transients and DBAs), during 
which a complete and optimal l y organized set of information must 
be available, as in ref . 5 for present generation plants. 

Concerning SA, spec ial provisions at hardware and software level 
are included in PLWR designs. In particular, the instruments 
prov 1ding for the information needs, should survive in severely 
de graded c onditions . 
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In vlew of deflnlng monitoring 
procedures set up, It 18 useful 
Accidents inta two groups: 

needs and also tor emergency 
to further subdlvlde Severe 

• those coming from lnitiating Events (lE) conslstlng 
by further 8ssentlally of process dlsturbances, followed 

fallures, 
* those resultlng tram IE 

failures (Station Black 
that produce relevant common cause 

Out, earthquake, fire, externat 
man- made events). 

The differences between 
• different diagnostic 

information can be 
events, 

the two graupe above malnly come trom: 
capabl11tles; tor Instance, Contral Room 
heavily impaired by the second group of 

• different availability of equipment devoted to 
interventions (e.g. Enerqy sourees, plant systems), end 

AM 

• different sets of actions (procedures) to be implemented 
(directed toward the minimization of the lE effects of the 
second group of events), possibly In different arees of the 
plant (in remote contral centers If the contral room 18 no 
longer available). 

Concerning the recovery phase, it 18 assumed to begtn when a 
stahle condltion of full plant contral 18 reachedi the main AM 
objectives durlng thls phase are to bring the plant to more safe 
stetes (les8 energetic, less prone to new phenomena generation 
end so on) end to provlde long term water end energy SQurces 
needed. Data about possible systems to put in operation could 
complete the set of information already 8vallable for the 
assessment of plant condltlons, 1n order to manage the 10ng term 
plant contral. 

4. I~ct of the new conceptlon on Monltoring requlrements. 

4.1 Appllcatlon of passive safety concept on monltoring. 

According to the passive safety conception, any SA should be 
prevented and mltlgated by means of systems not requlrlng 
nelther externel slgnal/energy feed, nor human intervention. 
The degree of implementation of this general requirement 
depends, of course, on the characteristics of each system (e.g. 
feasibility constraints) and on the required function. 
Possible cathegorizations of passive systems/components are 
reported in Reference land 2; the cathegorles are essentlally 
related to fluid or mechanlcal motions allowed and to internal 
enerqy sources and signal processing equipment needed. The spread 
of passivity degree ranges from a most stringent level, in which 
safety functions accomplishment 1s based only on material 
properties (e.g. fuel claddlng), to a least stringent, in which 
safety functions are accomplished by means of fluid and 
mechanical natural motions Initlateded by a logie and control 
subsystem with adequate reliability levels. 
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The design of initiating subsystem above could be based on the 
development and implementation of the "self acting" conception. 
This coneeption i8 aimed to provide adequate reliability levels, 
comparable to those of totally passive systems, by means of fail 
safe design and by using dedicated sensors and energy sourceSi 
signal exchanges with other systems should be reduced in order 
to assure independenee and, furthermore, the required initiation 
funetion should be maintained, despite of operator errori fiq . I 
shows an example of a simple eireuit avoiding complete bypass of 
an essential funetion. In addition to the improvements in the 
initiating/actuation funetions, the implementation of the self 
aeting eonception could have a considerable impact on the overall 
monitoring structure. 

Plant staff manipulations needs could rise when plant 
information system displays conditions that requlre change 
Irestoration of systems llne-up (e.g. primary Isecondary fluid 
interface damage), or improvement of systems performances or 
avoidance of automatie actuations that could worse the accident 
sequence. Adequate equipment devoted to actuate and clear 
bypasses and to provide information on bypassed systems come as 
an important item to face. 

In general, passive systems 
due to thelr specific 
uncertainty problems rise 
automation. 

pose specific monitorlng problems, 
characteristics; capability and 

up together with limits on 

The capabllity of satisfactorlly monitoring the motion of large 
masses of water, through branched and distributed volumes, could 
be invalidated in same process scenarios, in which small 
differential pressures act as driving forces. Such conditions 
could raise also concerns of flow measurements uncertalnty in 
density or gravity driven circulations. 
The limits on automation come from the requlrement that the 
operator should always recognize the on90in9 phenomena. 

A special mention has to be given to the defence from spurious 
actuations of systems required for the Bubsequent operation of 
other passive systems. These spurious actuations can be more 
stressing or dangerous in PLWR than In present generation NPPs 
(e.g. ADS in drywell for SBWR, with suppression pool bypass 
possibility, flooding following ADS for AP- 600). 
In splte of possible design provisions to face thls problem (e.g. 
set points choice, sIgnal diversification, component quality), 
conditions could arise calling for timely operator intervention. 
In this case special care should be dedicated to provlde 
rellable and timely information to support operator action. 
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Furthermore, as a prevention cf the additional degradations of 
plant conditlons due to the above spurlous actuatlons, enhanced 
status monltoring cf Interfacing systems end components should be 
provlded (e.g. vacuum breakers position monltoring In SBWR, In 
case of spurious ADS). 

4.2 Reference Events. 

The design of the information system tor condltions inside DBA 
can take advantage cf appropriate balance between slgnlflcant 
experience gained in operating plants and the ongoing 
technologlcal improvements. Instead, the enlargement of reference 
events to SA has a large impact on the monltorlng structure (e.g. 
different phenomena end environments, systems aval1abil1tles end 
safety objectives). 
A general design ob1ectlve should be the comprehensive 
optimization ot the monitoring system tor the whole set of 
conditions. rather than to assess the availability of DBA 
monitoring instrumentation for more degraded conditions. 
At this regard, it must be assumed that SA behaviour will be 
rea11st1cally evaluated by means of models to be timely, 
fully implemented and tested in Computer Codes. The uncertainty 
bands should be estimated to be app11ed for environmental 
qualification, for ranges definition and for support systems 
availability evaluation. 

The characterization of new information needs can be derived by 
considering some significant milestones 1n AM development. 
The establishment of symptomatic/function oriented procedures 
brings to group similar Plant States (l . e. sets of systems 
configurations and process parameters values) occurring in 
different sequences. The Plant States pertaining to a group 
exhibit s1milar condltlons tor the selection and the appllcatlon 
ot the pertinent emergency procedures, whithout any need for a 
complete event and scenario diagnoals. Some tens of states can 
be identlfied in the first phase of the accident, be fore core 
melt, because of the large number of initiatlng events and of 
1nvolved system failures. Aa the accident proceeds to Core Melt, 
the number of signiflcantly different Plant States decreases. 
This reduction is more conspicuous tor PLWR, in fact specific 
plant conditions are needed and have to be created (e . g. by ADS 
actuation) for the subsequent intervention of passIve, low 
pressure injection systems. Unfortunately, the similarity of the 
foreseen plant configurations (e.g. pr1mary system at containment 
pressure) during SA 18 counter- balanced by a 8pread of physical, 
chemlcal and thermal-hydraulic conditions because of the 
varlety of the posslble phenomena evolutions (e.g. corium and 
fission product interactlons). Thls spread makas difflcult to 
foresee weIl characterized Plant States to select the appropriate 
Accident Management measures. Furthermore, potentially beneficial 
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actlons could result In adverse effectsi for instance, addlng 
water to a damaged core could rlse Hydrogen production, addlng 
water on a corium could Increase containment pressure rise. 
In most cases, primary system and containment become strictly 
linked (e.g. primary system open to the flooded containment) and 
the containment remains the main environment to monitor. 
From the considerations above, the following conclusions for the 
information system come out: 
Al the need ot sturdy monitoring eguipment. as independent as 

possible trom environmental conditions and trom supporting 
systems potentlally affected by accident condltions, 

51 the importance of available end reliable information to 
perform appropriate AM actions and tor diagnostic purposes, 

Cl the need to move the attention trom the reactor coolant system 
to the containment, also for those strategles in which 
aetlons to preserve the vessel integrity are addressed 
(external vessel cooling). 

In the following discussion further bases and 
the conclusions above are examined. 

lmpllcatlons of 

The experience gained trom the analysis of SA in eurrent plants, 
points out two main eategories ot SA sequences: 

-those tor which the primary system i8 
high/medium pressures when severe tuel damage 

-those for which the primary system is open to 
betore severe tuel damage occurs. 

intact and at 
occurs, and 
the containment 

While in the present generation NPP's the first cathegory can 
contribute signiflcantly to Co re Melt Frequency, tor PLWR it ean 
be eonsidered residual due to special design eftorts (i.e. 
Improved depressurization capabillties). This Is true If the 
scenarios calling tor automatie systems bypass by the operator 
are very few . This consideration reinforces statement C above ; 
furthermore, it appears impractical and not feasible to include 
severe conditions such as in vessel steam explosions or severe 
reactivlty accidents, for which containment Integrity could be 
still maintained, among in vessel monitoring equipment design 

Notel Neverthless, also in this kind of designs, actual 
scenarios eould differ from the anticipated ones, because of 
operator intervention aimed to lead the accident evolution in 
a different way from the automatie protection systems would 
do, if the bypass of the automatie functions will be made 
possible by design. In such conditions, 1n which the operator 
has decided to directly manage the accident, further automatie 
protection in case of subsequent failures would be no longer 
available or effective. To overcome this risk, such operator 
actions should be clearly addressed ( by the emergency guides 
strategies) only in conditions that eould not lead to 
unexpected core darnages and tor which adequate monitoring 
can be assured. 
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conditionSi on the other hand, It 
postulate long term prlmary system 
cl ass of accidents. 

appears not conceivable to 
integrity after the above 

A possible approach to face monltorlng requirements coming from 
the mentloned problems could be to Identify few different sets 
of instuments, for which different gualification reguirements and 
reference conditions applYi the combination of these sets 
should be able to satisfy the monitoring needs of the plant and 
the information requirements of the plant staff 1n different 
conditions. An adequate assessment 1n this area 1s 1mportant 
because different design options influence the overall monitorlng 
structure (e.g. different 1ndependence constraints between 
different sets of instruments) and arrangements (e.g . influence 
of environmental conditions on the lay-out of panels). For 
instance, the SA monitoring eould rely on a set of instruments, 
different from DBA monitoring instrumentation, in order to 
give, with adequate margin, unambiguous, detailed information in 
eonceivable scenarios at containment level. Anyway, the need to 
assure meaningful measurements during SA, also inside primary 
system, is a further eondition to be adequately fulfilled. 
The best eonfidence on the overall information eould be achieved 
by means of dedicated sets of instruments capable to provide 
complete information for AM 1n a large spectrum of degraded 
condit10ns. 
The information concerning the primary system remains important 
to allow AM strategies aimilar to those app11ed in eurrent 
generation plants (e . g. aecondary a1de feed and bleed in PWR), in 
conditions potentially leading to high pressure SA. On the other 
aide, the containment dedieated instruments could be useful to 
provide information when plant conditions are partlcularly 
degraded. 

Functions/parameters whose superv1sion is needed for AM in 
Emergency Operating Guldellnes of the present generation plants 
are: 
- react1v1ty, 
- reaetor coolant system pressure and temperature, 
- reaetor coolant inventory and chemistry, 
- residual heat removal, 
- steam generator level (for PWRs), 
- hydrogen/Oxigen eoncentration in containment, 
- 1n containment radioactivity. 

Possible additional/specific monitoring areas for SA and recovery 
management include: 

the heat rejection to the environment (or, at least the 
existence of conditions in which it ean take place), 
the presenee of water levels at eritieal elevations, 
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the set up of different plant damage states at primary system 
and at containment level (e.g. corium in the reactor 
cavity, Hydrogen generation) and their evolution toward the 
worse or the better direction (e.g. containment 
pressurization or depressurization). 
external energy and water inventories possibly needed, 
key systems availabilities. 

4.3 Information System Reguirements. 

In the following, considerations 
actual AM information systems 
elaboration and presentation 
1nclud1ng: 

about the problems related with 
(from the monitoring to the 
subsystems) are presented, 

• adequacy and eompleteness of information contents, 
• performance, and 
• reliability requirements of instrumentation. 

About the completeness of the information content, it is 
necessary to refer to AM procedures design, including the general 
purpose to give the Plant Statf all the elements to assess the 
plant and environmental conditions. 
The strueture itself of the proeedures allows an importance 
eategorization for the required information at different levels, 
typically: entry conditions to the procedures, "if" gates at 
plant or system levels, warnings on interfaces. In prineiple, the 
emergency procedures set up strictly interacts with the 
monitoring system design. 
Even if the information addressed in the symptomatic procedures 
cover all the needs from the point of view of possible actions, 
information 1s also needed for assessment of scenarios and of 
their evolutions. This kind of assessment could be useful for 
different purposes, including: estimate of aetual plant 
conditions (e.g. integrity status) to optimize the effectiveness 
of the procedured aetions, foreeast of plant behaviour in order 
to eorrelate its timing with possible external emergency 
actions. 
The above quoted needs, together with feasibility and adequaey 
constraints, permit to genera te the list of plant variables to be 
monitored. 
About the adeguacy of the information content, special eare 
should be devoted to the optimal choiee of aetual parameters to 
be measured. Some faetors affeeting this ehoiee include: 
-capability of direct and quick indleation of the addressed 
conditions and phenomena, 

-low disturbanee levels, 
-meaningfullness of the measured value 
-uniqueness of the proeess condition 
assurnes the threshold va lues 
actuations/actions. 
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The feasibility of measurement for soma parameters can be 
conditioned by instrumentation reliability end performance 
constraints (especially at sensor level). These constraints are 
depending on technical limits of the available instruments ; to 
this regard a special attention must be devoted to critical 
operating conditions which can affect the monitoring equipment 
1n part1cular appl1cat1ons, such that an 1mpa1rment of phys1cal 
end functlonal Integrlty of the equlpment could result. The 
limits above can be of particular concern for SA monitoring where 
unusual environmental and/or process condition are likely to 
affect the instrument operation. 

About the performance requirements of the overall AM information 
system, main aspects to be considered Include, as uBually, 
measuring range, accuracy and response time . They are Important 
durlng the implementation of the AM procedures to allow the 
operator to check, wlth precislon end timeliness, the conditions 
tor the execution of the planned manual actlons. The measurlng 
range can have a major relevance for the assessment of plant 
conditions and scenarios diagnosis, especlally in the case of 
severe accident, for which process and environmental parameters 
can exhibit the largest excursions . 
Sensors are mainly involved to meet the requirements above, in 
fact a little contribution to inaccuracies and delay times can be 
expected from the elaborat ion end presentation equlpment 
downstream . 
These last parts are almed, as usually, to other functional 
aspects, for instance : 
* removal of signal spikes and reductlon af naise componentsj 
* electrical isolation af signals to allow their use for less 

cr1t1cal purposes (e. g . long term da ta logg1ng, plant 
supervision and control); 

• autodiagnostics of failures occuring in the information system; 
• validation of information to be displayed to the operator; 
• correlated end unambiguous presentation of information; 
• data recording. 
D1g1tal processing and human factor constitute relevant 
technological areas of the information system. Their application 
is expected to raise problems of software reliability and 
man-machine interface validation. These problems could be of 
particular concern If operator aids based on Artificial 
Intelligence techniques will be developed to support procedures 
implementation and scenarios diagnoeis. 

The reliabillty requirements are I mportant 
1ntegrity of information to be provided to the 
against possible errors and losses . Degraded 
result as a consequence of: 

to assure the 
operating statf 
information can 

• unforeseen pracess conditions 
signals at the sensor output; 

causing credible but taulty 

• random equipment failures (including support systems); 
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• adverse environmental conditions, causing a 10ss of funetional 
and physical integrity of the monitoring equipment. 

Main provisions against the risk of the above degradation 
faetors are discussed below, they inelude: functional 
diversification, redundant architecture of the information 
system, and equipment qualifieation. 
Functional diversifieation requires the existenee of different 
physical parameters re1ated to the same phenomena (e. g. process, 
system operation); the diverse information sourees ean be used 
for validation purposes; furtherrnore, a diversified 80uree ean 
be used as backup to supply the required information If the 
primary souree is not available. 
Redundancy is usual1y a stringent requirement for the monitoring 
of eritieal variables during DBA's, as weIl as the independence 
of redundant monitoring channels, and assoeiated support systems. 
The redundancy requirements related to SA should be discussed on 
a ease by ease basis, taking into account probabilistic aspects; 
for instanee redundaney could be reeomrnended for the monitoring 
channels involved with the verification of entry conditions of 
AM procedures. 
Similar considerations apply also to equipment qualification. In 
particular it does not appear feasible to provide full 
qualification for SA monitoring equipment beeause of the extreme 
exeursions of process variables and of environmental conditions. 
DBA qualification margins are expected to give limited assurance 
about the availability of the monitoring equipment in SA: the 
initial phase could be eovered at the most, then the 
qualification limits would be exceeded. To this regard various 
provisions are conceivable, but their effectiveness 16 not 
obvious. An analytical approach could be used to verity if 
equipment remains avallable also during SA, provided that the 
qualification limits are not exceeded by large amounts. Instead, 
if the qualifieation limits are strongly overcome by peak values 
end durations occur1ng in SA, other provisions could be applied, 
such as relocation of instruments and connect1ng cables in less 
harsh environment, or shielding of components with respect to the 
challenging environmentel faetors. As part of the systematie 
conception and design effort of the PLWR, a qualificetion program 
tor the monitoring instruments should be addressed, if the 
monltoring needs in SA are not achievable with the above 
provisions. To this regard various considerations could be made. 
First of all, the profile of SA parameters (i.e. process end 
environment) to employ as a deterministic reference tor 
qualification, can be reduced significantly if mitigation eftects 
of passive systems are trusted (e.g. avoidance of large hydrogen 
explosions or of direct containment heating). Furthermore Borne 
relaxation could be introduced in the qua11ficatlon criter1a 
and procedures, based on results of research and development 
activities (ret.7); for instance, simultaneous simulation of 
reference conditions for qualification could be replaced with 
sequential simulation. 
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The plant design life extention to 8ixty years i8 another faetor 
to be considered in the qualification requirementsj anyway, most 
component can be replaced during plant life, so a shorter 
qualified life is allowed for them. 

5. Approaches to a methodology. 

Different methodologies have been proposed tor aystematically 
approaching the information need problems in the present 
generation plants (ref.4 and 6). The main purpose of these 
method. is to verify the availability of existing plant 
instruments during SA and to identify the need for modifications 
and for additional instrumentation. 
Many steps of the proposed approaches can be applied to PLWRj the 
main modificatlons are induced by the advantage of beeing 1n the 
design stage. A tentative approach applicable to PLWR is shown In 
fig. 2, where the following steps are identified: 
STEP I Consider fore seen accldents and potential evolutions, 
as deriving by the probabilistlc safety studles, accident 
analysis and design basis, then eategorize Plant States 
encountered in severe accident paths. This approach could be 
preferred to the functional one, addressed in ret. 4 end 6, 
because all conceivable scenarios should be addressed in the 
design stage, therefore information is needed about reference 
conditlons and support systems availability. Functlonal approach 
could be a further assessment tool to be used in Step 5 below. 
STEP 2 Identify the AM strategies for the above Plant 
States, related systems and plant staffing, characterize also 
the expected environmental conditlonsj 
STEP 3 Define information needed to safely perform the AM 
actions and to assess the general Plant Conditions and Scenarios, 
Identlfy the support systems that are neededj 
STEP 4 Identify monitoring instrumentation requirements end, 
possibly, subdivide it in subsets to be available in homogeneous 
conditions; in this phase the purpose to avoid, to the possible 
extent, harsh environments for SA instruments should be pursued; 
STEP 5 Build up the overall information structure to assess 
the overall adequacy (e.9. redundancy, diverslficatlon, 
information correlation). 

6. Conclusions. 

The new advanced, passive design conceptions on one side arise 
some new monitoring and control problems, on the other side 
offer the opportunity to design optimal monitoring structures, 
able to provide adequate responses to information needs. The 
general purposes of the information to be presented to the Plant 
Staft, as identitied tor current generation plants, are still 
applicable to the advanced, passive safety plants. 
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The identification of the information needs comes tram the 
interaction with many design activitiesi discussions have been 
addressed to the feedbacks coming from the enlarged set of 
events to be considered, tram the passive safety systems 
conception and from the possible AM strategies. Possible design 
requirements end problems concerning the implementation of 
information systems have been considered and discussed. 
The potential exists to satisfactorily resolve all the issues 
with adequate design end research efforts. If the same innovative 
mind, that brought to new designs conception, is maintained in 
more detailed design, further safety improvements could be 
achieved. 
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SUMMARY of SESSION I 

Dr. Patricia Worthington (USDOE) presented the report titled "Instrumentation for 

Accident Management in Containment prepared by CSNI·PWG·4's Task Group on 

Conta!nment Aspects 01 Severe Accident Management. The INEL and 

NUMARC/EPRI sel'·assessment methods lor utility use were referred to, Each has 

instrumentation as one camponent of the assessment. 1I was suggested thai creative 

information gathering include portable instrumentation, system status (operational/ 

failed) , component laitures, and unintended uses 01 instruments, It is the hope 01 the 

Task Group that this meeting facilitate creative approaches 10 accident management 

inlormation! instrumentation. This paper provided an excellent kick·off to the meeting, 

Dr. Eric Södermann (ES·KONSULT AB, Sweden) discussed the Swedish approach 

10 information needs in Boiting Water Reaelor (BWR) severe accident situations. 

Swedish Emergency Operating Procedures (EOPs) include mitigative steps, During a 

severe accident the operator would uses EOPs even to the point of being allowed to 

release radioactive gases (through scrubbers) without requesting situation·specilic 

state/regulatory permission, Normal operator responsibility is expected to a 800°C 

core t,emperature, At that point the Technical Support Center (TSC) should be 

available and assume lead responsibility. Accident management reaetor 

instrumentation consists of pressure (reliabte), water level (not so reliable below top of 

core), and power range monitor (complicated to interpret), For the late stages 01 

accident management, it is judged that none 01 the Reactor Pressure Vessel (RPV) 

instruments will work. Containment instrumentation (for late severe accident stage) 

consists of pressure, water level, and temperature for wetwell and drywell , and 

radiation monitors. 

Accident history information is considered important to interpreting current plant 

status, A system called SAS·II has been developed to pertorm oversight 01 the critical 

safety functions as an aid to the shift supervisors. A currently unfunded project 

concept, CAMS (Computerized Accident Management Support) , is intended lor the 

use 01 plant staff, It would eventually include an expert system judging validity 01 its 

plant signals, A great advantage 01 the concept is that the data base can be used lor 

normal operation applications. The conclusion was that we can never make late-stage 

instrumentation sufficient, thus accident history is important to understanding 
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especially lor late stage plant status. Additionally, capturing early accident history lor 

review by the TSC and crisis response team is important so they can correctly begin 

to deal with a severe accident. 

Or. Martin Sonnenkalb (GRS, Germany) presented "Inlormation and Requirements 

needed for Accident Management". The GRS approach was influenced by the 

NRC/INEL approach but was independently arri ved at. It starts with lour salety 

objecti ves: 

(1) prevention of core damage 

(2) retention of core material in vessel 

(3) prevention 01 containment lailure 

(4) mitigation ol lission praduct release. 

These are supported by safety functions which deal with various challenges. The 

challenges are caused by physical mechanisms and have various accident 

management strategies identified to deal with them. A detailed Pressurized Water 

Reaetor (PWR) example was discussed. Filtered containment venting was discussed 

for PWRs. Requirements are thai it be operated tram the control room, that the 

system has to be protected l rom elfects 01 hydrogen combustion by additional 

countermeasures, and that instrumentation and contral of the system include 

temperature and pressure variables togelher with an activity measurement, which is 

important. 

Information sou rces for prevention of containment failure were outlined. RPV integrity 

and core melt process information woutd be usefut to anticipale and res pond in a 

timely manner. Requirements to limit hydrogen concentration were identified. 

Measurements of importance include pressure, temperature, radioactivity, and 

hydrogen I steam I oxygen concentrations. 

In conclusion, the safety objective tree approach was successful. All relevant 

mechanisms were considered. A question during discussion raised the issue of 

determining hydrogen concentration based on observing if the ignitors are functioning. 

for those ignitors requiring electricity to function. Another question Identified the 

potential information need lor a carbon monoxide detector. Another question was how 

Oirect Containment Heating (DCH) and steam explosion were eliminated trom 
consideration for German plants. The answer was that Ihe probability of high loads 
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lrom steam explosion was very low because there would be no water in the cavity, 

and that DCH was elimlnated because of primary bleed action and cavity design. 

Questions asked relative to the use of recombiners for severe accidents brought out 

the intent of Germany to look aggressively at catalytic (passive) hydrogen 

recombiners. 

Mr. Bruno Rague (IPSN. France) presented instrumentation needs and data analysis 

for the diagnosis and prognosis 01 the source term by the French Institute lar 

Protection and Nuclear Salety (IPSN) during an emergency in a PWR. Making such a 

prognosis at an early stage, in terms 01 time, duration and intensity of the potential 

release of fission products into the containment, will provide civilian authorities with an 

sufficient advance warning for off-sile emergency plan implementation. The French 

national emergency organization was described. The IPSN crisis team which reports 

to the French Safety Authority. but also periodically compares its analyses with those 

01 the utility emergency technical support team. basically uses a computeriled data 

acquisition system inciuding plant parameters (safety panel. plant computer outputs) 

and radiation monitoring in the vicinity of the plant. Such a system is backed up by 

telefax and an audioconference system when appropriate. Necessa'Y measurements 

for the diagnosis of the plant status include core exit temperature, containment 

pressure, saturation margin, primary circuit mass balance, and similar parameters in 

the auxilia'Y building in the event of a containment bypass. Additionally, activity and 

steam generator blowdown (Ievel-related) measurements are also important. The 

status of containment isolation, generator and condenser steam dump valves, and 

steam generator pressure and mass balance are also useful. The various software 

tools used to help with accident prognosis are part of the SESAME project: they 

include BRECHEMETRE (assessment of primary break sile and other parameters), 

SINBAD (containment leak sile), ALiBABA (expert system to identify containment 

leakage), HYDROMEL (containment temperature and pressure influenced by core 

melt progression, and hydrogen risk) , PERSAN (containment bypass analysis) and 

RTGV (thermohydraulic and fission praduct transfer in case 01 steam generator tube 

rupture). 

Data acquisition, organization and con tra1 were discussed. Pracedures I analysis 

necessary lor the use of French sand bed filters have been developed. Code 

qualilication has been closely looked at. On·line data is available lrom the plant to the 

national crisis center. 
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Dr. Jason ehao (EPRI. USA) presenled "Inslrumenlalion and Severe Aceidenl Plan I 

Slale Implementation", EPRl's Gurrent program is aimed al getting the most out of 

current instrumentation/information 10 allow actions 10 be taken, and feedback on the 

impact of thase actions. Instrument response daes not need 10 be as accurate as 

during normal operation. Not all instrumentation Icops will see a severe environment. 

Calculational aids 10 interpret instrument response and 10 predict conditions where 

there are no instruments will be developed. TMI-2 infannation was considered and 

sludied. The six projeel sleps 10 oblain Ihe deliverables were deseribed. Melhods 10 

interpret instrument response and survivability will be developed. The project will 

identify instruments of interest and seleet same far further study. The projeet identified 

conditions which instruments are likely to see. Interpretation of instrument response is 

the goal. Calculational aids will be developed to determine the relation of 

instrumentation readings to actual plant parameters. Additional aids will help interpret 

instrurpent errors. Deliverables include an instrumentation data base including failures 

and success under severe conditions, methods 10 asses validity of signals from 

instrument loops, and calculational aids. 

Mr. Fausto Zambardi (ENEAlDISP. lialy) spoke aboul "Consideralions on Moniloring 

Needs 01 Advaneed Passive Salely Lighl Waler Reaelors lor Severe Aeeidenl 

Management". Abrief introduction 10 advanced passive reactor design was given. 

Information needs are influenced by the more robust (safer) design aspects of the 

advanced plants, such as operator error tolerance, reduced complexity, and the 

capabi lity to easily detect abnormal conditions. Consideration in the design will be 

given 10 the design basis, severe accidents, and recovery after accidents. The 

concept of passive safely systems is to prevent accidents with limited human 

intervention. This potentially decreases the reliance on instruments and human 

intervention to insure safety. Instruments are still important 10 monitor plant states. 

Functions to be monitored for EOPs include reactivity, Reactor Cooling System (ReS) 

pressure and temperature. residual heat removal , steam generation (PWRs) , 

hydrogen/oxygen concentration in containment, and in-containment radioactivity. 

Possible additional functions to be monitored include heat rejection to the 

environment, water level in containment, external energy and water inventories, and 

key systems availabilities. Instrument system requirements will include adequacy, 

completeness, performance, and reliability characteristics. A possible method to 
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determine instrumentation needs for advanced reactors is embodied in the following 

five steps: 

STEP 1: Using probabilistic risk analyses, considering foreseen accidents and 

potential evolutions characterizing various plant states. 

STEP 2: Identifying strategies for the plant states. 

STEP '3: Defining information needed to perlorm these strategies. 

STEP 4: Identifying monitoring instrumentation requirements. 

STEP 5: Building in redundancy, diversification, and infonnation correlation. 

In discussion, it was suggested that these five steps could be apptied to current plants 

also. 
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ABSTRACT 

The ability of plant personnel to successfully manage severe 
accidents i s strongly influenced by the availability of timely and 
accurate plant status information . The Un i ted States Nuclear 
Regulatory Commission (USNRC) recognized this relationship by 
making instrumentation one of the five elements of its accident 
management framework . Thi s paper describes the results of 
research sponsared by the NRC to evaluate the availability of 
plant instrumentation during a range of possible severe accidents 
at a BWR with a HARK I conta i nment design . 

In strument availability is evaluated based on environmental 
conditions for a range of possible severe accidents that could 
occur at a boiling water reactor (BWR) with a HARK I containment 
design . Based on this evaluation. the principal chal lenge to 
instrument avatlabil1ty i s the severe pressure and temperature 
environments in the containment and reactor building during an 
accident. These conditions can develop befare or after core 
damage. depending on the sequence . For accidents with operating 
containment cooling systems and failure of emergency co re cool1ng 
systems, performance of many instruments located in the 
containment can degrade but only after significant co re damage has 
occurred. For accidents involving an ATWS, performance of 
instruments located in the drywel1, wetwell. or reactor building 
can degrade prior to core damage . Severe conditions in the 
reactor building can result from containment failure or failure of 
the vent system during containment venting. 

Oetailed results from the evaluation of BWR in strument 
availability during severe accidents i s published in NUREG/ CR-
5444 (1) • 

a. Work supported by the division of Syst ems Research, Offi ce of Nucl ear 
Reactor Research, U.S . Nucl ear Regulatory Commi ssion , Washington , O.C. 205555, 
under DOE Contract No . DE·AC07 · 76IDOOI5~O 
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INTRODUCTION 

The capability currently exists to manage a broad range cf accidents at 
nuclear power plants in the United States. Consequently , severe accidents at 
nuclear power plants will occur only if there are multiple failures cf safety 
related equipment, ser;ous human errors, cr same combination cf these two 
conditions. To manage this complex severe accident behavior, plant personnel 
must successfully diagnose the occurrence cf an accident. determine the extent 
cf challenge to plant safety, monitor the performance cf automatie systems, 
select strategies to prevent cr mitigate the safety chal1enge, implement the 
strategies, and monitor their effectivene ss. One cf the areas affecting the 
capability of personnel to effectively carry out these actions is the 
availability of timely and accurate plant status information. Plant 
instruments are relied upon to supply this information. 

Safety -related instrumentation instal1ed in a nuclear power plant is primarily 
designed and qualified for preventing and mitigating design basis accident s . 
The capability of the instrumentation to supply the information needed for 
severe accident management has not been comprehensively investigated for 
conditions typical of a broad range of severe accidents. 

In this paper, severe accident conditions that influence instrument 
availability and performance are identified and the availability of plant 
instrumentation for a wide range of severe accidents is assessed for a boiling 
water reactor (BWR) with a HARK I containment design . For this assessment , 
instrumentation data and severe accident results applicable to the Peach 
Bottom Atomic Power Station are used. The Peach Bottom station has two 
General Electric boiling water reactors (BWR-4) each with arated thermal 
power output of 3293 MWth and housed in a Mark I containment. 

APPROACH USED TO EYALUATE INSTRUMENT AYAILABILITY 

The approach used to evaluate instrument availability is described in the 
following steps: 

Step 1: Identify Severe Acc1dent Sequences 

The types of possible severe accident sequences that represent the spectrum of 
accident types which have principal impact on risk for a BWR with a Mark I 
containment are identified in this step. The probabilistic risk assessment 
results presented in NUREG - IISO[21 for the Peach Bottom Atomic Power Station 

96 



were used to identify the types of severe accident sequences that are 
significant contributors to risk. The NUREG-IISO results are the most recent 
evaluation of all credible types of accidents that will dominate co re damage 
frequency and risk to the public . Although the results are specific to the 
Peach Sattom plant, the sequence categories identified are sufficiently broad 
to apply to most BWRs with MARK I containment designs. 

The following plant damage states identified in NUREG-llSO and used in this 
assessment are: 

I. Station blackout (SBO) 

2. large - and small -break loss-of-coolant accidents (lOCAs) 

3. Anticipated transients without scram (ATWS) 

4. All other transients except SBO and ATWS 

Step 2: Detenaine Expected Conditions 

The expected conditions within the reactor coolant system, containment 
(drywell and torus), and reactor building for the identified severe accident 
sequences are determined in Step 2. Thermal hydraulic conditions for the 
plant damage states and accident progression bins identified in Step I are 
based on results presented in BMI-2104 ß1 and NUREGj CR-4624[41 analyses. The 
principal parameters of interest for evaluating instrument aval1ability from 
these analyses are the temperature and pressure in the areas in which 
instrument camponents are located . These areas include the reactor coolant 
system, containment (drywell and torus), and the reactor building for all 
sequences. These analyses are used because most of the important events 
expected during a severe accident, from co re melt through lower head failure 
and beyond, are considered, including possible containment failure modes. 

A tabulation of the maximum value of various thermal hydraulic parameters 
reached dur1ng the important accident phases is presented in Table I . For 
this evaluation, 100 percent relative humidity is assumed for all accidents. 
It i s judged that the range of thermal hydraulic conditions expected for any 
plant damage state and accident progression bin combination are adequately 
reflected in the BMI -2104 and NUREG/ CR-4624 analyses . 
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The effect of radiation conditions is evaluated by comparing the integrated 
dose resulting from various radionuclide release scenarios based on release 
data presented in NUREG-0737[Sl and radionuclide distribution data from BHI-
2104. The data in NUREG-0737 assumes release of 100 percent of the noble gas, 
50 percent of the halogen and 1 percent of the particulate (solid) 
radionuclides from the fuel for lOCA events that depressurize the reactor 
coolant system. The BHI-2104 report presents estimates of the releases of the 
fission products and other aerosols from the fuel during co re melt and core­
concrete interaction. The magnitude of the iod;ne and particulate releases 
is the prineipal differenee between the BHI-ZI04 and NUREG-0737 data. 

Step 3: Assess Instrument Aval1abl11ty 

Instrument availability during the identified severe accident sequences is 
assessed in Step 3 based on the location of the instrument components and 
conditions that would influence instrument performance. Instrument 
availability is evaluated based on: the general location of the instrument; 
the range; and the qualification limits for temperature, pressure. humidity, 
and radiation levels. The instrument evaluations presented are based on the 
Regulatory Guide 1.97[6] review for the Peach Bottom Atomic Power Statton[n. 
This information provided the measurement ranges and the qualification level 
of each instrument required for DBA events. 

The qualification limits for plant instrumentation included in this evaluation 
are summarized below: 

o For Sensors located in the Orywell: 

Temperature limit 
Pressure limit 
Radiation limit 
Humidity limit 

431 K (317'F) 
0.44 MPa (64 psia) 
4.4 x 10' rads 
100 pereent 

o For Sensors located in the Reactor Building: 

Temperature Range 
Pressure Range 
Radiation limit 
Humidity limit 

3ZZ - 394 K (IZO - Z50'F) 
0.10 - O.IZ MPa (0 to Z psig) 
3.5 x 104 rads 
100 percent 
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The evaluation of instrument availability focuses on the loeation of the 
sensors with consideration given to eleetronics, cabling, splices and other 
components. The assessment of instrument availability assumes that instrument 
performance will be degraded if the pressure, temperature , or radiation 
eonditions in the vieinity of the instrument exceeds the specified 
qualifieation limits, or if the parameter being measured is outside the 
instrument range. This definition includes the pos sibility of instrument 
failure. Degraded instrument performance means that the indieated magnitude 
or trend of the measured parameter is in error. This error may cause the 
operator to take inappropriate action, cause premature termination of the 
operation of an automatie safety system, or alternately start the operation of 
an automatie safety system when it is not required . An example would be 
termination of the operation of the high pressure eoolant injeetion system 
(HPCI) due to an false indi eati on of high reaetor vessel water level. 

INSTRUMEHI AVAILABILITY EVALUATION AND RESULTS 

The principal environmental challenge to any instrument is the occurrence of 
severe pressure, temperature, and radiation conditions in the vicinity of the 
instrument , resulting in degraded instrument performance . As used i n this 
evaluation , severe conditions means that conditions in the vicinity of the 
instrument have exceeded the specified qualification limits. Severe 
conditions will occur within the reactor coolant system for any accident 
resulting in si gnificant co re damage or core meltdown. Severe conditions can 
also occur in the containment (drywell and torus) and in the reactor building 
prior to the occurrence of co re damage for accidents initiated either by an 
ATWS with standby liquid control system (SLCS) failure or for transient 
initiated acc idents with successful actuation of core cooling systems but 
where containment heat removal systems have failed . In either case, continued 
heat rejection to the suppression pool will cause drywell and torus 
pressurization. Severe conditions can occur in the containment (drywell and 
torus) due to the release of hot steam and hydrogen from the reactor system 
for accidents where the reactor system is at high pressure at lower head 
failure. After head failure , severe containment conditions can al so occur due 
to generation of non-condensible gases during core-concrete interaction. If 
containment failure occurs or if duct failure occurs after the containment ;s 
vented, then release of steam and hot non-condensible gase s can cause severe 
conditions in the reactor building . 
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The instrument availability evaluation based on pressure and temperature 
conditions is summarized for the following situations: 

0 Severe conditions only in the reactor system 
0 Severe containment conditions be fore core damage 
0 Severe containment conditions after core damage 
0 Severe reactor bUilding conditions before core damage 
0 Severe reactor building conditions after core damage 

This approach is used because of the possibility of severe conditions in the 
containment and reactor building prior to core damage during an ATWS or 
accidents where the containment he at removal systems have failed. A summary 
of the instrument availability evaluation is presented in Table 2. 

Radiation could affect instrument availability in the longer term (days or 
weeks) if core melt occurs. Instrument components located in the reactor 
building could be particularly susceptible since these instruments are 
generally qualified to an integrated dose limit of 3.5 x 104 rads. This 
integrated dose could be exceeded in a few hours in a co re melt accident where 
containment failure occurs. For instruments located in the containment, the 
radiation qualification limit is generally 4.4 x 10' rads. The length of time 
required to exceed this dose is on the order of a few weeks, assuming a 
realistic amount of fission product retention in the suppression pool. 

Instruments Located in the Reactor Coolant System 

The only instruments located in the reactor coolant system used for accident 
management are the detectors for the source range monitor, intermediate range 
monitor, local power range monitor, and average power range monitor systems. 
These systems would provide important information during a severe accident 
because they would be used to monitor the reactivity safety function. 

Severe conditions will develop in the reactor coolant system if core uncovery 
occurs and co re damage starts. Oegraded performance and ultimately failure of 
the detectors for the above systems will occur due to temperatures approaching 
2200 K (3500°F) as co re damage progresses and co re meltdown starts for any 
severe accident. As discussed in the following section, there is the 
possibility that the performance of these systems would degrade before co re 
damage occurs as a result of severe conditions in the containment or reactor 
building. 
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Table 2 
InstrlMlent Ava I labt lity Assessment 

A Instrument Aval lable 
-0- : Oegraded Perfonnance Posslble 

!nstrlMlent Severe Condi t Ions ~ev!:r!: ~onll l !!!!!!:!l1 ~!2nstI 1 ion2 Sev!:r~ R~!!il!i!r D!,!l1!i1tng ~onst l l lS!ns 
Only In The Reactor 
System Before Core Oamage After Core Oamage Before Core Oamage After Core Oamage 

reactor ves sel water level (reactor , A -0- -0-

bulldlng, category 1) 

suppression pool water level (reactor , , , -0- -0-
bu lldl ng, category I) 

drywe 11 pressure {reactor bu Ildlng, , , , -0- -0-

...... category lJ 

8conta 11"IlIII!!nt and drywe 1\ oxygen , , , -0- -0-
concentratlon ( reactor bulldlng, 
ca t egory I ) 

conta irment and drywe 11 hydrogen , , , -0- -0-
concentratlon (reactor bu lldlng, 
category I) 

drywe 11 atmosphere ten'9l!!rature , , A -0- -0-

(drywel1, category 2) 

primar)' contall'lll'll!nt safety relief , -0- -0 - -0- -0-

valve position (drywell, category 2) 

vent stack effluent rad loact lvl t y , , , -0- -0-

(reactor bul1d lng, category 2) 

suppression chamber SPrlY flow , , , -0- -0-

(react or bul1dlng, category 2) 
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Instruments located in the Containment (Drywell or Torus) 

Instrument sensors located in the drywell, as li sted on Table 2, include the 
drywel1 sump level, primary containment area radiat ion monitor, and drywell 
atmosphere temperature. Instrument sensors to moni t or suppression pool 
temperature are located on the torus shel1. The mo t orized drives for the 
movable detectors used in the source range monitors (SRM) and intermediate 
range monitors (IRM) are also located in the drywell . Same BWR plants may have 
additional equipment located in the drywel 1 such as reference leg s for the 
reactor vessel level system. 

Severe Conditions In The Containment Be fore Core Damage 

Degraded performance of instrument s in the drywell and torus is possi ble 
dur i ng accident s where contai nment pressuri zation occurs prior to co re damage. 
The principal challenge to instrument availability is high pre ssure condition s 
generated from continued heat rejection to the suppression pool during an ATWS 
or resulting from failure of the containment he at removal sys tems as explained 
earlier. Pressurization resulting from these postulated accidents would reach 
0.69 - 0.79 HPa (100 to 115 ps ia) be fore containment venting i s initiated . 
For Peach Bottom, t hi s i s almost twice the instrument pres sure qualification 
limit of 0.44 MPa (64 ps ia) . If t he cont ainment i s not vented, then higher 
pressures approachi ng t he mean containment failure pressure of 1.1 MPa (165 
psia) are possi bl e. The mean containment failure pre ssure of 1.1 HPa (165 
ps;a) wa s used in the NUR EG- 1150 evaluati on of Peach Bottom . The primary 
conta inment area radiation mo nitor may be parti cularl y affected by pressures 
above the qualification limit s ince agas fill ed detector tube is used whi ch 
could be affected by pressure changes, Containment temperature would also 
rise above the instrument qualifi cation limit as the mean containmen t failure 
pressure is approached. 

Temperature conditions in the cont ainment result i ng from an ATWS or from the 
failure of containment heat removal systems will principally affect the 
suppression pool water temperature indi cation si nce the upper limit of the 
range of this i nstrument will be exeeeded. In the ease of suppression pool 
temperature, the upper limit of the in strument range is 383 K (230°F). This 
limit wo uld be exceeded by 310 K (100°F) or mo re during an ATWS with SlCS 
fai lure. 
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Degraded performance of the motorized drives used for the SRH and IRH systems 
is also possible due to severe conditions in the drywell. As a result . the 
ability to monitor core power during an ATWS could be affected . 

Severe (onditions jn the Containment After Co re Oamage 

A review of the BHI-2I04 and NUREG/ CR-4624 results show that drywell and torus 
press ure and temperature spikes are predicted to occur suddenly due to the 
release of steam and non-condensible gases from the re ac tor coolant system 
upon vessel failure for accidents where the reactor coolant system is not 
depre ssurized . A typical drywell temperature spike from the Battelle analysi s 
is 755 K (900'F) at the time of lower head failure with a corresponding rise 
in press ure to 0.69 HPa (100 psia) . Instruments located in the drywell could 
experience temperatures and pressures wel l above the qualification limits for 
brief periods of time . Exposure to these conditions could result in degraded 
instrument performance . Containment hydrogen burns are not considered in 
this evaluation since the containment i s inerted with nitrogen. 

Both pres sure and temperature in the containment will ri se after vessel 
failure due to the release of hot steam and hydrogen from the reactor system 
for accidents where the reactor system is at high pressure at lower head 
failure or due to the generation of non -condensible gases from core-concrete 
interaction . Oegraded performance of the drywell atmosphere temperature . 
suppression pool temperature. or containment area radiation monitor 
instruments would not be expected until the temperature or pressure increased 
beyond the Qualification limit in the containment. 

Instru.ents Loeated in the Reaetar Building 

Severe conditions in the reactor building will have the greatest effect on 
i nstrument availability during a severe accident. The principal reason s are 
because components of many instrument systems are located i n the reactor 
building as seen from Table 2 and because the qualification limits are 
generally 10wer when compared to instruments 10cated in the containment. 

Severe Conditions jn the Reactor Byilding Betore Co re Damage 

The pri ncipal challenge to availabi lity of instrument located in the reactor 
building i s the flow of high temperature steam that would be released to the 
reactor building if the containment fail s. Containment venting could al so 
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release high temperature steam to the reactor building since venting system 
failure is likely if vents other than the hardened vent system are used during 
an ATWS with SLCS failure or if a hardened vent system is not installed. This 
steam could cause the temperatures 1n many reactor building locations to 
approach 394 K (250°F), which is above the temperature qualification limit for 
most instruments 10cated 1n the reaetor build1ng. As a result , degraded 
performance of many instruments with components in the reaetor building is 
expeeted. 

An additional challenge to instrument availability in the reactor building is 
the effect of steam condensation on instrument eomponents, particularly 
electronic components. Condensation on eomponent surfaees could cause failure 
due to eleetrical shorts. 

Severe Cond1tions in the Reaetor Bu1lding After Core Damage 

If both eore damage and containment failure occurs, severe temperatures and 
high steam coneentrations will occur in some areas of the reactor building 
causing degraded performance of the instruments in those areas . In addition, 
there 1s the possib1lity of hydrogen burns in the reactor building . These 
hydrogen burns can cause temperature spikes in exeess of 1366 K (2000°F) . It 
is noted that the reactor bu1lding is eompartmentalized and that the effect of 
hydrogen burns on instrument performance could be localized. 

Some testing has been conducted to assess the effects of hydrogen burns on 
typieal nuelear reactor instrumentation system components. Results from these 
tests indicate that a single hydrogen burn would not fail either the 
transducers or cabling of the tested systems. However, both transducers and 
cabling failed when multiple hydrogen burns were used in the tests. Based on 
these results. degraded performance of the instrument systems in the reactor 
building is assumed when multiple hydrogen burns were predieted. It i s 
recognized that the general assumption that multiple hydrogen burns will 
degrade performance of all instruments is conservative since the extent cf the 
failures would be dependent on the building design, the amount cf hydrogen 
released, and instrument system hardware. 

Instrument Ava1lab1l1ty During A Station Blackout or Loss of a De Bus 

The Regulatory Guide 1.97 eategory (eat 1. 2, and 3) for each instrument is 
listed in Table 2. Category 1 instruments require onsite (standby) power . 
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Onsite (standby) power does not necessarily mean that the power source has a 
battery backup. Category 2 requires only a high reliability power source (not 
necessarily standby power). Category 1 and Category 2 instruments are 
required by Regulatory Guide 1.91 to have battery backup power only when 
momentary interruption of the instrumentation is not tolerable. Category 3 
requires only offsite power. 

The availability of instrumentation during a station blackout or loss of a OC 
bus is dependent on the plant design. If a battery backup is provided for all 
Category I equipment, then these instruments wou1d be avai1ab1e at the 
beginning of the station blackout. The duration of the instrument 
availability depends on the battery design, size, load, and load shedding. 
Generally, Category 2 or Category 3 instruments would not be available, 
a1though some p1ants have some Category 2 or 3 equipment on battery backup . 
Instrument availability during a severe accident initiated by astation 
blackout or loss of a OC bus must be evaluated for a specific plant due to 
differences in instrumentation design. 

Ouring a station blackout, systems that are used to obtain and analyze samples 
of reactor coolant, drywel1 or torus atmosphere, and suppression pool water 
may not be available. As a result, information needs requiring samp1ing 
information may not be met. 

CONCLUSIONS 

The principa1 challenge to instrument availability during severe accidents in 
a BWR with a Hark I containment is conc1uded to be severe press ure and 
temperature environments in the containment and the reactor building. These 
severe conditions can develop either before or after core damage, depending on 
the accident sequence. For sequences with operating containment cooling 
systems and failure of emergency core coo1ing systems, performance of many 
instruments located in the containment can degrade but on1y after significant 
core damage has occurred . For accidents involving an ATWS, performance of 
instruments located in the drywell, wetwell, or reactor building can degrade 
prior to core damage . Severe conditions in the reactor building can result 
from containment failure or failure of the vent system during containment 
venting. Steam condensation on instrument components in the reactor building 
could al so affect instrument availability. 

109 



Radiation would become important when instrumentation ;s required for 
monitoring that may extend weeks or months beyond the initiating event. 
In strument component s located in the reactor building could be part icularly 
susceptible since these component are qualified to relatively low dose limits. 
These dose limits could be exceeded in a few hours during a core melt accident 
where containment failure occurs. 
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Background 

DIFFERENT METHODS FOR 
CORE DAMAGE ASSESSMENT (CDA) 

S Hcnnicor, S Rolam.lson, 
P-O Aronsson, B Bjurman. G Löwenhiclm 

Duc to national regulations, all Swcdish nuclear power plan ts are provided with filtered 
containment venting. Strategies for severe accident management have also been developed 
and implemented. A question of greatest importance fo r adcquate accident management is 
the cx lenl of core damage. The answer to that question may innuence actions to be laken , 
in the shon term as weil as for lang term aclions, and it is also essential whcn eSlimating 
environmcnl.al. consequences of an automatie cr dcliberatc containment venting. 

Approach 

Thc objective of thc strategy for core damage asscssment (CDA) is to obtain information 
as 500n as possible and 10 continuc the assessment until stable conditions are established . 

It is reeognized that methods available immediately after the onset of an aeeident are 
mainly indicative and fairly imprceise. More dctailed and accurate information ean be 
obtained in the longer time span. 

CDA-methods 

a) Process parameters 

Information on proeess parameters is readi ly and immediately available in thc main 
control roorn. The instrumentation is mainly intendcd to inform the operator about 
the status of various proeess and safety systems. It will, however , also indieate if 
eonditions that may result in eore damage havc prcvailcd or nol. 

To eorrcJate values of important process parameters with various degrees of eore 
damage is not easy or straightforward. In th is projeet we have relied upon 
judgement of experieneed aecident analYSIS. A conservative approach has been 
chosen, where values on process parameters are given , which will not lead to eore 
damagc with a reasonably high degrce of probability. 

The main parameters of intercst are the water level in the reactor vcssel and the 
coolant flow through the eore. 

In BWRs both of these parameters are monitorcd . As an examplc for BWRs it is 
assumed Ihat if al least half of the main circu lat ion pumps are working and the 
water level is at half of the eore height, or higher, then thc eo re is eooled and thc 
risk of sevcre core damagc is smal!. 
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fn the Swedish PWRs the water level in the reactar ves:;cl is not lllonilorcd and 
therefore the monitored level in Ihe pressurizer tank is used as an indicatio!l. Ir al 
least one rcactor eoolant pump Of two safely injeclion pumps havc been in 
opc:-ation thc risk of severc eore damagc is assumed to be a small 

For PWR thc core lemperalure, monilorcd through the Core Exit Thcrmocouples 
(CETC), can be used as an indication of possiblc eore damage. CETC will give 
quick and direct information on the temperaturc at eore oUlle!. This will indicale if 
temperatu res has been reachcd wh ich ean resull in eore degradation. The CETCs 
mayaiso be capablc of indicating "hot" regions in the core. If the CETC displays 
more than 900 °C , and at least parts of the eore is suspecled to have been 
uneovered far more than 5 minutes, a severe eore degradation ean be at hand. 

b) Doserate in the containment 

The containment radiation monitors (CRM) measure total dose rale from 
radionuclidcs within the containment. During severe accident conditions, with 
eonsidcrable core damage, the main eontribution to the reeorded dose rale comes 
from airborne aetivity . Thcy can be used for estimation of Ihe fractional release of 
gaseous activity from the fucl. Thc measuring range i:; adcquate cven if all gascous 
activity is releascd from the fuel. Ta cstimate the fractional release of noble gases, 
using thc CRM rcading, lhe total core invcntory as weil as Ihe re lative abundanee 
of different gascous nuclides and the detector response for each nuclide must be 
known in advanee. 

The eore inventories of fission products are calculated for [ull power steady state 
conditions. If the power level differed from this case prior to the accident, a 
power eorrcction factor must be applied to maintain the accuracy of the mcthod. 

In practice the CRM rcading, mu ltipl ied by apower history corrcetion faetor, is 
eompared with prccaleuJated data in a diagram showing the CRM rcading as a 
function of time afte r scram for four different fractional releases from fuc!. Each 
type of detector has it's own diagram. 

Any aerosol or partieulate aetivity depositcd on the dclector shiclding, or on a 
surface nearby, ean causc faulty readings and an overestimalion of released noble 
gases. 

e) Activ ity contcnt 

In Swcdish LWRs a post aecidcnt sampling system (PASS) is installcd. Samplcs 
ean be urawlL [rom the prilllary system (liquid phase) and different compartmcnts 
in the contalnment (gas and liquid phase). The activities of various radionuc1idcs 
of interest are measured to givc their activity eoneentralion in the sampie volumc. 
To determine the activity content in the sampled compartment the total mass (or 
volume) from which the samplc is drawn also must be evaluated. Knowledge of 
certain plant parameters, e g the water level in the eontalnment, is essential in 
doing this. 
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ßefore (he fractional relaeasc from the fucl is calculated same correclions are 
made. The core inventory, bascd on an cquilibrium core at (he end of a cyclc, is 
correctcd due to actual power history. The results from the nucJide specific 
activity measurements are corrcctcd due to ingrowth of activity from parent 
nuclides and corrcctcd for dccay 10 givc lhe activily at thc time of sc ram. 

Radionuclides to be measurcd are grouped in advancc according (0 type of core 
damage and time period when they are present. Bascd on theorelical calculations 
and experimental results found in thc li ttcralurc, the dcgrce of corc damagc 
correlating to the measurcd fractional releases of different radionucJide groups is 
cstabJished in advance. This may be used as a roug h guideline when intcrpreting 
the actual result of the PASS measu rcments. ' 

d) Hydrogen concentration 

Above tempcralures of approximalely 800 oe, the zirconium in the core region 
reac ts with the water vapor to generate hydrogen. By measuring the hyd rogen 
concenlration in lhe containment (either by online monitoring with gas 
chromatograph, taking gas sampies fo r manual analysis or by continuous 
monitoringing with hyd rogen sensors) it is poss ible to estimatc thc total amounl of 
released hydrogen. Knowing the total inventory of metallic Zr in the core region 
and assuming thai all gaseous hydrogen comes from Zr oxidation, the fraction of 
thc Zr inven tory oxidized can bc calculatcd. 

The fractional amount of Zr oxidizcd is not a direcI measure of the degrec of core 
damage, but can give additive qualitative information on thc status of thc corc. 

Thc MAAr code has bccn uscd to obtain a relation betwccn generatcd hydrogen 
and fractional release of noble gases for some typical accident sequences. The 
correlation between the release of noble gases and the generation of hyd rogen 
varies for different types of accidents. By comparing the release of noble gases 
given by hydrogen data and the direc t measurement of noble gases within the 
containment additional (and hopefully supporting) information may be obtained. 

Implementation 

Thc doserate levels in the containment, measured by CRM, and the acüvity cOnlcnt, using 
PASS , are the two main approaches for CDA. The other two methods, monitoring of 
process parameters and measuring of hydrogen concentration, can be regarded as 
complementary. Each method has been lransferrcd into step by step instruc tions, spccific 
for each reactor uni!. 

Thc main methods are aiming at determining the releascd fraction from the core of 
different radionuclides (or group of rad ionuclides) . This quantitative information can then 
be translated to qualitative information on the degree of core damage. 

The core inventory of different nuclidcs is usually given in tables , valid al the end of a 
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full power operating cycle. Thus the inventory has 10 be corrcctcd for the ac!ual operating 
history prior to thc accident. 

One goal has been that all calculations and corrcctions should be po.ssible to exeeute by 
hand. In this way the CDA will be independent of the cJcclrical power ~upply and 
computer equipment. It is also easicr for the personncl 10 check for consistcncy of the 
data during tbc cvaluat~Qn process. Therefore relalively simple correction methods have 
been devcJopcd, without adding unacccptablc unccrtainty to mcasured vaJues. 

A future devcJopment will be to implement the CDA-methods on a Personal Computer 
which will facilitatc casier and faster data handling and providc a handy and 
comprchensive display of results. 
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CONTAINMENT RADIATION MONITORS 

Each monitor cons i sts oE : 
1 Seif Powered Gamma detecto r (SPG) 
1 Ion Ch amber (IC) 

FIGURE 1 

Measuring ra n9f : 
SPG 10., - 19 Gy /h 
IC 10 - 10 Gy/h 

Containment Radiat ion Mon i t o r positions i n a BWR. 
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CONTAINMENT RADIATION MONITORS 

Each mo nitor consists of : 
1 Self Powered Gamma detector (SPG) 
1 Io n Chamber (IC) 

FrGURE 2 

Measuring 
SPG 1 0 
IC 10" 

Containment Radiation Monitor positions in a PWR. 
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CONTAINME NT RAD IATION MONITORS 
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FIGURE 3 
Precalcu l a t ed CRM r eadi ng s t or different fractio na l r e l eases 
of noble gases . The actua l CRM r eading a r e plotted in the 
diagr am in orde r to assess t he mag nitude of the nobl e gas 
relea se . 
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POST ACCIDENT SAMPLING SYSTEM (PASS) 

\vATER SAMPLE GAS SAMPLE 

FIGURE 4 
Sa mpling points in Post Accide nt Sampling sys t e m in a BWR . 
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POST ACCIDENT SAMPLING SYSTEM (PASS) 

WATER SAMPLE GAS SAMPLE 

FIGURE 5 
Sampling points in Post Acc ident Sa mpli ng System in a PWR . 
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ACTIVITY IN THE CONTAINMENT 

Fractional release [% ) 
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FIGURE 6 
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.... __ 100 % clad damage 

An ticipated fractional relea se for diffe r e nt grau ps ef 
radionuclides . The calcu lated tractio nal releases (trom 
measuremcnt of PASS sampies) are plettcd in the diagram i n 
order to assess the magnitude of co re damage . 
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ACTIVITY RATlOS IN FUEL 

Act1V1ty rat10 

10 

6 309573 

3 991071 

2 511886 

1.584893 

FIGURE 7 
Anticipated activity ratios within noble gases and iodines 
existing in the tuel pellets and the tuel gaps under normal 
operation . The calculated activity ratios (trom measurement of 
PASS samples ) are plotted in the diagram in order to assess 
the type of core damage . 
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HYDROGEN SENSORS 

Each monitor consists of : 
1 Hydrogen se nsor 
1 Tempe ratur sensor 

FIGU RE 8 
Hydrogen se nsor positions in a P\-JR. 
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HYDROGEN IN THE CONTAINMENT 

FRACT I m lAL RELEASE OF ,"OBLE GASES [01. ] 
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FIGURE 9 
Fractional release of noble gases as a function of hydrogen 
produced for two types of acc idents , station blackout and 
station blackout + LOCA . The calculated value for hydrogen 
conte nt in the containment (from measured hydrogen 
conc entration by PASS or hydrogen sensors ) is plotted in the 
diagram. The corresponding value for fractional release of 
nobl e gases can be compare d for consiste nc y with measured 
fractional releases . 

123 





OECD INEAl CSNI SPECIALIST MEETING ON 

INTRUMENTATION TO MANAGE SEVERE ACCIDENT 

GRS, Cologne, Germany 

161h 17lh March 1992 

INSTRUMENTATION CAPABILITIES DURING THE 

TMI-2 ACCIDENT AND IMPROVEMENTS IN CASE OF LP-FP-2 

A.B. Wahba, GRS-Garching 

1. Intmduction: 

The accident in Three Mile Island Unit 2 (TMI-2) from March 1979 have shown clearly the 

need for special accident instrumentation. During the first two hours of the accident there 

was enough time and possibilities 10 bring the reaclor better under contra!. Nevertheless 

the accident evaluation program conducted in the USA together with CSNI eHorts have led 

10 a better understanding 01 severe accidents and how 10 prevent cr mitigate thern. Acci­

denl management procedures now developed cr under development depend 10 a great ex­

tent on reliable measurementsand other operator aids during the accident. 

In this paper abrief account is given on the behavior of the instrumentation du ring the 

TMI-2 accident and lessons leamed and applied to prepare, conduct and analyze the 

OECD-LOFT severe core damage experiment LP-FP-2. 

2. TMI-2 Measurements 

About ten years after the TMI-2 accident reliable results of the accident evaluation program 

carried out by EG&G Idaho were published. Analysis of available measurements, plant in­

spections and examination of material specimens were used 10 determine a consistent 

scenario of the accident as descreibed by J.M. Broughton et al. /1/. 

The TMI-2 joint task group of the CSNI (Committee on the Safety of Nuclear Installations) 

coordinated an intemational TMI-2 material examination task and a TMI-2 analysis exercise 
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which started in 1985. The TMI-2 analysis exercise final report was published in 1991 /21 

and included 12 different calculations fram 8 OECD countries. The data summary report /3/ 

prepared by EG&G, Idaho for the analysis exercise included a list of about 300 recorded 

measurements which were selected out of 3000 measurements available. The selected 

measurements were found 10 be 01 interrest for the analysis exercise. Only 100 measure­

ments were reviewed and commented 

• 35 temperature measurements located in different components of the plant but 
no ane inside the pressure vessel. Most of these temperature measurements 
are qualified. There were 50 in core thermocouples recorded but they were not 
reviewed and consequently not published. Information deduced fram the 
behavior of these thermocouples is used in reference /1/ in predicting the 
accident scenario as shown in fig 2. 

• 32 nuclear radiation measurernenls most of thern were commented as trend 
measurements. Three souree range power level measurements were qualified 
with a given uncertainty. 

• 9 flow rates 8 of them were estimated values and only one measurement 
(letdown cooler volumetrie flowrate) was qualified with an uneertainly of .:1:.25%. 

• 6 presure measurements whieh ean be seen as the most reliable measurements 
available fram TMI-2. They are apart of the 24 parameters monitored by the 
reaetimeter which were used as a reference baseline for other data sourees. 

• 3 level measurements (pressurizer, SG-A and SG-B) which are also apart of the 
reactimeter parameters. 

• 6 binary measurements eorresponding to the 4 primary pumps and two 
pressurizer valves. 

3. Important Events Indjcated by the Measurements: 

More than ten years after the accident and thraugh the huge eHort spent to analyse 

measurements and materials trom TMI-2, it is now easy to deduce some events fram the 

measurements available as given in reference 11/. From the system pressure behavior to­

gether with five binary measurements, it is easy to identity in figure 1, the initial phase as a 

Small Break Loss Of Coolant Accident (SB-LOCA). 

The rapid increase in pressure after closing the leak (block valve closed at 139 min.) was 

due to a care heat up phase. Accident management started in TMI-2 wilh the pump transi­

ent at 174 min. (near1y three hours after reactor scram) and stopped the rapid increase in 

pressure. This was followed by a cooldown phase through a primary bleed and feed using 

the pressurizer block valve and the High Pressure Injection (HPI). 
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The influence of the pump transient to stop the initial core heat up is verified thraugh the 

quench of the core oullet thermocouples as shown in figure 2. 

The relocalion of molten corium into the lower plenum at 224 min. is indicated by the in­

crease in the count rate of the source range monitor (SRM) shown in figure 3. The re­

sponse of the SAM Is a dlrect indicator of neutron leakage whlch Increased suddenly as the 

molten fuel has dropped into the unschielded lower plenum. The increased system pres­

sure and cold leg temperatures may be also due to the increased steam production at that 

time. 

The long time behaviour of the measured SAM du ring 25 hours alter scram is shown in fig­

ure 4 which indicates redistribution of molten corium after the relocation at 224 min. 

No direct indication for hydrogen generation is available tram the published TMI-2 measure· 

ments 

The calculations carried out in connection with the intemational analysis exercise have 

shown large uncertainties in the start of H2 generation, rate of generation and total amount. 

Calculation results published in reference /21 varies, depending on code and also on code 

user. The total amount calculated varied between 50 and 480 kg while the uncertainty in 

timing is about .t.1 0 min. 

Henrie and Postma spent big eftort to analyse recorded data and examined damaged as 

weil as surviving components to detennine hydrogen generation, hydrogen concentration 

and quantities in the different components. Results of their estimations are summarized in 

figure 5 which was published in reference /4/. The total value of 460 kg agrees with the 

value calculated using MAAP-DOE /21. 
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Fig. 1: The TMI-2 ReS pressure history 
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4. LP-FP-2 

The last experiment in the OECD LOFT Project LP-FP-2, conducted on Juli 9, 1985, was a 

severe core damage experiment. It simulated a LOCA caused by a pipe break in the Low 

Pressure Injection System (LPIS) of a four-Ioop PWR as described in /5/. The central fuel 

assembly of the LOFT core was specially designed and fabricated for this experiment and 

induded more than 60 thermocouples for temperature measurements. A Fission Product 

Measurement System (FPMS) beside the normal LOFT instrumentation was designed and 

fabricated for the detection, ldentification and collection of radioactive isotopes and hy­

drogen in the LOFT Primary Coolant System (PCS), LPIS and Blowdown Suppression 

Tank (BST). The FPMS system consisted of three basic subsystems: 

a) Four gamma spectrometer systems and one gross gamma detector. 

b) Adeposition sampling system and 

c) Filter sampie systems. 

The filter sampIe systems included three sam pie lines Fl , F2 and F3 which were designed 

to provide a continuous sam pie of the vapor and aerosols generated during the heat up 

phase of the experiment. For example the Fl sampling line (fig. 6) consisted of the follow­

ing major components: 

1. Sampie line probe placed above the CFM 

2. Argon dilution gas supply 

3. Dual cydone separatorfosolation valves 

4. Dilution filter 

5. Virtual impactor 

6. Collection filters 

7. Infrared moisture detectors 

8. Hydrogen recombiner. 

This example shows the complexity of the FPMS. Experience available in EG&G Idaho 

from TMI-2 analyses and from the PBF severe fuel damage scooping test conducted in Oc­

tober 1982 were utilized in the design, conduction and analyses of this experiment. 

LP-FP-2 costs was $ 25 million out of $ 100 million for the whole OECD LOFT project. Not 
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all phenomena occured was explained, fulher studies could still lead to new interpretations 

01 the data. 

More details about different measuring systems and their behavior during the experiment 

are given in reference /5/. 

In order to achieve the predefined thermal-hydraulic boundary conditions for the first few 

minutes of a core damage accident an unusual LOCA consisting of two simultanious 

breaks (ILCL and LPIS) and discharge through the PORV was conducted in LP-FP-2. The 

principal sequence of events during the experiment is shown together with the primary sys­

tem pressure history in figure 7. Analyses of the experimental data carried out and pub­

lished in the Experiment Analysis and Summary Report (EASR) /5/ can be used to show 

the different stages of a severe accident. Some phenomena can be identified through re­

dundant and diverse measurements as summarized in the following section. 

5. Ideotificatjon of PWR seyer core damage phenomena trom LP-EP-2 measurements 

5.1 Moyement of Water Level 

Several measuring methods were developed specially in LOFT to indicate the formation of 

a water level and sorne of thern can be used 10 follow the movement of this level in the 

pressure vessel. These measurements cao be used to initiate appropriate accident man· 

agement measures. 

The first indication of void formation in the primary loop was the decreas in fluid density 

measured in the intact loop hot leg and cold leg at 50 an 100 S after scram as shown in lig­

ures 8 and 9. In figure 9 the behavior of all three '(beams crossing the cold leg are 

shown. The upper beam C indicates that steam is acumulated at the upper region of the 

tube. The continuous 1055 of fluid through the leak caused an increase in void in the upper 

plenum as indicated by the behavior 01 the thermocouple TE-3UP-011 (Fig. 10) which was 

located at the same horizontal level of hot and cold-leg connections. This thermocouple 

indicated departure lrom saturation at about 475 S. after scram. Further decrease 01 the 

water level inside the core is determined by recording the time of departure from saturation 

of thermocouples at different locations in the core as plotted in figure 12. A diverse method 

for measuring the water level in the core region can be dedluced from the behavior of the 

Seil Powered Newton Detectors (SPND) which were installed in LOFT in the fuel assembly 

4. Fig. 11 shows the behavior 01 the SPND located nearly in the middle 01 the care. 
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Further diversilication 01 water level measurements in LOFT was the conductivity probes as 

shown in figure 13. 

In eommereial PWR 's two methods are now in use whieh are based on differential pressure 

measurement and heated sensor measurement/6/. The two methods are reliable enough 

to be used in safety-related systems. In BWR the pressure differential method togehter with 

thermo eomples are in use. Other methods like ultra·sonie 17/ and core eooling monitors /8/ 

are under development. 

5.2 Metal·Water Interactjon' 

From the analyses of core temperature measurements In LP-FP-2, the rapid increase in 

temperature shown in fig . 14 was a result of the oxidation of zircalory which became rapid 

at temperatures in exeess of 1400 K. Further examination of such high temperatures 

measured by thenmocomples gave rise to the detection of a cable shunting effect whlch is 

defined in reference /5/ as the fonmation of a new thenmocouple junction on the thenmocou­

pie cable due to exposure of the cable to high temperature. Experiments were designed 

and conducted by EG&G Idaho to examine the cable shunting effect. The results of the 

these experiments indicate that the cladding temperature data in LP-FP-2 contain devi­

ations from true temperature due to cable shunting after 1644 k is reached. This tempera­

ture is whithin the range when rapid metal·water reaetion oeeurs. An example 01 such 

temperature deviation due to cable shunting is shown in fig. 15. 

An important idication 01 metal·water interaction is the hydrogen generation rate. Two ther· 

mal conductivity gas detector were installed in the F1 sampie line (fig. 6) for hydrogen 

measurements. 60th instruments registered "over.ranged- and eould not be used to deter­

mine the hydrogen concentration in the F1 sampie line. During the post-experiment phase, 

the hydrogen eoneentration in the vapor spaee of the BST was measured. This measure· 

ment was based on the examination of grab sam pies which were taken 28 days following 

the experiment. Calculated total amount of H, in the BST based on the grab sam pies was 

250 .t.11 g. This amount of H2corresponds to an oxidation of 11 .6% of the zircaloy available 

in the Central Fuel Modul (CMF), however, this result is too small to account for the ob­

served oxidation of the CFM (58%) based on the Post Irradiation Examination (PIE) results 

mentioned in /9/. An explantation of this diserepancy was found to be a further oxidation of 

zircaloy during the reflood phase as explained in /10/ and discussed in section 5.3. 
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5.3 Further Even!s 

More phenomena were detected from the analyses of the reeorded behavior of the 60 ther· 

mocouples in the CFM together with other tehermocouples and measuring systems in the 

LOFT nuclear reactor. 

After the first Indication of metal water reaelian at 1430 S. severaI instruments indicated a 

common event at 1500 S. These instruments included gross gamma monitor, momentum 

flux meter in the downeomer, upper tje plate and guide tube thermoeouples. This event is 

believed /5/ to be the rupture of the control rod cladding. 

The behavior of the upper tie plate thermoeouples after reflood shown in figure 16 was a 

clear indication of an exothermal reaction between the injected water and the partially 

molten material in the CFM. Post test analysis /1 0/ have shown that the oxidation in the 

melts and other components of the upper tie plate was responsible for the generation of 

further 818 g of H, after reflood. This value was varified by an energy balance and calcu­

lated volumes of noncondinsibles in the PCS which determined that 819 • 364 g of hy­

drogen was accumulated in the PCS following refload. The total amount of hydrogen 

produced du ring LP-FP-2 experiment was estimated to be 1024' 364 g as given in /9/. 

Another Important phenomenon which was indicated and followed by the available LP-FP-2 

instrumentation was the natural eirculation in the pes. A slow secondary cooldown was in· 

itiated at 2530 S. PCS loop natural circulatin did not start until12115 S as shown in figure 

17. Narural circulation began when the noncondensible gas bubble In the top region of the 

steam generator lubes had reduced in size fram eooling 10 allow spillaver to oeeur. The 

temperature in the SG-ouUet plenum started to decrease at about 6000 S. before spillover 

happened which indicated a reflux mode of cooling in the time between 6000 and 12000 S. 

When spillover oecurs the temperature in the ouUet plenum decreases rapidly. Primary to 

secondary heat transfer also begins and the primary side ouUet coolant temperature ap­

proaches and follows the secondary coolant temperature as clearly shwon in figure 17. 
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6. ConcltJsions 

Both in TMI-2 and LP-FP-2 only lew types 01 sensors were able to withstand the conse­

quences of severe accidents and were able to deli ver information for post accident analy· 

sis. These were pressure sensors, thermocouples and r~iation monitors. Advaneed 

instrumentation teehnology have proven to be able to utilize these three types of sensors in 

redundant and diverse instrumentation of Light Water Reactors (LWR) to manage severe 

accidents. 

One important phenomenon in LWR which have to be reliably monitored under accident 

conditions is the water level in the pressure vessel. Several methods are known and some 

of them are in use like: 

1. Differential press ure method which is in use since several years in many operating 

plants specially in BWR's 

2. Heated and Unheated resistance thermometers are developed as explained in reler­

ence /6/ specially lor use in PWR. 

3. In core thermocouples which is proven to be realiable as shown in case of LP-FP-2 

(Iig. 12). 

It is planed to use analogaus method in German BWR lar AM purposes. Methods 

based on the use 01 heated differential thermocouples named BICOTH (Binary Cod­

ing Thermocouples With Heater) or TRICOTH (Trinary Coding Thermocouples With 

Heater) are in use and under development as explained in reference 111/. 

4. Other methods based on: 

SPND behavior (Iig. 11) are not yet available 

Conductivity probes (Iig. 13) are not reliable enough. 

Ultra-Sonic liquid level monitoring systems are under development nl 
Core eooling monitors /81 are also under development and will be presented in 

session IV of this meeting. 

The second important phenomenon in severe accidents in case of LWR is the eore melt 

progression and the hydrogen generation. Both TMI-2 and LP-FP-2 had shown the import­

ance 01 these phenomena and the urgent need lor reliable measurements. In case 01 ther­

mocouples precautions have to be considered in connection with the behavior under high 

temperatures. The cable shunting effect (Iig. 15) lound in case 01 LP-FP-2 have to be taken 

also into aeeount. 
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No measurements of hydrogen were available in TMI-2 and the monitoring of hydrogen 

generation was not successful in case of LP-FP-2. Nevertheless there are several success­

tul hydrogen measuring techniques available one example is explained in reference /121 

which can be applied to Nuclear Power Plants. 
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OECD NUCLEAR ENERGY 

COMMIITEE ON THE SAFETY OF NUCLEAR INSTALlATION 

SPECIALIST MEETING ON INSTRUMENTATION TO MANAGE SEVEREACCIDENTS 
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"Instrumentation for Integral Severe Accident Simulating Experiments" 

by 

ABSTRACT 

R.ZEYEN· 
and B. eLEMENT·· 

PHEBUS FP PROJECf al CEN Cadarache 

• Commission of the European Communities 
Joint Research Centre, ISPRA 
seconded to CEN Cadarache 

•• Commissariat a I'Energie Alomique 
Institut de ProtectioD Cl de Suret~ NucJtaire 

Departement de Recherches en Securilt 

Tbe PHEBUS Fission Produci FP Pcoject is concerned wilh LWR severe fuel damage 
and ftssion product saurce term experimentation. Highly irradiated fuel pins are run in 
accidental condition until large U02 melting occurs and structural materials and fission 
products aerosols and vapours are swept wta a scaled-down primary circuit. A circuit leak 
is simulated and a reactor containment provided for lang term FP behaviour study, mainly 
emphasising iodine radio-<:hemistry and behaviour. This errort is done in order to improve 
the understanding of the phenomena talcing place in a -beyond design basis accident- foUowed 
by a transfer of lbis knowledge into the computer codes used for the establishment of 
accideot hazards. 
This paper treats instrumentation and methods used to extracl experimental data from 
PHEBUS FP tests. 

Thc fraction and nature of radioactive fission products that reach tbe containment, and bow 
it behaves in the containment is critica1 to accident source term estimates. 
Particularly iodine radiochemistry is empbasized, oriented and monitored in tbe containment 
vessel over about one week: iodine in the gas phase and in the liquid phase of the sump is 
monitored on-line (gamma-spectrometers and seleetive sampiers) and off line through 
numerous adsorption and sampling devices. 

Calibration aod quality control of instruments and analytica1 metbods is a most importaot 
step to achieve perfec( control of these uncommoo tests aod to have confidence in data on 
FP releases in severe accidents. 

Finally those instruments which provide the best data, and reply to hatb criteria of simplicily 
and reliability, have a good chance for being considered later in accident managing reactor 
instrumentations. 

PHEBUS FP is a CEC and CEA-IPSN co-sponsored projecl operating in tbe existing 
Cadarache based PHEBUS experimentaJ reactor. wirb the participation of several 
non-europea n counlries. 
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1. INTRODUCflON 

Thc PHEBUS Fission Product (FP) Project is concerned with LWR severc fuel damage 

accidenls using highly irradiated fuel pins. V02 melting occurs and structural materials, control 

rod and fission products aerosols and vapours are swcpl into a scaled-down primary circuil, 

and finaly inlo thc simulatcd containment. 

The amounl of radioaclivity released (0 tbe environment as a fraction of tbc initial core 

inventory is referred 10 as wSource Termw, the major objective to be studied in tbe PHEBUS 

FP programme. 

Thc bchaviour of ftssion product iodi.nc dcscrvcs special attcntion duc to its potential 

radiological impact and to thc complexity of the iodine cbemistry. Many experimental pro­

grammes bave foeused on Ihis behaviour and have beeo reported in review papers like [Ref.1J 

and [Ref.2,3J. 

lodine c.scapes from Ibe fuel in accideolal condilions, driveo by temperature, insignificantly 

as elemental 11.. bUI mainly in tbe form of CsI vapeur or aerosols. In low pressure cooditions 

ooly part of the CsI will deposit in the primary eireuit, tbe remaining part will reach the 

conlainment and will deposit onto the sump surface. Readily soluble in waler it will then 

immediately dissociate and hydrolyses into non-volatile I- depending on concentratinD, tem­

perature, pH and other (acters. Iodates can tben be formed in the sump througb dee'Jmposition 

of HOl. Tbe important value in reaetor safety studies is tbc partitioning coefficient i.e. aqueous 

over gaseous iodine concentration, 

vessel. This coefficicnl is affected 

responsible for eventual release tram a broken containment 

by radiolysis in the sump. intteasing the 12 concentration, 

very much depending on tbc sump pH, but also by tbe formation of organie iodine compound 

by reaction of 12 with organic contaminants or in eontaet with paint; volatile methyl iodide 

CH3I is tbe most common organie species. IlS concentration and equilibrium depend again on 

factors like temperature, pH, radiation dose rate and heat transfer coefficients of liquid surfaccs. 

The preseoce of maoy other FP species and compounds in an accidental reactor sequenccs does 

nOI make understanding easier. 

Tbere are numerous areas where PHEBUS FP can belp explain and model fission product 

bebaviour in the release pbase, circuit transit or in the complicated long term containment 

scenarios. Reliable and complete instrumentation is the necessary condition for assuring sufficient 

data extraction for input into the aceident modelling codes. 

2. TEST OBJEC7lVES 

Tbc experiment is designed to study various phenomena 

severe LWR accident, supplying new data for physical-cbemical 

content of the inodels are: 

occuring during the course of a 

models. Examples of analytical 

release rates of more or less volatile fISsion producis from overheated fueJ, 

interaction of FP vapours with struclural material aerosols, 

aerosol depletion in specific primary circuit componenls and in containment by-pass 

scenarios, 

• influence of condensation, pool boiling, containment spray, eIe. on the potential souree 

term, 

• influcnce of primary syslem pressure on thc chcmical (a rm of fL'>Sion prod ucts, 
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• iodine inleraclion with painl, radiolysis and re-volatalisation in tbe containment. 

Tbe last item is of particular importance and will be discussed in more detail in tbc 

instrumentation chapter. 

Six experiments are foreseen, ODe per year starting in 1993, reproduciDg different accident 

scenarios [Ref.4]. More specific separate effed sludies around the givcn problem area are 

foreseeD in in-pile and out-of-pile experiments in peripbery of tbe PHEBUS FP facility (e.g. 

iodine retention on paints, paiRt comparison studies, aerosol thennal resuspension, etc.). 

3. FAClUTY DESCRWfION 

Tbe PHEBUS FP installation is a 1/5000 replica of a 900 MW PWR reador, comprising 

the reactor core using higbly burn-up fuel in a 20 rod array, the simulated circuit witb a test 

matrix specific. reador component (steam generator, presswizer, re:.ief tank, ete.) and the 

containment witb sump (see Fig.1). Tbe existing PHEBUS reador is used for the fuel irradiation 

and degradation process., already successfully performed in the LOCA and sm tests. Tbe main 

part of the simulated circuit foUowing the fuel is actually been assembled inside a large stainJess 

steel container, built in the new building adjacent CO PHEBUS [Ref.5]. 

3 1 In-pile test smion containing the (uel bundle; 

Fig.2 gives a cross section of the test sed.ion at the level of the fuel. 20 PWR fuel 

rod, irradiated up to 32 GWd/t in the BRJ reador, are assembled by 2 AFA zircaloy grids 

around one central stul clad Ag.In,Cd control rod, insulated by a variable deosity zircaloy 

shroud, held inside the pressure tube. 

Tbe bottom coolant intet is closed duriog the experimental transient by a hydraulic. 

"foot valvc", during this time a small controUed steam Oow, later replaced by uncondensible 

gases, carry tbe fission products and strudural material aerosols up througb the tubular 

section with a large temperature gradient into tbe horizontal part of the primary cireuit. 

3.2 Prima", (imJit lFir 3)· 

Due to geometrie coostraints of the reactor, the primary cireuit bas to start with a 5 m long 

horizontal line, followed by the measurement zone .0., the steam generator U-tube and 

the measurement zone G, shortly prior to the containment intet (Fig3 shows the cirewt 

inside the safety steel -caisson-). In the flCst scoping test FPT 0 tbe cirewt temperature is 

trace heated to 980 K, witb a transition zone down to 425 K in tbe steam generator. 

The circuit tuhing will be fully replaced between each test, with tbe experimental 

component, steam generator, replaced by another component ort by a minimum line into 

the containment. 

153 



'" ". 

11 
cO' 

...... 

~ 
~ 
Q 
m 

~ 
o o · 

lo. 
"'­w 

'" 

iriMöS, 
I 'JW 11 

I I~ I 

,-----------------
I PHEBUS HALL 

I FP/LDCA UNE /" -r -1 - - - -

(fI' ; I~ 

I 6i ["Uf'~ I 

~ rf-lMl' ""I 
lo. ,I IR! 

l~ 
CDNTAINMENT­
DR ATMDSPHERE 

TANK I 

C
p CDNTAINHE0T 

FP LDDP 
---

I ~"""~II FP EXTENSION , l~' '0 
\ , 
~ 

LDCA - LDDP 
<OPERA TIDNAU 

------



'" '" 

11 
cO' 

!\) 

CONTROL ROD GUIDE TUBE. 
ZIRCALOY 

20FUEL ROD5 

INSTRUMENTATION 
PROTa::TION 
STAINLESS STEEL 
~ 1211120 

IN- PILE CELL 
~ 121. LD_ 

AFA SPACER 
ZIRCALOY 

ULTRA-SONIC 
THERMOMETER 

DENSE Zr02 ~ 74.5/72.5 

Zr02 ~93.5174.5 

ULTRA-SONIC 

~'"'""'""" Ag.In,Cd 
- CONTROL ROD 

1'~­
' -'"1'" 

PRESSURE TUBE COATIN 
~96/94' O.9Bmm Zr02 

0.02mm CaCr AI 

PRESSURE TUBE 
ZIRCALOY ~ 112/96 



I ':_ ISOMETRIe VlEW OF llfE FP CAISSON 

Fig 3 

156 



33 Conlainment (Eig 4)' 

Tbe reactor containment is simulated by a 10 m3 vcssel witb a 0.1 m3 sump baving 

reduced free surface, for representativiry rearons. Tbree cylindricaI 

to keep tbc containment walls dry, condensing out the surplus 

condensers are designed 

steam from tbe bundle, 

producing interactions of its painted surfaces with the containment gas phase and recovcring 

the condensate for flow monitoring and cbemicaI analysis. Three organic coolant loops 

conlrol temperatures of tbe condensers, tbe containment walls and tbe sump. 

FoUowing effects can be simulated during the experiments (not exhaustive lisl): 

aerosol behaviour and settling, 
iodine chemistry checking tbe combined influence of tbe inventory, sump pH, gas and 

sump temperatures, radiolysis, mass transfer and surface absorption. 

interaction wilb paint, 

containment spray, 

depressurisation. 

Tbe containment is designed for mild hydrogen deflagration; its inner surfaces bave 

10 be decontaminated between eacb experiment. 

3.4. Effiuent system: 

Tbe containment depressurisation can become an experimental feature, if enough 

containment sampling instrumentation is available at the end of the aerosol and chemistry 

phase. Tbe ultimate destination of tbe gaseaus effiuents is a 100 m3 ~atmosphere· tank, 

initially mied with nitrogen and wbose gas volurne is used for recirculatiog /diluting the 

bydrogen containing mixture Crom tbe containment. Tbe atmospbere tank will later be 

equipped with a palladium plate-eatalyser designed by GRS Köln and tested at KfK KarIstein, 

for automatie H2 depletion beCore a fmal release to the stack. 

4. INSTRUMENTATION 

Tbe "instrumentation" term is generically used bere 10 defme devices and metbods fullftlling 

the three main functions of process control and safety, thennal bydraulic measurements and 

specific fISSion product/activation product measuremeots. We will concentrale here on: 

on-line instrumentation for thermal bydraulic and FP data., 

sequenlial sampling of FP-containing gas, liquid and solids associated with post-test 

ana1ysis of these sampling products, 

pOSHest analysis (PTA) of cicuit components and of gaseous and liquid effiuents, 

post-irradiation examinations (PIE) of tbe degraded in·pile test bundle. 

Tbe establishment of a consistent instrumentation plan for the PHEBUS FP tests, as 

described in [Ref.61. has been supported by several shared cost action programmes sponsored 

by EEC: 

witb BAITELLE Frankfurt for thermohydraulic instrumentation [Ref.7,BI, 

with SIEMENS KWU for FP and PTA instrumentation [Ref.91. 

wilh AEA Winfrilb 10 review PTA mClhocis [Ref.10). 
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4.1. ON-UNE INSTRUMENTATION and SEQUENTLAL SAMPLI NG 

4 I 1 Tesl-Srclion Instrumentation' 

Table 1 shows the instrumentation summary as forcseen for the flfst and second test sections. 

Relevant items on this list can be highlighted: 

High temperature tbermocouples, W IRe wires, Re sheatbed and Ir coated will be 

mainly used in the centreline of un-irradiated scoping-test fue!. In later experiments 

tbe use of fresb fuel rods in tbe bUDdle made up by bighly irradiated fue! (up to 

36 GWd/ t) 15 stiD in discussioD. 

ultrasonic thermometers in two bundle corner positions, both having 

measurement zones over the mid-core area. These ratber sophisticated 

fabricated by the European Community Institute TUI at Karlsruhe, are 

7 axial 

devices, 

supposed 

to measure up 10 fuel mehing when W I Re thermocouples have stopped operating 

properly. Tbe advantage of measuring axial profiles in ODe device is notable. 

neutron flux measurements will be performed in tbe driver CQre, but also axiaUy 

alODg and dose 10 the test bundle in order to survey fue! and AgIDCd control rod 

material relocaliOD. 

in follow-up tests a sequential coupon device will be iDstalIed in a gradient zone 

on top of tbe fuel for vapour deposit sampling at bigh temperature. 

4.1.2. Primary Circuit Instrumentation; 

Fig.5 shows a rough sketch of the circuit instrumentation as located on the primary circuit ; 

again same relevant items caD be higblighled: 

flow rates of steam and H2 coming from the 

lbermocouples and a correlation technique 

propagating along Lhe flow lines. 

fuel will be gaged by several thin 

of sm all temperature variations 

the oxygen potential 15 measured al point .,0., 10 get an understanding of the fuel 

cbemistry. 

several y spectrometers using high purity Ge detectors are located at relevant 

positions along the circuit liDe, most important of which is tbe flIst one at point 

.cC», tbe dosest to the accidented fue! bUDdle, tbus the flIst insighl iDto the y 

emitting source term. At this point two spectrometers are de<licated to the on-line 

descrimination of moving versus deposited FPs in the circuit line. This is a difficult 

task considering Lhe "moving" tubing (thennal exparu;ion) linked to heavy sbielding 

and collimator equipmenl. More y spectrometers will survey gas and deposits in 

the steam generalor's cold leg and prior 10 thc containment inlet (source term). 

INEL Idaho Falls providc us with a redesigned version of their PBF aerosol light 

extinction 

on special 

photomete r, a valuable device for both semi-quantitative information 

release events and to provide experiment al guidance for sampie taking. 

sequential gas capsules and filt ers together wilb impactors sbould give information 

of the gas spccies and aerosol nature, density and granulometry at various limes. 

Sam pIers prior (0 the steam generator have to opcrate at 7fXJ'C, those after the SG 
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Table 1 

Instrumentation Summary: TEST SECTION - POINT A+B 

Parameter Instru~t 

Temperature uttrasonic thermometers two outer corners oflhe bundle, 7 2 
axial positions (14 measure-

ments) 

KtypeTCs in ttIe Iower patt 2 

W/Fte TCs in th. rod ce"treli". 12 

KtypeTCs on AIC rod 2 

W/Re TCs on guide tubtl • 
W/Re TC. on stiffMler platH B 

KtypeTCs in the ~ in,ul.tor 12 

WIr:. TCs temp. gradient lone 1 

KtypeTCs • 
fluid KtypeTCs bund!.lntet 2 

WI R. TCs tempo gradient zone • 
KtypeTCs • 
KtypeTCs upper part ,. 
KtypeTCs ufety & heaters 10& 11 

Pressur. pressur. transducers in the gas IMding Une. 2 

differential pressur. bundle inJet/ outiat 1 
transduoer 

fIoyr, r.t. hot wire injec:ted quantity (Hz,He) 1 

• 
_ .. 
pump rate, we+ghing injected quantity lH2O) 1 

On-lin. ,-'" at level..ssoo, at bundle outiet 
'Yactivity 

Deposit sequentiaJ ooupon. !aI tempo gradient zone • 
Post test y speetrometer post test IIxamination: • 
activity PEC 

Fuel relocation fission c:twnbers &long the bundl. length • 
(+ post lest an&Iysis) in cooIant wate!" 

~ Research in progress; bj Oevelopment in progress; cJ Not decided. 

I) InstnJmented tue! pi"s under discuuion. 
2) two thermocoupln could be usecl fo( ftow rat. meuurement by TC COfJelation tedlnique, in the lest s.ection upper part, if 

requested . 
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at 150°C. The timing of Ihese samplcrs can be adjusted during the experiment evolution 

according to thc release phenomcna. The samplcr nu mber might have 10 be increascd In 

the futu re. 

thermal gradient tube (TGT) fo r Ihe sludy of condcnsation patte rns, between 7D<rC 

and l SOOC, separating Fr spccies likc CsI and CsOH. Only one TGT will bc used 

at point .. C~ because recovery for PTA and interpratation might be hazardous. Its 

temperature contra! with transient gas through-Oow is a difficuh task. 

4.1 3 Conlajnment Instrumentation: 

The containment instrumentation can bc found on Fig.G. Important on-line sensors are; 

wall and gas tempcratures, pressure and sump leve l. 

moisture, H2, and 02 sensors in the gas phase, selective e1ectrodes for 1- ions and 

pH in the sump. These sensors are alJ doubled for redundancy. 

the condensate Oow is measured and lead out of the contaiment for analysis. 

on-line separation of 1- verSllS 103- ions, thei! ratio co-responsible for volatile 

iodine formation, is envisagcd for laler tests. 

y speclrometers conlinously detect the aClivity of ccrtain isotopes in the containment 

gas phase, on thc condensers' painted surfaces and in the surnp. 

Sequen lial devices: 

a sequential deposition coupon device has bcen designed to recover 8 metal coupons 

at 8 different tim e windows. Hs remote operat ed eXlracLion after the test is not an 

easy task. 

sequent ial aerosol impactors of a modified ANDERSEN MKlI type are foresecn 

for the fust scoping test; real on-line c1assifying will be perform ed on a diffusion 

type baU bed stack in follow-up tests. 

a long series of filters and capsules will yield more data on aerosols (to be compared 

to impaclors) and on gas composilion for long life isotopes. 

gaseous iodine species monitoring is a specially treated item in PHEBUS FP: 

sequential selective mters are instalIed for quantitative measurement, an on-line 

selective filt er equipped wilh a yspectrometer diode will follow the species evolution 

over extensive periods of tbc long term chemistry phase of the experiment. More 

details of the filters aod its qualification tests are given in tbc foUowing separate 

paragraph 4.1.4. 

4 I 4 lodinf Spec:jation Sam pIers' R & D: 

Since the PHEBUS FP Project focuses on long term radio-iodine chemistry in the 

con tainment, an eCfort was made 10 determinc Ihose iod ine spccies likely to come into 

contact with the population in the evenl of a containment leak. This is why thc mcasurcmenl 

of thc total iodinc conccntration and its gas phase speciation was given panicular altcntion. 

Sevcral experiments have made usc of iodine selective filter s, howevcr not in the 

parti cular condit ions of a PWR con tainment after a severe accident. Taking into account 
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this requirement 

bccn defined as 

humidily. 

and trying to avoid 

the following: 16O"C, 

condensation, the filter operating conditions have 

0.1 to 0.5 MPa, H2 conccntration 9%, high relative 

The filter pack (Fig.7) is made up of an aerosol quartz filter paper, silver knit-mesh 

for molecuJar iodine and heavy metal doped silvcr zeolite for organ ic iodine. Each filter 

stage can be doubled or tripled according to the needs. These filter media have been selected 

through an experimental programm carried out at KfK-l.AAI a( Karlsruhe, using (wo 

existing facilitics. Several absorber materials have been tcsted using both molecuJar and 

organic iodine (CH3I): those showing the best retention properties have been selected and 

Ihen lested in complete filter assemblies using iodine gas mixtures, and varying botb its 

pressure and hydrogen contenL The detailed resuhs of Ihis work will be publisbed later. 

The same absorber materials have also been used in newly designed ·on-line iodine 

selective sampier" wbere eacb filter slage is scanned altemately by a y spectrometer. The 

integTated aerosol concentration and the molecular and organie iodine conlents can Ihus 

been followed over typically 10 10 20 hours of operation. More (ban one of tbese devices 

should be ideaUy installed and presenled before the same y detector. The problem of back 

ground noise from the high aerosol activiry, compared to the iodine stages is not fuUy 

solved. 

5. POST·TEST ANALYSIS (!'TA) 

PTA is a most important item in PHEBUS FP instrumentation, not least because of the 

shortcomings of on-line instrumentation. 

The first major operation is the sam piers' recovery and transfer (around 25) 10 tbe 

"CECILE" bot ceU, below the maiD "caisson". After a fir st gross yscan the sampiers are dismanteled 

and the sensitive components fine y scanned again, before packaging and transport 10 different 

specialised laboratories. IOOme sam piers have a general priority due to the 1311 isotope's short 

half life. 

The following PTA analysis programme is a complex series of flow sheets from reeovery 

to aseries of analysis tecbniques ranging from scanning electron microscopy coupled to energy 

dispersive spectroscopy (SEM / EDS) aad particle recognition equipment (PRC) up to maay types 

of chemica1 techniques for element and species recognition aad concenLratioo determination. 

Neutron activation analysis (NAA) is an widely used accurate methoo for isotopic/elemental 

analysis of noo· y emitters, fISSile partides and decayed iodine. A typical flow sheet for solid 

FP sampIes is sbown in Fig.S. More details on the PTA working plan can be fouod in [Ref.ll). 

6. POST·IRRADIATION EXAMINATIONS (PIE) 

Shorlly after the irradiation experiment the test seclion will be un-coupled from the 

circuit and stored in a vertical examination and control station (PEe). Tbis PEC bouses a radial 

and axial y scan and radiography faci li ry with possibilities of computer tomography. 

In a second phase. several months later. tbe test section will be transported in a spccific 

shielded flask 10 a hot lab where horizontal and vertical cuts will be performed. These smaU 

sect ions will then be dispatcbed to outside laboratories for furtber detailed elemental analysis 

and FP inventory measurcments. 

The upper tubular plenum of the lest section has a special interest: the surfaces of this 

164 



a: 

~ 
u. 
w z 
o o 

~ 
...J 
W 
Cf.) 

Cf.) 
:> 
@ 

~ 

165 

.-

__ -- - ('I 

- -- - ('I 

.-

.-

~ 
...J o 
W 
N 
a: 

~ 
Cf.) 

I 
(') 

I 
Cf.) 
W 

~ 
Z 
~ 

a: 

~ 
Cf.) 

I 
('.I 

w 

~ 
U. 
...J 

§ 
a: w « 

Fia 



SOUD FP SAMPLERS 
(mpactors. finers, pipa 
sarnples. TGT ~ners , coupons) 

Recovery 

CECILE 

Grass checkrlg 
and fingerprinting 

EI ca on, 
preparation. 

visual examination 

Weighing 

Conditionhg, 
pacl<ing 

ANALYSES 
LABS 

Registration 

10 cross check 

~------iPar1icle morpholo 
.-. composition 

E1emental 
composition 

"MAAIE", telemanipulators 

Transfer 

GanYTla spectroscop'y 

Special tools 
Garrvna spectroscopy 

Video. photo 

Balance 

Special tools, 
transport boxes 

Transport 

Video, photo, 
garrvna spectroscopy 

Extraction systems 

SEMIEDS/PRC 

XAF, (NAA), ICPES 

XAD, ESCA. Chemical 
composition 

cissokJtion for wat chemistry, 
ctv'omalography I mass spectroscopy 

Sampie storage or 
waste disposal 

Reporting 

(standard fO<TT1) 

FLDW SHEET FOR SOUO SAM.LERS 

(Filters. Coupons, Pipe Sampies. TGT Uners) -

166 

Fig 8 



part have been located in a severe thermal gradient during the release phase and interesting 

dcposilS wiU have accumulated thereupoo. This is why these tubular sectians will be cut inta 

sm aU sections and treated, according to a PTA Oow sheet, for detailed deposit analysis. 

7. CALIBRATION and QUALITY ASSURANCE 

A certain number oe ~c1assica1~ instruments, Iike low temperature thermocouples, pressure 

transducers, tlowmeters are procured using quality procedures typica1 for reaClor standards, 

their calibration is of industrial type or performed in existing laboratory equipmeot. 

Anotber great number o( instruments however tannot be bandled in this way, or because 

they are "Iailor made" for t.his Project and calibraLion deviccs have 10 bc specially built for Ibis 

purpose, or because qualification/calibration ask for a oon-negJegible amount of know-how 

and equipmeot, not available at the Project, i.e. help is needed from european or overseas 

laboratories. Some examples of special procedures are given bere: 

• the yspectrometcrs (81010) require sophisticated mobile colimators (e.g. for disriminatioo 

of flying aod deposited yemitting isotopes) accounting (or low and high count rates and scanning 

facilities which bave all 10 be tested and calibrated on a pucpose oriented calibration bench at 

Cadarache using different typeS of emilters. A test run during a similar experiment at Chalk 

River, Canada, is planned. 

• the selective gaseous iodine mlers had to undergo material choice- and operation testing 

in two KfK Karlsruhe test loops made available to the Project (see §4.1.4.). On-line iadine 

filter prototypes will have to be built and calibrated duc 10 a severe collimation problems and 

due 10 the fact that the containmenl iodine concentratioo is slowly decreaslog, tbe integrated 

signal does 001 change much at the end of the experiment. 

PHEBUS FP results on iodine ftllers might be of particular interest (or power reaClor 

venling systems. 

• impactor data is usefull only if tbe cutoff diameters have been previously verified in 

teruous laboratory calibration work (CEA Footcnay) . Tbc measurement range has to be par­

ticularly large since the pre-eaJculations on possible aerodynamic diameters are spreading widely. 

• the light extinctioo photomeier is a useful1 relative parlic1e number concentration device, 

whicb IhroUgb precise calibration and matbematica1 treatments can also yield preaous data on 

parlicle si.ze or shape. 

• off-line instrumentation described in tbe PTA paragraph needs obviously much 

qualificatioo and calibralion work 00 sophisticated analytlcal equipmenl applled 10 sim ilar 

produclS from bencb·scale experiments; much of this work has been done in associated lab­

oratories in Europe and elsewbere. 

Sometimes instruments bave to operate in badly known conditions whicb cannot be 

reproduced in laboratory for qualification or calibration: an example could be Ibe tberm al 

gradient tube provoking vapour condensation at point .,Co. Mucb uncertainly remains as to thc 
results obtained from this device. 
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8. CONCLUSIONS 

PHEBUS FP is prescntly tbe largest experimental programme in the area of severe accidenl 

sludies. lt bendits o f the inleTest of the international safe!)' community and will contribute 

significandy ( 0 thc quantification of source term and environmental impact of nuclear power 

plants. 

Many instrum ents are used in Ihis kind of Projecls, same simple same sophisticatcd and 

expensive, but the PHEBUS FP tests will represent a weil suitcd 

qualification facility for devices 10 be inlegraled in same safelY features of areal scale commercial 

reuelor. 
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Instruaentation Used for Containaent Experiments Under Severe 

Accident Conditions 

T . Kanzleiter, Battelle-Institut e.V., Frankfurt am Main, FRG 

L. Valencia, KfK-PHOR/ HT, Karlsruhe, FRG 

Introduction 

To support the management of severe reactor accidents, the 

instrumentation of an LWR containment must satify more stringent 

requirements than for design-basis conditions. The additional 

requirements may invol ve ei ther more extreme condi tions or a 

greater number of quantities to be measured. 

Some of these additional requirements are similar to those being 

fulfilled by the instrumentation used in large-scale reactor 

safety experiments performed, for example, in the HDR test 

facility or in the Battelle model containment (BKe; Fiq . 1) . 

Therefore, the present paper will describe a selection of the 

instruments used in the HOR and BMC tests, and discuss their 

possible transfer to nuclear reactors. 

However, when transferring experimental instrumentation to 

reactors the fundamental differences between the two applications 

must be taken into account : Reactor instrumentation for accident 

management purposes has to cope with high-dose radiation. 

Furthermore, it must remain undamaged in the accident, and must 

afterwards operate in inaccessible areas with 100-% availability. 

Experimental instrumentation, on the other hand, is preferably 

designed for complex and highly accurate meas urements of high­

transient effects. 
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Thermal-hydraulic Instrumentation 

Thermal-hydraulic phenomena in a containment during a sever e 

accident inval ve s team and gas releases into the containment 

volume , temperature and press ure trans ients, forced and natural 

convection flows, steam condensation, and heat transfer to 

s tructures. In most cases, experimental instrumentation for 

thermal-hydraulic phenomena is based on commercially availabl e 

components that are individually adapted to the s pecial 

requirements of the measuring problem. 

In the experiments, temperature is conventionally measured by 

platinum resistance thermometers (high accuracy, low time 

resolution) or by chromel-alumel thermocouples (medium accuracy, 

high time resolution). Commercial Inconel sheathed thermocouples 

of 0.25 mm outer diameter yield a remarkably high time resolution 

(e.g., 5 ms time constant in hot water). 

As law-transient temperature measurements are sufficient for 

accident management purposes, the existing containment tempe rature 

instrumentation can be used wi th mino r changes in the meas uring 

r ange. 

Pressures and pressure differential s in c ontainment experiments 

must be measured with high time res olution. To ensure good 

dynarnic response, the respective transducers (piezoelectric or on 

strain gage basis) have to be installed in situ, i .e. without 

press ure transmitting tUDes. As a consequence , the trans ducers 

must be equipped with a built-in temperature compensation and, in 

addi tion, must be protected against high-transient temperature 

shocks by thermal insulation. 

For severe-accident manageme nt purposes it may be favourable t o 

use only pressure transducers that a r e externally installed (with 

access for re-calibration and maintenance) and connected by 

pressure transmitting lines t o the interior of the containment. 

Loeal steam c onte nt and r elative humidity of the containment 

a tmosphe re in severe-accident experiments are meas ure d in situ, 

using a modified commercial sensor (Vaisala HMP 135Y) based on a 

c apacitive method . The sensor modi fica tions invo lve a special 

fi lter cap to guard the sensor against ae roso l partic les and 
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droplets, and an internal heater to remove condensate films from 

the sensor e lement after periods of s upersaturation. 

As i t is now, the measuring system can be operated only after 

intense and continous maintenance between different experiments. 

Its reliabilty mus t be profoundly improved before it can be 

recommended for installation in nuclear rectors. 

For slow flow velocities (between 0.2 and 20 m/s), turbine flow­

meters are successfully used in containment experiments, even if 

high aerosol concentration should oceur temporarily. So far, no 

experience exists on the survival of these turbine flowmeters in 

hydrogen burns and during large-break loss-of-eoolant accidents 

(LOCA). High-velocity flows ranging between 20 m/s and the speed 

of sound are measured by Pitot-static tubes connected with in-situ 

pressure transducers. This kind of device was also successfully 

used for mesurements in hydrogen deflagration and large-break LOCA 

tests. 

If flow velocity measurements should be needed tor aceident 

management in a reaetor containment, both systems can be used 

after additional qualification. 

special Instruaentation for Severe Aocidents 

Severe accidents are aceompanied by the generation of hydrogen and 

aerosol and their release into the containment volume. The main 

threat which hydrogen involves is a possible explosion causing 

additional pressure loads; the safety problems resulting from the 

aerosol are its strong radioactivity and its possible release in 

the long term, due to containment leakage. 

For hydrogen concentration measurements, two systems were 

available in the HOR and BMC experiments. The transmitters of the 

first system, based on the thermal eonductivity method, are 

installed outside the containment shell and connected by sampling 

lines to the various locations inside. The measuring devices of 

the second system use a catalytie method and are desiqned for in­

situ installation. In HOR and BMC experiments, the first system 

proved to be the more reliable for aecurate determination of the 

actual H~ concentration inside the containment. As the 
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transmi tters are easily accessible, add itional c hecks dur i ng 

o peration and, if necessa ry, re-ca libratio n are possible by 

s witching over to a hydrogen-free gas or a calibration gas with a 

defined H~ concentration. In future BHe experiments the sampling 

lines will als o be used by a second gas a nalyser (Fig. 2). 

A similar sampling line system installed in a reactor containment 

and having additional safety features, e.g. against unintentional 

leakage, would form a very versatile setup tor various measure­

ments in ease of unfore5een events. 

The easiest and least error-prone approach at measuring the local 

concentration, material eomposition and particle size distribution 

of suspended core-melt aerosols is to take filter sampies for 

later analysis by laboratory techniques. As the aerosol may be 

retained in the sampling line5, it is indispensable to locate the 

sampling filters in situ and to activate them by a remote­

controlled valve. To provide a number of filter samples trom the 

same Iocation for different time intervals, so-caiied f i lter 

stations (Fig. 3) were used in the model containment aerosol 

experiments of the VANAH series. Each filter station contains a 

total of 12 filters on a turntable to be subsequently brought into 

measuring position, loaded by opening an inlet valve and sucking 

a defined gas volume through the filter. The steam portion of the 

gas volume is separated in a desiccator element (molecular sieve) 

outside the containment wall and measured by weighing, the non­

condensable portion being determined by a flow controller 

(Fig. 3). 

As the filters have to be removed by hand for further evaluation 

when the experiment is over, this system cannot be used under 

accident situations in nuclear reactors. 

Setter suited for use in reactors might be another filter sampling 

system that had been proposed for and partly used in the former 

DEMONA aeroSel experiments in the model containment (Fig. 4): A 

sampling filter is fixed to the tip of a ~ong stalk. Tnis stalk 

is inserted into the pressurized containment through a small lock 

and removed when the filter has been loaded (Fig. 4). The same 

device can also be used for other sampling proeedures or for 

inserting s pecial instruments (e.g. a boroscope, a TV camera, or 

a radiation detector). 
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If such a system can be provided wi th the necessary safety 

features, e .g. against uncontrolled escape of radioactivity, it 

mi ght be sucessfully used for various ad hoc measurements and 

diagnostics in reactor containments under accident conditions . 

Another experimental aerosol instrument of the BMC facility is the 

extinction photoJleter (Fig. 5). Its optical part is located 

inside the containment and connected by glass fibres to the 

electronics outside. A remote-controlled pneumatic activator 

allows to shorten or lengthen the optical measuring length of the 

photometer and thus to eliminate any possible zero drift, e.g. due 

to aerosol contamination of the optics. 

This system cannot be directly tranferred to a reactor plant 

either. However, same of its features may be useful when 

designing optical measuring or monitoring systems for reactor 

containments. 

Conclusions 

Considering the experience gained with conventional and special 

instrumentation in various large-scale severe-accident experiments 

in the non-nuclear HDR and BMC test facilities, some suggestions 

can be made for a possible application of similar instrumentation 

in nuclear reactor containments under severe accident conditions. 

Of course, the described test instrumentation cannot be directly 

transferred, but improvements, adaptions and qualification 

measures are needed first. 
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SUMMARY of SESSION 11 

The importance of a systematic approach 10 understand the capabilities and 

limitations of instruments. A step-wise procedure was demonstrated by Mr. William 

Arcieri (INEL, USA). The different steps include: 

STEP 1: Identify Severe Accident Sequenees 

STEP 2: Determine Expeeted Gonditions 

STEP 3: Assess Instrument Availability. 

From this information it can be found if needed instruments have the capabilities 10 

give adequate information to find the best aeeident management strategy. Usually, the 

environmental challenge is temperature cr pressure rather than radiation dose. 1I was 

pointed out in the discussion that many instruments may have an extended range 

beyond the specifications. Adequate instrumentation (extended range, environmental 

qualification) can also be found in non-nuclear applications. 

A speeifie example of implemented proeedures for Gore Damage Assessment (GDA) 

was given from Mr. Staffan Hennigor (Vallenfall , Sweden). Methods to judge the 

core damage include: 

dose rate readings in the containment, 

post aeeident sampling system, 

process parameters, 

hydrogen concentration. 

The first two methods are quantitative, in particular the post-accident sampling 

system. The process parameters can be used as a source of information if the core 

has been uncovered. The hydrogen measurements can only be used as a supportive 

argument confirming that zircalloy oxidation has occurred. It was pointed out in the 

diseussion that the uneertainty on the amount of hydrogen generated was important, 

butthat an equally important uneertainly was the possibility of hydrogen stratifieation 

in the containment. Thus, the importance of having a sufficient number of hydrogen 

sensors was stressed. 
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The instrument readings from the TMI aeeident and LOFT·Fp·2 were demonstrated by 

Dr. Adly Wahba (GRS, Germany). A thorough examination of the instrument 

information from the TMI aeeident shows that water level in the primary system and 

core relocation can be deducted. The diHiculty is, of course, 10 interpret instrument 

readings (e.g. SAM detectors) outside normal operation, in particular in a severe 

accident situation. In first place there is a lesson learned that some instruments may 

have a different interpretation, e.g. the SRM deteetors indieating a water level 

decrease instead of increasing power. The second step 10 use this information needs 

further work. An interesting point was made from the LOFT-FP-2: a sharp temperature 

increase in a thermocouple was caused by cable shunting, Le. the measurement 

system gives additional information if understood. 

Three papers dealt with instruments used in experiments, LOFT·FP·2, PHEBUS, HDR 

and the BaMelle Model Containment. It should be emphasized that the purpose of 

instrumentation in experiments and nuclear power plants is different. Experiments 

usually have elaborate equipment to gel as much information as possible from various 

phenomena and for code validation. The purpose of instruments far aecident 

management is 10 understand reaeter aeeident status and to seleet the best accident 

management strategy. 

Mr. Roland Zeyen (C EC/JRC Ispra) presented the PHEBUS projeet, in partieular the 

instrumentation and methods used to extract experimental data. Several sophistieated 

instruments measuring steam flow rate , hydrogen rate , oxygen potential, as weil as an 

aerosel light extinction photometer, etc. to get a full understanding of the experiments 

being performed. Some of the containment instruments eould be of interest far current 

reactors such as Maypacks (iodine measurements) and sequential sedimentation 

coupons. 

Another presentation from an experimental facility, HDR and BatteUe Model 

Containment was given by Dr. Teja Kanzleiler (BatteIle, Germany). His experienee of 

temperature, pressure, steam content, hydrogen and aerosol measurements trom 

these experimental facilities and the possibiJity 10 use these instruments in commereial 

faciJities was discussed. 
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In partieular a sampling system using a long stalk eould be used if it is possible to 

provide it with the necessary safety features. 

1I was also pointed out thai not only instrument qualification could be achieved but 

also better understanding of the system response 10 different phenomena. 

The discussion al the end of the session brought up interesting information needs. for 

example, how ean the plant staff understand where the eare is located: in plaee, in the 

lower plenum, in the cavity or somewhere else in the containment. This also implies 

the diffieulty to judge it vessel melt-through has oceurred. 
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ABSTRACT 

An essential element to accident management is having as clear a picture as is practical of the 

plant status and thus of the accident end its progress. Effective, appropriate decisions to control 

and mitigate an accident are dependent on making this assessment of the accident. The objective 

of this paper is to stimulate consideration of unconventional plant information sources through 

discussion of specific examples. 

A plant's condition during an accident can be characterized by plant parameters such as 

temperatures and pressures and by plant system operational status. Fer example, cere damage 

is associated with increasing temperatures, pressures, and radiation levels in many different 

systems and plant areas. Reg. Guide 1.97 instrumentation exists to provide information to allow 

operators to take specified manual actions (Type Al, to indicate whether plant salety functions are 

being accomplished (Type Bl, to indicate the potential lor breach 01 barriers to fission product 

release (Type Cl, to indicate operability 01 indMdual salety systems (Type Dl, and to indicate the 

magnitude of radioactive material releases (Type E). Reg. Guide 1.97 instrument range 

requirements, with the exception of pressure instruments, address conditions up to design basis 

conditions. Pressure instrument range requirements exceed design basis conditions. Ouring a 

severe accident, some instruments may not see conditions beyond their design basis. 

Effective accident management includes the ability to establish a consistent picture of the accident 

by accumulating information fram as many sources as is practical. Operability of systems and 

components, and non-safety related temperature, radiation, pressure, and water-Ievel indication 

can be used to directty indicate, measure, er infer plant parameters which confirm, augment or 

replace those otherwise available. Innovative uses of information sources thus serve to increase 

the diversity and f1exibility of accident data available. 80th the value and rate of change of key 
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plant parameters can be directly measured or inferred from plant instrumentation. Even when the 

aetual measured values for a particular instrument are less accurate than normally required, 

valuable information may still be obtained. Trends observed in the time·dependent behavior of 

that instrument can provide valuable information in how the accident is progressing. The failure 

of instruments themselves (especially those for which defined service condition requirements exist) 

can yield information about plant status. 

Selected plant·specific examples of unconventional uses of plant information sources will be 

discussed in detail. Monitoring of secondary side cooling water system temperature can be used 

to inter core status and the ability to successfully remave heat to the ultimate heat sink. 

Containmentjreactor vessel temperature can be used to inter core status and heat removal 

requirements. Tank pressure indication (e.g. pressurizer reliet tank, waste gas surge tank) can 

be used to inter containment status. Tank level indication can be used to infer 1055 of inventory, 

system or containment overpressurization. Water temperature increases, pump discharge 

pressures and pressure drops acrass pumps can be used to infer containment status. Use of 

process or area radiation monitors can be used to inter core status and fission product releases. 

Considerations regard ing the use of unconventional information sources will be discussed. Plant· 

specific operator actions and procedural requirements may have significant impact on assessment 

of plant status. Instrument range capabilities may be signlficantly larger than the 

required / indicated range. Instrument accuracy requirements during an accident may be less 

stringent, allowing the use of marginally functional instruments. Information fram locally indicated 

instrumentation may be unavailable due to harsh environments. (However, the presence of such 

environments would represent additional valuable information.) Cerrelatien of instrument data to 

accident conditions such as temperature, pressure, core status, and magnitude er rate of radiation 

releases may require development of calculations and associated tables er cUlVes (this is being 
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addressed in an EPRI project described in a separate paper). Such analyses could be developed 

in advance. 

In summary, this paper is intended to stimulate consideration of creative ideas for use of existing 

information sources to successfully m~nage an accident. Through the examples and discussion 

presented, it is intended to demonstrate that obtaining information to manage an accident can 

come fram a variety of sourees, some of which are unconventional. 
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INTRODUCTION 

The goal of this paper is to initiate and facilitate further consideration and discussion of 

unconventional information sources that are useful in Accident Management. Accident 

Management consists of actions taken during the course of an accident by the plant operating and 

technical staff to prevent er minimize off-site radiation releases, gain contral and return the plant 

to a safe state, and rrtinimize damage to the plant. In addition. Accident Management consists 

of administrative and programmatic efforts to plan for and support actions taken by plant staft. 

Inherent in accomplishing these goals is obtaining as clear a picture as is practical of the nature 

of the accident and plant status. Development of a consistent and coherent understanding of the 

accident and plant status requires plant staft to evaluate and interpret data trom a wide range of 

sourees. This paper provides an overview of the breadth of information sources potentially 

available during an accident and discusses key issues related to evaluation and interpretation of 

the information trom these sourees. 

Most plants already have some established sources trom which information about the plant during 

an accident can be obtained: 

• Plant Instrumentation, including Reg. Guide 1.97 instrumentation 

• Information sources identlfied in abnormal operations er emergency 
operations procedures 

However, the abeve information sources have some limitations. For example, past probabilistic 

risk analyses have shown that events involving lass of key electrical support systems can be 

significant contributors to core damage. Such events could jeopardize er degrade instrument 

availability. Plant-specific accident procedures and interpretation of instruments intended for 
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design basis events may not be aiJplicable in severe accidents. Information sources such as other 

NSSS and BOP instrumentation may be available. 

A diversity of other potential information sources exist which may yield valuable information 

regarding the plant status during either a design basis or severe accident. 111is paper examines 

some of these other unconventional sources of plant information and how they could be used in 

accident management. Examples include inferences of plant status trom the operability condition 

and loeation of systems and components, measurements and trends trom instrumentation not 

normaJly intended to lunction during an accident. and the presenee of locaJ harsh environments. 

Thus, the information resources available for accident management consist of Reg. Guide 1.97 

instruments as weil as many other potential sources. 

Rgure 1 deplcts the conceptual relationship between the varlous instruments that comprlse 

resources for accident management ~ may be argued that the degree of overlap between 

accident management and safety-related instruments should be greater or that the relationship 

should be depicted differently. We have presented Figure 1 this way intentionally to provoke 

diseussion. Safely related instruments are a subset of balance of plant (BOP) and NSSS 

instrumentation. Reg. Guide 1.97 instruments are a special subset of safety related instruments 

dedicated to accident monitoring for design basis events. Instruments uselul in aecident 

management include Reg. Guide 1.97, same safety related instruments, and same non-safety 

related BOP and NSSS instruments. 

111is paper provides an overview of some unconventional plant information sources wrth the 

objective of stimulating consideration of this aspect of accident management. This overview does 

not represent systematic evaluation of all potential information sources, but rather a sampling of 

some ideas gained trom abrief investigation. As a means to validate the concept of innovative 
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Figur. 1 

SCOPE OF INFORMAnON SOURCES 
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uses of specific instruments, a detailed discussion of four specific ideas and their application at 

a plant is presented. A discussion of important issues to be considered in using more 

unconventional information sources is also provided. EPRI is conducting a systematic (though 

not comprehensive) evaluation of accident management information sources and their application 

in aseparate project that is currentty underway. 
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OVERVIEW OF UNCONVENTIONAL PLANT INFORMATION SOUR CES 

There are several ways in which additional information regarding plant status during an accident 

can be obtained. Any instrument that is still funetioning may provide direet or indireet 

measurement of plant conditions from which valuable information regarding overall plant status 

and aeeident status ean be obtained. Observations of system, subsystem, or eomponent 

operability, inoperability, or fallure may imp/y the presence or lack of plant condltions whieh 

confirm or clarify plant status. In add~ion, surveys taken to establish accessibil~ to key plant 

areas may identify loeally harsh eonditions whieh indicate plant status and aeeident status. 

Examples of the type of information on plant status that is desirable in an accident include: 

• Reaetor vessel pressure 

• Reaetor vessel water level 

• Core temperatures 

• Fission and deeay power level 

• Containment pressure 

• Containment temperatures 

• Containment water level 

• Containment radiation levels 

• Containment relative humidity 

• Reaetor / Auxiliary Building room pressures 

• Reaetor / Auxiliary Building room temperatures 

• Reaetor / Auxiliary Building room water levels 

• Reaeter / Auxiliary Building room radiation levels 

• Reaeter / Auxiliary Building relative humidities 
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Although many plant instruments are normally intended for use only during non-accident 

conditions, these instruments may have the capabilrty to measure a parameter over a much wider 

range of conditions. 

Figure 2 coneeptually depicts the potential applicability of many classes of plant instruments to 

accident management. Plant instrumentation is often required to function over a narrower range 

of plant conditions than those over which ~ is ~ of operating. For example, pressure 

sensors similar to these found in fossil power plant boilers can measure pressures weil in excess 

of normal process conditions. Many instruments may provide usetul information under severe 

accident conditions. 

The following subsections provide an oveMeW of the range cf potential sources of information that 

may be available during an accident. Examples of direct end indirect measurement of key plant 

parameters are given. Examples are given of how inferences can be made tram observations of 

component operability jinoperability. 

DIRECT MEASUREMENT OF KEY PLANT PARAMETERS 

A variety of instruments may provide direct measurements of key plant parameters which indicate 

plant status. Same cf these instruments are addressed in the scope of Reg. Guide 1.97: 

Soures Range Monitors 

In PWRs, souree power, intermediate, end tull power range radiation detectors exist outside of the 

reactor vessel to track power during startup, shutdown, end normal operation. These devices are 

part of the Rag. Guide 1.97 scape and directiy measure thermal neutron flux. An increase in 
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Figure 2 

POTEr-mAL APPLICABIUTY OF INSTRUMENTS 
TO ACCIDENT MANAGEMENT 

NORMAL 

: R<9 . Guid< 1.97 

ABNORMAL ACCIDENT 

PLANT OPERA TlONAL REGIMES 

198 

SEVERE 
ACCIOENT 

Normal ronge of opp licobility 

Actual rang e of opp l ic obili t y 
fo r ac cident managem ent 



Unconventional Sources 0/ Plant information in Accident Mgm 't. 

measured flux could indicate reduced water shielding due to decreasing cere water level or 

increase in the void fraction in the cera. This symptom could provide a very early indication of an 

accident. (This effect was abserved in tha TMI-2 accident, tor example.) 

Heated Junctian ThermOCQuples (Reactor Water Level) 

This is the reaetor vessel level indication system used in most CE PWRs. It is part of the Reg. 

Guide 1.97 scope and directJy indicates tha coolant laval in tha cora. For BWRs, Rag. Guida 1.97 

specifies BWR Corall1ermocouples as a diverse means 01 indicating water level. However, these 

are incare instruments and may not function during a severe accident. 

Cavity / Reaetor Vessel Temperature 

Same plants have temperature sensors located in the reaetor pressure vessel cavtty er pedestal 

area as part 01 the cavity ventilation cooling system. In some plants, these sensors are located 

approximately at reaetar vessel midplane and just below the battom of the reaetar vessel. 

Signmcant temperature increases or a rapidly increasing trend could indicate core damage or 

vessel failure. 

INFERENCES OF PLANT STATUS FROM OTHER INSTRUMENTS 

A variety of instruments may provide information tram which inferences about the plant status can 

be made: 
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Heat Exchanger autlet Water Temperature 

Both PWRs and BWRs use service water systems to provide cooUng to essential and non-essential 

heat leads such as reaeter coolant pumps and containment air coolers. For example, PWR 

reaetor ceolant pump seals are sometimes cooled indirectfy through service water or component 

cDoling water heat exchangers. Therefore, an increase in heat exchanger outlet temperature ceuld 

signify an increase in primary coolant temperature. A trend in heat exchanger outlet temperature 

could be correlated to the expected trend in primary coolant temperature resulting from various 

accidents. 

Tank Pressures and Levels 

Key tanks such as accumulator tanks, quench tanks, and condensate storage tanks are 

addressed by Reg. Guide 1.97. There are other tanks trom which valuable information may be 

inferred. In some Babcock & Wilcox PWRs, the reaetor coolant makeup tank is instrumented for 

temperature, pressure, and level indication. These parameters may be correlated to primary 

coolant cond~ions depending upon the type of accident and whether the tank is isolated. In some 

Westinghouse PWRs, the component cooling water system is equipped ~h surge tanks which 

are instrumented tor level and pressure indication. An increase in surge tank pressure or tank 

level may indicate an interfacing system LOCA through thermal barrier cooling coils. A rapidly 

decreasing tank level may indicate a line break in the component cooling water system which 

would indicate a lack of cooling to satety related components cooled by the component cooling 

water system. 
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Process Radiation Levels 

Reg. Guide 1.97 requirements inc!ude virtually 811 primary coolant radiation mon~ors, SGTS 

radiation mon~ors (BWRs), containment effluent mon~ors (PWRs), and condenser effluent 

monitors. However I process radiation monitors in other systems such as service 

water /component eooling water may indicate presence of radioactive material whieh may indicate 

same fuel damage or an interfacing system loss of coolant. Radiation monitors in the radwaste 

system (e.g. the waste gas system) may be used to indicate increasing levels of radioactivity in 

gaseaus and liquid radwaste, possibly indicating tuel damage. Stack radiation mon~ors may be 

used to trend increasing radiation releases and correlate them to tuel darnage. 

pump Inlet / Di5charoe Pressure5 

Changing pressure conditions at the inlet and/or discharge of a pump may indicate 

depressurization,loss of coolant, or increasing containment pressure. Many pumps have pressure 

indication on the discharge and/or inlet sides. For example, increasing temperature in the primary 

coolant and related components may resutt in an increase in component ceoling water 

temperature, which will increase system pressure. This pressure effect will impact pumps in the 

cooling water system. In addition, changing pressure and temperature conditions in the reactor 

cere and containment after an accident may be correlated to pressures seen at spray and injection 

pump discharges and inlets. 

Ultimate Heat Sink Temperature 

If the ultimate heat sink i5 not a natural body of water, then the temperature of the eooling ponds 

or eooling tower basin water may be an indirect indicator of increasing coolant temperature and 
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increasing component temperatures. An increasing temperature trend may indicate a loss of core 

eooling cr a loss of primary coolant 10 a secondary system O.e. an interfacing system loss of 

eoolant). 

INFERENCES OF PLANT STATUS BASED ON SYSTEMj COMPONENT OPERABIUTY 

The observed operability / inoperability of systems and components and observations of plant 

conditions can provide information about the plant conditions during an aceident. In this sense, 

the plant operators themselves constitute an extremely valuable source of information. Harsh 

environmental conditions related to the accident (radiation, temperature, humidity) may exist in 

certain areas where equipment is not functioning. The loeation and nature of the environment 

(obtained trom local surveys or remote instrumentation) can provide information regarding other 

systems and components that may be affected and additional information about how the accident 

is progressing. A component or system may not operate due to system conditions caused by the 

accident, e.g. pressure reaching pump shutoff head, isolation of non-safety related electrical 

systems, ete: 

Failure of temperature measurement devices in or near the reactor (e.g. 
RTDs, heated junction thermocouples (HJTCs), core exit thermocouples 
(CErs) may indicate minimum temperature conditions in the core. 

• This information would be valuable in estimating core damage and potential 
fer subsequent releases. 

Successful operation of a component may indicate the lack of adverse 
conditions, e.g. continued function of components that are not expected to 
operate when submerged provides same indication of containment water 
level. 
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DETAILED EXAMPLES 

The following sections discuss tour specific examples cf unconventional sources of plant 

information during an accident. Each example will be discussed in terms of how it would be 

applied at a plant. These examples are plant-specific in same cases and may not be typical of 

a given reactor type. The examples are as folIows: 

• Reactor Vessel Pressure and Level (BWR) 

• Heat Exchanger Outlet Temperature (CE PWR) 

• Cavity Temperature ~ PWR) 

• Pressurizer Relief Tank Pressure (B&W PWR) 

Reactor Vessel Pressure end level (eWR) 

Reactor vessel pressure instruments in the Gore Spray System and systems with lines directly 

entering/exiting the reactor vessel at BWRs have potential applications to measure reactor vessel 

level and pressure. Gore spray differential pressure indication as discussed below could be used 

to provide additional confirmation of the core water level. Use of RWCU pressure indication as 

discussed below can provide earty indication of a 1055 of reactor pressure. 

Reactor vessel level indication is possible via differential pressure indication associated with the 

Core Spray System (Ag. 3). Pressure sensors located on the core spray inlet lines to the reactor 

vessel measure the pressure difference between the core spray sparger elevation in the reacter 

vessel and the bottem of the reactor vessel. This enables detection of cera spray tine breaks, and 

in sorne BWR designs allows different core spray loops to be initiated er suppressed selectively. 

These instruments are typically indicated on Gore Spray panels. In general, the measured 
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pressure difference will be the sum of the pressure differential due to flow through the jet pumps 

and the statie head assodated with the reador vessel water velume. Depending on the type of 

aecldent and the souree of makeup water entering the cere, flow through the jet pumps may or 

may not exist. A knowiedge of the flow rate entering the jet pumps could allow calculation of the 

pressure differential associated with the jet pumps. lf the water temperature is known, the water 

density can be estimated. The static head can then be estimated as the difference of the 

measured pressure differential and the pressure change across the jet pumps. Knowiedge of 

reaetor vessel geometry and the static head can be used to estimate the reaetor vessel water 

level. Many of these calculations could be prepared in a parametric manner to allow determination 

of reaetor vessel level. Input parameters would be recirculationjinjection ftow rate and reaetor 

vessel water temperature. AppliCaibility of this particular idea is limited to BWRs with differential 

pressure indication on care spray lines. 

Direet measurement of reaetor vessel pressure is possible using Reador Water Clean·up (RWCU) 

System pressure instruments (FtQ. 4) . Reaetor vessel pressure indication is provided on the line 

from the reaetor vessel to the suetion of the Reaetor Water Clean-up (RWCU) Pumps. This 

instrument is typically indicated on the RWCU panel. This line is isolated by motor operated 

valves. Since the RWCU system operates during tull power operations, an event resulting in 

depressurization would be sensed by RWCU pressure indication prior to isolation. Subsequent 

to isolation, it would be necessary to open these vaives and to close the RWCU pump suetion inle! 

valves to maintain isolation. Since RWCU systems typically operate under tull power conditions, 

the range of RWCU pressure instrumentation would be expeeted to include pressures in exeess 

of 1CXX> psia. In addition, it is often the case that pressure sensor aetual range capability is mueh 

greater than the range requirement (as discussed eanier in this paper). 
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UnconvenJionaJ Sowces of Plant lnfonnation in Accident Mgm 't. 

Heat Exchanger Cutlet Temperature (CE PWRl 

It is possible to indirectly estimate trends in cere temperature by monitoring the temperature of 

secendary cooling water systems which are providing cooling to components in contact with 

primary coolant. 

At CE PWRs, essential equipment is typically cooled by a dedicated service water system which 

is only used during an accident. This system is designated the Essential Cooling Water System 

(ECWS). This system is a closed leep cooling system which removes all heat necessary to safely 

shutdown the plant and which rejects !his heat to an ultimate heat sink. Figure 5 depicts a typical 

ECWS configuration. The ECWS includes !wo heat exchangers which rejeet heat to essential 

spray ponds. Each ECWS heat exchanger is equipped with a locally indicated temperature 

instrument which is normaJly used to monitor heat exchanger performance. This instrument, if 

accessible, could be used to trend ECWS water temperature and thus indirectly trend primary 

coolant temperature. 

Additionally, the essential cooling water temperature at the outlet of the shutdown heat exchangers 

is also monitored. The advantage of this instrument is that it is usual1y indicated both local1y and 

in the control room. 

This idea is generally applicable to most plant designs because all plants have an ultimate heat 

sink and a methed of transferring heat trom primary systems and components to the ultimate heat 

sink. 
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Unconventional Sources of Plant Infonnation in Accident Mgm 'r. 
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Unconvenn"onaJ Sources of Plant Information in Accidem Mgm 't. 

Cavity Temperature (W PWAl 

Indireet indication of cere temperature and its rate of change is possible through monitoring the 

cavity temperature. Core temperature trends can be important in determining the potential for 

core damage and radiation releases. Temperature elements associated with the cavity ventilation 

system are sometimes located in the reaetor cavity adjacent to the reaetor vessel below the 

inletj outlet nozzle elevation and at the bottom of the reactor vessel (See Fig. 6). These 

temperature elements are used to sense cavity air temperature. Cavity ventilation systems must 

maintain cavity air temperature below certain design maximums. These temperature elements can 

be used to monitor trends in core temperature based on the assumption that the cavity air 

temperature is proportional to core temperature. The temperatures measured by these elements 

are indicated in the control room, so the information is readily available. Frequently, there are 

ether containment ventilation systems with associated temperature elements that mayaiso be 

used in a similar manner. 

The applieability of this idea to other plants depends on the presenee of a cavity ventilation system 

and associated temperature sensing devices. The location and distribution oftemperature sensors 

is also important. However, many plants have ether types of containment ventilation systems, any 

of which may have temperature sensors in useful locations. 

Pressurizer Relief Tank Pressure lB&W PWAl 

Relief tanks are typically instalied in PWRs to accommodate steam releases trom the pressurizer 

(See Fig. 7). Arelief valve between the pressurizer and the relief tank provides a means to 

prevent overpressurizatien of the pressurizer. Relief tanks are designed to handle pressures on 
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Figur. 6 

W PWR REACTOR CAVITY TEMPERATURE 
INDICATION CONFIGURATION 

210 



Unconventional Sources of Plant In[onnation in Accidem Mgm 't. 

Figur. 7 

B&W PWR PRESSURIZER REUEF TANK CONFIGURAnON 
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Unconventional Sources 01 Plant Inlonnation in Accident Mgm 't. 

the order of 100 psig. Monitoring relief tank temperature, pressure, and/ or water level can help 

to detect events involving depressurization through stuck open pressurizer relief valves. 

These relief tanks are also installed with rupture disks to relieve overpressure in the tank resulting 

tram planned "feed and bleedM operations and to provide same overpressure margin. Although 

some rupture disks are designed to rupture at the preset pressure in one direction only, a failure 

of the tank rupture disk coupled with relatively low tank pressure indication may oceur. Sueh a 

failure would indicate high containment press ure. Subsequent to such a rupture disk failure, the 

tank pressure indication would indicate containment pressure and eould be used to monitor 

containment pressure. Thus, "inwardM failure of the tank rupture disk is a kind of high containment 

pressure alarm and indicator. 

This idea is generally applicable because pressurizers and associated relief tanks are present in 

almost all commercial PWR designs. However, the ·setpoint" of the relief tank rupture disk may 

vary and is very important in interpreting the failure of a relief tank rupture disko 
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Unconventional Sources 0/ Plant Infomlation in Accidenl Mgm 't. 

CONSIDERATIONS 

Application of the above ideas and similar concepts also requires consideration of several key 

issues related to the availability and applicability ot the information obtained: 

• Many ot the instruments that may be used may have the capability to 
measure a parameter over a much wider range than that required, indicated, 
or specified by the vendor for nudear applications. Therefore, a good 
understanding ot actual instrument ranges and the accident range tor the 
variable of interest would be advantageaus. 

• Instrument accuracy requirements during an accident may not be as 
stringent. Approximate measurements or the ability to measure a trend may 
be sufficient. 

• The location ot instruments must be considered with respeet to expeeted 
environmental conditions resulting from an accident. Instruments providing 
useful data may not be located in accessible areas. 

• Successful correlation of measured parameters to key plant parameters such 
as core temperature or containment pressure may require analysis and 
assumptions to obtein a useful correlation. Many of these anatyses could be 
campleted in advance in a pararnetric manner, tacilttating their use. 

• Operator actions may affect the assessment cf plant status. Required 
operator actions dunng a particular eccident should be considered when 
developing the expeeted candttions and expeeted instrument responses tor 
a given accident. 

• Portable instruments could be used to measure data ovar a wider range or 
to higher accuracy. Such instruments could be connected to existing 
instrument channels. 
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Unconventional Sources of Plant Infonnarion in A cc:ident Mgm 'I. 

CONCLUSIONS 

The purpose of this paper is to demonstrate the diversity of other information sources tram which 

valuable information could be obtained regarding plant status during an acddent. While the above 

examples do not represent a comprehensive list of possible information sources, they indicate the 

potential that exists for obtaining useful information during an acddent from sources other than 

dedicated accident instrumentation. 

It is hoped that further discussion and consideration will be given to the wide array of potential 

information sources available during an acddent when developing acddent management 

guidance. Plant specific characteristics and potentiallimitations must also be evaluated. This 

paper shows that several other potential sources of information exist to help confirm the 

understanding of plant status during an accident. 

Discussions with other nuclear professionals in preparing this paper have convinced us that the 

nature and diversity of the ideas discussed in this paper indicate that such information sources 

exist at many plants. Strang plant specific knowledge of the plant response in various conditions 

coupled with a good understanding of expected conditions du ring accidents will anow the 

identification and application of a wide range of information sources to assist in effective accident 

management. 
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Abstract : Many pressu re vessels s how streng internal ga mma 
sources ""h ich can be used for water leve l 
measurement. Following tWQ possibiliti es are 
descripted for such ap pli cation s . Some e xper i ­
mental re su lts are shown for ane method 

The mon i t o r- i n9 of the water 1 eve 1 in pressure vesse 1 s i s 
endowed with high sB f e ty t echnical imp ortance in 211' power 
plants ""ith wate r coo led reactors . Such pressu r- e vessels 
are th e r eactor-. the stea m generator and the pr-essllr;:z.e.r. 
Up t o date the water leve l indication is real ized with 
medsur ing s ystems ""hi e h are bas ed on th e measuremen t o f 
pr es su r e d ifferen c e s. lf there are boiling conditi ons then 
it exi sts ever the danger of rel a tiv great measuring f ~ ults 

caused by the void generation ;n th e compari s i on t ub e 
during grea t negativ pr essure gradien t s. 1n order t o 
undermine this fault s in nuclear power plants there are 
some different systems mea suring the pressu re difference. 
But thi s isn' t a methodical diversity . After the accident 
in TM I -2 worldwide activities there hav e been in order t o 
develop other water level measur ing methods whi ch are 
showing the importan c e of the problems . /1/ . /2/ . /3/./4 / 
One unconventional wate,- level measur-ing method is based on 
the utilization of the internal gamma activity whi ch exi s t s 
in all pressure tanks ,"eckoned up above. F o r th e d i f fe,­
tanks are derived different. measuring algorithms in I"eason 
of different propet-ties of the gummü sourees . But. some 
principles are likewi se valid f or a ll applicat i ons . 

developmen t of divers 
pa rameters o f pressu t"e 
it s hould be used Out-

- The aim of these researchs i s the 
measur ing systems for internal 
vessels with the proper ty that 
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core ga mma detectors on 1 y. Th ose h ave the advan tage of .1 

s ma 11 er probab i 1 i ty o f des tru r: t i on o f th e de t ec tors in 
a cc idents in compari s i on to in-core detectors. Possible 
dPp l i cation s are the water level mea s urement in reactors 
and steam generators but the indi c ati o n o f core smel ti ng 
too. For the fitting there i s not the necessity of 
const ru c tive modi fi ca t ion s . 

- The res ults of the gamma measuremerlt are connec ted 
resul t s of apressure mea su remen t or apressure 
temperc!lture measurement in th e tanks to determine 
IIlixlu re l ev~l. 

wi th 
. nd 
th e 

- In order to eliminate the dependance o n the gomma sour e e 
st rength on the reactor is used a eompos ite detectof·. 
Thi s detec tor is arranged at c!I p o i nt c!lt whi eh water 
level c hanges hove not an influence on the detector 
s ignol. 

- The measuring algorithms are based on measurement of the 
N-16 radiation from the primary water . This measuring 
system have a time limitation regarding availabilily 
bec ause the Nitrogen N-16 radiati on exists during power 
operati on and some minutes afler sh utdown only. But 
such c!I system i s available fOt~ the most a n d most 
imp or t ant situc!ltions. 

2. Water l evel indica tion o n the s tea m g e n e ra tor wi th 
U-tubes ____________________________________________ _ 

The gamma souree is the rad i o a e tive primary wate r in the 
U- tubes. The souree strength is a functi o n of reae tor 
power. the but~nup cond i ti o n . the con centra t i o n o f oxygen 
0- 16 in the primary water , the mas s fl o w of the primat· y 
w~ter and the eoncentration of activated corrosion produets 
and fiss ion products in thl? primary wc!lter. The Ni tr ogen 
N- 16 domin~tes "bsolutly in that gamma souree. It ; s 
generated b y the neutr o n eapture reaetion; 

0- 16 (n.p) N- 16 

Nitrogen N-16 radiates with t wo gamma energies . 6.1 and 7 . 
MeV and have in the stec!lm generator an average concen­
tration ..,bout 100 ~Ci /c m3 during fu l l power. 
The 1 eve 1 o f the seeondar y water ; s the medsured v ar i ab 1 e. 
The secondary woter is a two p h ase mix ture with an unkno wn 
d e nsity and an unkn o wn density di s tributi o n . The water 
level is normal ly in the area o f the water steam separato r . 

The measuring algorithm is ba sed on the tran s mi ss ion method 
s imilar o ther applieations but with ou t using a point souree 
but CI big cy lind ri eal volu me source. At first this method 
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will be attributed to d point source problem how it is 
s hown in fig 1. 

Det:.l 

H 

D.t:.2 

1 

Det:.3 

1 gaMMB point 50urce 

Figure 1: W~ter level measurement und er point source 
conditions to represent~ti on of the measuring 
principle for a steam generator 

The gamma flu x density in the detector position can be 
calculated with the exponential law 

~o/4/x/l2-K·exp(-m·C-h) ( 1 ) 

~ gamma flux density ( cm- 2s- 1] 
1 distance source detector [crn] 
K attenuation fa c t or of construetion material 
m mas s absorption coefficient o f water [cm2/g] 
~ density of water [g/cm 3 ] 
h water level over the souree [em] 

0 0 i5 known with using of the deteetor 3 and the product 
C·h can be detemine with eq. (1). In order to calculate the 
wa ter 1 eve 1 H over the gamma souree i t i 5 neeessary to 
determine the water density. If the water in the single 
phase sta te then the dens i ty can b e determi ned wi th the 
measurement of pressure and temperature but if the water in 
two phase state then the water density of the boil ing-line 
can be determined only. Therefore the m.!lSs level on ly ;s 
definable. If the deteetor 2 is situated so that the point 
p$ i5 under the water level H then i 5 the o!Iverage water 
density defina ble and we can calculate the mixture level. 
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W i t..h the a x i a 1 detector shou 1 d b e measured the mi.'tss 1 eve 1 
over the U-tubes on pr i ne i p 1 e . detector 2 i s used for the 
mix ture level deteetion and detector 3 i s u sed fOI~ the 
eli minati on o f th e gamma souree properties. 

Det . 1 

Dcet.2 

Det.3 

Figur-e 2 Steam generator with U-tub es and th e gamma 
de t ector system for water level mea surement 

Sonls principles and su ppos it ions are valid f or the detector­
C'u-rangement.. . 

Through the s t rong self att..enuation o f the U-tubes the 
detl?ctors can' t look very deep ;n the LJ-tube bundle. 
C~leuldt;ons showed t ha t the gemma flux at the deteetor 
1 1s caused to 99% by the sphero:~ cll~ea of the U-tubes 
I n th; 5 reason we eons i der f u r t her th e sphere on 1 y. 

2. Tht:: del~ct..ors arE- so situated thal t..heir ax;ses cross i n 
th.-- point.. Po. Therefore the influenc€! of the pOI~tion 
U-tube rnaterial on I-lq is under~m;ned dnd I-lq i5 about 
equal for all detectors . 

3 . III lh ~ calculation 
r-adiCltion by N- 16 

is 
on 1 y. 

c:onsid",,'-ed the un co llid ed ga mm a 
Th is '"uduct..ion do&sn' t have an 

influence on t he pr-fn cip l e o f t his nl e.:ts lH~ing m~thod . 
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The souree volume is eomposed by the three eomponents 
primary water. U-tube materials and secondary water. This 
vo lume is homogenized for the following considerations 
regarding the gamma aetivity and the 1 inear attenuation 
eoeffieient. We ean suppose that the speeifie aetivity a 
i s eonstant in th i 5 area. The 1 i near at tenuat i on 
eoeffieient whie h is deseripting the self attenuation of 
the gamma souree is ealeulated to 

with 

v1 

" v 
V 

v2 = V2/V q . Vu :: Vu/V q 

lin. attenuation eoeffieient [cm- 1] 
vo 1 urne por t i on 
volume [cm 3 ] 

index 1 - primary water 
2 - secondary water 
q - souree 
u - U-tubes 

We ean ealculate the three deteetor signals to 

S1 

52 

S3 

J a.Kl/r2.exp(-~q.L1-~(~li·Lli)-m'Cwl .Lw1) dV 

Vq 

• 
K 
r 

J a.K2/r2.exP(-Uq·L2-~(~2~.L2~)-m·Cw2.Lw2) dV 

Vq 

J a.K3/r2.exp(-~q·L3-~(~3i·L3i») dV 

Vq 

speeifie aetivity (S-1 · em-3] 

L 
index 

K = Ed/4/x with Ed deteetor effieeney 
distanee from souree point to deteetor [ern] 
thiekness of material layer [ern] 
1 - deteetor 1 
2 - deteetot~ 2 
3 - deteetor 3 
w - seeondary water 

- number of construetion material sheet 

(2) 

(3) 

(3 ) 

(4) 

(5) 

Eq. (3) have four unknown variables a. ~q. Cw and Lw. This 
underdetermination requires a eombination from relative 
value measurement and ealibration . For this proposal the 
following signals are ereated. 

S 1 /S3 

S2/S3 
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Every change in the gamma souree proper ti es aetivity or­
sel f attenuation leads to about uniform e hanges in all 
three deteetor signals S1, S2 and S3. Beeause in S3 isn't a 
term for the gamma attenuation in a seeondary water layer 
the quotient generation eliminates in eq. (6) an d eq. (7) the 
properties of the gamma source. With that 51 and 52 depend 
o n seeondary water density and secondary water level only . 
With 5, is determined th e p roduet p, Ce·H1 fr o m a 
c alibration cha ra c teristic whi c h was c reated in exper iments 
in whi e h the water level was changed at known water 
density. The mass level i s determined with help of the 
product p,. lt can be written 

Cm1.hm1 ( 8) 

Hl ,. 
h m l ,., 

calibration water level for detector 1 [em] 
comparis i on water density during eal ib ration [g Jc m3] 
mass level [e m] 
average density for ma ss level [g Jcm 3 ] 

However, hml is ealeulated to 

hml = Ce .H1JCml (9) 

The value for ,.1 have to determined from pressure and 
temperature measurements. We ha ve to distinguished two 
cases. 

Case 1 . if pressure p , Pb oi 1 then ,ml f(p,t ) (10) 
Case 2. if press ure p Pb o ; 1 then ,ml f(Pboil) (11 ) 

In order to determine the mixture leve l the quotient 52 is 
analysed. rf the assertion 'h m1 over Ps' true then the 
thickness of the secondary water layer is ever the same 
between the souce and the detec tor 2 . Then it is possible 
to determine the water dens i ty with help of the c alibration 
product P2. 

(12) 

Now the void fraction a2 can be calcu lated to 

a2 = (,2 - ,")/(, ' -," ) 

With it we get the two parameters h~l end 
of thermal hydaulic ealculations it 
generate CI characteristic yield whi ch 
determinat10n of the mixture level hg. 

hog = f(hml ,0: 2) 
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is used for the 
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Figure 3: Measuring qu~nt;t;es and measu ring algorithm 
for wate .. level indication on steam generator 
with U-tubes 

T 

A part cf the descripted algor ithm was verified in some 
experiment s at the zero power reeeto .. ZLFR at the Technical 
University Zittau. On this redeto .. was realized a two 
detec tor system . The first probl em was the generation cf 
the ca libration characteristic. It was solved with changed 
wate .. leve l s aver the core at a constant reaetor power. The 
result was the characteri stic in fig.4. /5/ 

. , 
, «""'" : t hz 
e c 
! 
e x -<O< • i:-

..:-

' E""", 

" .. ". ". '''' ... 
helgh t. (e",, ] 

Figure 4: Cali bration char acteri stic for the water level 
indication on the ZLFR 
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Th e seco nd problem was the ch eck of this character- i stic. Jn 
these experi ments the wa ter level was constant a rid the 
rea c tor-
fig.6. 

! 
t 

power wa s 

oe 

changed . The 

,. ,,. 

,. ,,. 

r-e s ult s are in 

,. 

.. 

fig. 5 Cind 

thz 
legend: 

-." ~noo 

..... 1.1 _.­
_1. 1 

Figure 5: Water level measurement using internal gamma 
activity on the ZLFR at negative power gradient 

! 
t 

• 

Figure 6: Water level measurement us;n g internal gamma 
activ ity on the ZLFR at positive power gradient 
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Th e maximu m d i v e r g en c e wa s +/-2.5 c m. The rea son o f the s e 
d iverg e nces is t he occup~tion o f t he stat i s t i c al measu r i n g 
f a u lts. In proport i on t o t h e me a s ured po int the s tati s ti c al 
f o!'l u 1 ts a moun t t o beh.een 0 . 6% 5.5% . These ex per i ments 
p r o ved that th e quoti e nt $ 1 ;s indep e n ded o f the reac t o r 
p ower r es peetivly o f th e sou ree ac tivty. 

The me<!lsured 
p e rmissible 
lower lim i ts 

qua n tity i s the prim<!lry water level. 
range is between o ne higher and o ne o r 
in the area of the water steam separator. 

The 
two 
The 

wa ter i s in two phase s t a te too. 
Bu t in the BWR e x ist eon trary t o 
important gamma sout-ces . The on e 
one 1s the primary water itself. 
<!Ictivated over di s tingui s h way s . 

the s team generator two 
is the c ore and the o ther 
The primary water c an be 

transmissi on of f i s s ion pr o duc ts from the f uel 
elements 

2. pull of activated corros i on produ c ts 
3. <!Ictivated el emen ts i n th e p rima r y water 

Ou ring po wer operation t h e Nitr ogen N- 16 . whi ch is pr odu c ed 
o ver way 3 . generates the abs o lut e greatest portion o f the 
gamma flu x out side of the vessel in the area of the water 
s team separ<!ltor. This i s c aused by the high gamma energy 
t o o (6.1 and 7.1 Me V) . That gamma radiati on is r el evant f o r 
the mea s urement s i n th e ar ea o f the water steam s epara tor. 

3 tO D .. ~. I 

..a D. ~. Z 

J.O D., t: . 31 

t~4~==:::==f="'Ö De t: . " 

I .WM pr •• • u~. v • •• •• 

2 c .. r . 

:J ... i",*ur. '.v.' 
4 v' . u v' . ld .. , ~h. d.~.e~ .. r~ 

~hr .. u.h e .. " 1 .... ~I .. n 

F i gure 7: Bo iling w<!l t er reactor with ade tector 
<!Ir r angement us ed f o r wa ter lev e l mea s u r ement 
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Beeaus e we find tI~o dist i ngui s h sources it isn't possibl e 
t o use th e fTI B ,ÖlSU ( " i ng met_hoc! 1 ike on the s team g e nerato r, 
b ec au se it i sn' t possibl e to eliminate the gamma sour e €' 
properties with one c omparision detector. Therefore we must 
u s e an ot he r method. 

At firs t we ca n define t wo measured ranges one for reactor 
in operation time and ans for the time after shut down in 
which isn't N- 16 in the primary water. 
The main task for the first measured range i5 the evidence 
though the mixture level within the limits or not and so it 
S8ems enough that it should be ereated a measuring system 
with the properties of a switeh. 

." ~ • 
• , 
• ~ 
• , 
:;: 

0.15 

0.' 

0.25 

• 0.1 0.2 

thz 
Parameter 

.... 11t ... .. .... ... "-' ... 
5\:- .,5 r-a 

legend: 

1 ... --... 1_-
_.-... _".. 

S.l s." S.5 

wllter denslty [g/crrTJ] 

Figure 8: Relative gamma flux at the detector with the 
parameter distanee x from a point souree as a 
funetion by the water density wich is equal in 
the point souree and on the way from sour ce to 
deteetor . 

lf we eonsider the mixture level we see a distinetion 
between the water density upper and under the mixture 
level . This distinetion causes a change of the gamma souree 
properties specifie aetivity and self attenuation . If the 
water density in the souree is increasing the specific 
aetivity is inereasing also but the self absorption too. Tt 
is expeeted that this change eauses a change of the 
detector signal of adetector upper and of adetector under 
the mixtut~e leve l But the direetion of those changes is 
depended on the other parameters like dis t anee from sour e e 
to detector and the mass absorption coeff i e ient.(see fig.8) 
If we deteet this differenees we need sev eral detectors one 
upon the other. These detectors have to perform same design 
principles. 
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1. The deteetors ha ve t o s h ow a wide lOeasuring range and 
the same e ff1 c i eney properti es regarding gamma ener~gy 

and radiation dir ee tion . 

2 . The direetion peren d ieula r in the vesse l is favoured 
absol utl y thrOIJgh effieient e ombination of eollilOation 
an d inherent direet ional e hara c teristie o f the 
deteetors Every deteetor ha s his own separate source 
volulOe thr o ugh the eollimati on. 

3. All deteeto rs must get the same geometrical conditions 
in their view yie ld. They have to be parallel ea ch 
other. I f there are e onstru e t i ve di st i ne ti ons between 
the detectors correction facto rs have to been used. 

4. The detectors are s ituated perendi e ular one u pon the 
o ther . 

· \-OD.t .] 

I Det . 2 

. !-OD.LI 

F igure 9: Detec t o r arrangement on a BWR for water level 
indiction in the area of the water steam 
separator without internal construction 

This detector arrangement is sho wn in fi9.9. If we use 
ionization chambers then we get an analogeous cu rrent whieh 
is ealculated f or uncollided gamma radiation of the N-1 6 to 

Ii 

i ndex 

J a·Ki/r2·exp(-~q ;.Lqi-~(~j;·Lji)) dV 
j 

o utput e urrent [A] 
i - nu mb er o f detec t o r 

( 1 5) 

J - number of material l ayer be tween sour ee and 
deteetor 

q sour ce 
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The detectot~ signals Ji with . n 21re the input for a 
measuring algorithm after fl21ttening . 
Fir stly , it is looked for the maximum v a lue of th e detector 
signals. After th21t it is carried out a quotion forming 

Si (h) JijImax for . n ( 1 6 ) 

The quotients are independed of the specific activity in 
the primary water beeause the transit time f,om the first 
to the last detector is very short and the rad·ioaetive 
decay is hardly perceptible. Now we ean approximate a 
function on the values Si and we get 

S(h) " feS;) ( 17) 

I t is expected that this funetion have in the height of the 
water level 21 distior-tion. This distortion can be shown 
with forming the first derivation. 

S ' (h) " dS/dh ( 1 8) 

If eq. (18) shows a jump then the water level is localized 
between this two detectors which are limiting th e jump. The 
more detectors are used the bette, is the localization of 
the water l eve l 
It is used the N-16 radiation and after shut down this 
activity is increasi ng quiekly. That system is then not 
applicable but it is possible to switeh to a second 
measuring system which is operating like th e system on the 
steam generator (seetion 2.) using the core as gamma souree 
only. (sec ond measured range) 

In order to reconsideration of the above assertions some 
calcu lations was carried out. The basis method in this 
ca lculations is the Point Kerne l Method for uncollided flux 
out side of a eylindr i ca l souree with eylindrical 
absorption materials. The geometrical proportions are 
similar the KWU-BWR. Because the uncertainty of the portion 
of water steam separator material for the homogenizing the 
ealculation was earried out for some values for this 
portion. The axial void fraction distribution was 
approximated throug h one linear funetion for the water 
range and one other linear funetion for the steam range. 
The pat~ameter of this two linea r equat i ons was variable. 
Radial changes of the water or steam density were not 
eonsider ed. 
Tfl~ r'~'6u ll of Uds calculation is the uneollided gamma flux 
on t:he radial deteetot- positions caused by N-16. This 
result was analysed and we got for example the curve 1 ike 
in fig.10 whi eh is showing the jump in the first derivation 
of the S(h) -funetion very clear. 
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Figure 10: Water density and relative gamma flux density as 
function of the height in a r eactor. the jump in 
the first derivation loc alized the water level 

The water level measurement using the internal gamma 
activity is ane way to get a divers measuring system to the 
d i ffe r ence pressure mea surement. Through the elimina t ion of 
gamma souree properties through a comparision detector in 
section 2.2 or through the quotion forming in section 3.2 
the chances for such a measuring system are very improved. 
Some e xperiments have been showed the aptitude of the 
comparis i on dete ctor. Th e nex t works are going to carry out 
experiments on the zero power reactor for t wo phase state 
conditions ~nd f ur t her on power r ea e tors. 

/1/ J.P. Adams,V.T Ber t a . Monitoring Rea ctor Vessel Li q uid 
l evel with a Vertical Str ing of Self-Powered Neutron 
Detectors . Nucl. Sei. and Eng. 88 , 367-375 (198 4 ) 

/2/ H.Sc h midt . H . Reimann , H.Kiehne. Ein neues Ver f ahren für 
die Füllstandsmessung im Reaktordruckbehälter von Druek 
behältern. VGB Kraftwerkstechni k 65. Heft 7, Ju l i 1985 

/3/ E.Löhr, A.Walleser,G.Hübsc hen , Ultra-Sonie Liqui d Level 
Mon i toring , ENC 1990 Lyon 

/4/ Summary of lnadequate Core Cooling Instrumenta t ion for 
U.S. Nuclear Power Pl a nts. NUREG/CR - 5374. ORNL/TM-11200 

/5/ R.Stei n feldt. Nivea umessung am Reaktor - Oruckbehälter 
unter Ausnutzung interner Strahlungsquel l en , 
Diplomarbei t I H Zi t tau , 1981 
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1 Introduction 

In order to reduce the residual risk associated with hypothetical 

severe nuclear accidents, nuclear power plants in Germany have 

been backfitted with supplementary systems such as containment 

venting systems (Ref. 1) . In conjunction with these measures the 

German Reactor Safety Commission (RSK) imposed the additional re­

quirement that provisions be made for post-accident sampling of 

the containment atmosphere for the purpose of obtaining informa­

tion on the condition of the core and on potential hazards to the 

environment. In addition it is planned to take measures to reduce 

the hydrogen concentration into ac count when considering severe 

accident scenarios with hypothetical core melt accidents. These 

measures comprise deliberate hydrogen ignition at low concentra­

tions as weIl as the provision of a number of catalytic recombin­

ers. 

Measurement of the composition of the containment atmosphere is 

intended to allow assessment of the potential hazard for the area 

around the plant as weIl as providing additional information on 

the accident history, the plant condition and the effect of coun­

termeasures. In addition to the measurement of atmosphere temper­

ature and pressure, measurement of the gas composition e.g. hy­

drogen and, where applicable, CO2/CO and airborne radionuclide 

concentrations are of particular interest. Depending on the acci­

dent sequence the postulated accident conditions can result in 

considerably higher concentration levels as compared to a design 

basis accident (DBA). 

The following describes the functions of existing and newly­

developed systems for measurement of: 

- hydrogen concentrations 

- airborne nuclide concentrations 

as weIl as discussing the functions of these systems under severe 

accident situations. 
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2 Me asurement of Hydrogen Conce ntration 

Di f f e r e n t systems are used at the various plants fo r me a s ureme n t 

o f hydrogen concentration . A basic distinction can be made be ­

t we en systems used f o r measurement inside the containme nt (in­

s itu monitoring) and extracting sampling systems where measure­

me nt is performed outside the containment . 

2.1 Informatio n Neede d a nd Reguirements 

Spe cial requirements have been stipulated for hydrogen monitoring 

systems for design basis accidents. The information required for 

monito ring seve r e accident scenarios depends largely on the ex­

isting measures already in force or planned for hydrogen contro l. 

The f o llowing therefore describes briefly the information re ­

quire d f o r BWR and PWR plants. 

Fo r PWR p l ant s a hydro g e n me asurement range of 4 v o lt ha s bee n 

stipu lated f o r DBAs wi t h a wi d e measureme n t range o f 10 v o l %. 

Sever e acc ide n t scena rios which ca n lead to the re l e a se o f larger 

amo u nts of hyd r ogen in t he con ta i nme n t ha ve been inves t i gated f o r 

t h e PWR with i n t h e sco pe of the Germa n Risk Study ( Deu ts c h e 

Ri s i ko s t udie) , Phase B t hro ug h consider a t ion o f hypoth e tic a l cor e 

me lt a cc idents . The actio n a nd type of e qu ipme n t p r o v i d e d for 

hydrogen c ontro l have a d ecisive effect o n t he r e qui r e me nts re­

gardi ng t he me asuring range and wil l t here fore be d escribed 

brie fly in the f o 110wing. The c o unte rmea s ures recomme nded f o r 

German PWRs comp r ise the provision o f a dual hydroge n reduc tio n 

system. 

These me asures allow t he buildup o f hydro ge n t o be haI t e d at l ow 

con centrations weI l be l o w t he detonat i o n limit t hro ugh d e libera te 
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controlled ignitio n and c ombustio n, witho ut posing any risk to 

the containment. 

For this purpose Siemens has developed a catalytic i gniter and a 

spark igniter as weIl as a catalytic recombine r, whereby the lat­

ter is suitable as a supplementary measure to reduce the hydrogen 

concentration (see Ref. 2). 

For a typical German PWR the e arly ignition of gas mixtures close 

to the ignitability limit is a safety mea s ure directed at limit­

ing the hydrogen concentration in the containment and preserving 

the containment integrity. This capability has been illustrated 

in extensive representative test series. 

In order to check the effectiveness of such measures for hydro g e n 

control it may be necessary to measure increased hydrogen con­

centrations including measurements under various atmospheric con­

ditions in the corresponding o perating and equipment compart­

ments . Data on oxygen concentrations could also provide infor­

mation o n the accident situation . Further special l oads on the 

hydrogen instrumentation are the high radiation levels as weIl as 

temperature and pressure loads and atmospheric impurities. 

For hydrogen control in BWRs of the 69 Product Line the contain­

ment is always inerted so that hydrogen and oxygen concentrations 

have to be measured in inert atmospheres. Requirements regarding 

the measurement of hydrogen and oxygen concentrations for DBAs 

stipulate a range of S 4 volt for hydrogen and S 21 volt for oxy­

gen. Under severe accident conditions with postulated zirconiuml 

water reactions much higher hydrogen concentrations are possible. 

The oxygen concentrations can for the most part be expec ted to 

remain in the range to be measured for DBAs. 
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2.2 Measurement of Hydrogen Concentrations in Atmosphere 

The maximum hydrogen concentrations to be measured as weIl as the 

number of measurements depend on the reactor type and power 

plant. For design basis accidents , and on the basis of expected 

maximum hydrogen release rates, i n-situ systems as weIl as ex­

tractive systems situated outside the containment have been de­

veloped and installed in variou9 plants. These systems are also 

in all cases capable of supplying valuable i n formation in the 

event of severe accidents. 

Qualifieation of this instrumentation has been performed for de­

sign basis accidents in extensive tests taking into aecount re­

quirements regarding temperature, pressure and dose rates, etc. 

2.3 In-Situ Hydrogen Measurement 

The Convoy plants and most of the other German PWR plants have 

been provided with hydrogen sensors developed by Siemens/KWU for 

installation in the containment. 

In this way it is possible to monitor the area and time distri­

bution of hydrogen eoneentrations after a loss - of - coolant acci­

dent continuously, simultaneously and without using a sampling 

system, i.e. without radiation exposure of the operating person ­

nei. The measured values are displayed in the control room . 

In PWR plants (Fig. 1), for instance, the hydrogen concentration 

is monitored in the lower and middle sections of the steam gen­

erator compartments and in the dome region of the containment. 

The sensors are connected to the signal processing units by elec ­

tric cables. These telemetrie cables pass through a number of 

separate cable penetrations out of the containment to the switch­

gear building. Here the signals trom the sensors are processed so 

that the actual concentrations c an be displayed and logged on a 
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mu l ti c hannel recorder in the contral room. 

This system has the following special features: 

- Overview of the s ituation regarding hydrogen concentration and 

distribution in the different containment areas , especially 

du ring early accident phases, with simultaneous supply of data 

- No opening or closing of containment isolation valves necessary 

- No handling of radioactive gases outside the containment 

Hardware Design and Operation 

Figure 2 shows the various components of the instrumentation sys­

tem. The LOCA-proo f hydrogen sensor operates on the basis of cat­

alytic oxidation o f hydrogen on a heated filament. The atmosphere 

to be monitored diffuses into a measuring cello Any hydrogen pre­

sent is c atalytically oxidized with ambient oxygen on a platinum 

element. The resul t ing temperature increase causes an increase in 

filament resistanc e produc ing a signal corresponding to the hy­

drogen con centratio n. 

This measurement technique was qualified in the course of an ex­

tensive qualification program for accident condition6. 

This measurement c an also be used during severe accident scenar­

ios. With sufficient stoichiometric excess oxygen, measurement of 

hydrogen concentration i6 possible up to 10 vo1% allowing the ef­

fectiveness of the dual hydrogen control concept t o be monitored. 

This system has not been employed to measure higher concentra­

t i o ns. This could however be performed through additional mea­

s ures f o r example using the existing sampling lines. Such gas 

sampling with subs equent analysis in the labo rato ry wo uld , how­

e ver, have to take into a c c ount the contamination and shielding 

a s pects o f sampling as weIl as the requisite c orrec tions for 

steam partial pressure . 
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After installation of sampling systems as illustrated in 3 below, 

the hydrogen and oxygen coneentrations can additionally be mea­

sured in these systems. 

2.4 Hydrogen Measurement through Extractive Sampling 

All BWRs and a few PWRs are equipped with sampling systems having 

analyzers outside the containment for hydrogen (PWR) or hydrogen 

and oxygen (BWR). The funetion of such a system is described be­

low using a BWR by way of example (see Fig. 3) . 

Funetions 

The function of the hydrogen/oxygen monitoring system i5 to moni ­

tor the volumetrie eoneentrations of hydrogen and oxygen in the 

containment atmosphere at representative locations in the con ­

tainment. The oxygen monitoring system is provided to perform the 

following: 

- Monitor the distribution of inert gas (N 2 ) and the drop in o xy­

gen content during inerting of the containment 

- Detect rises in oxygen concentration following accidents 

- Supply the information necessary for occupational safety and 

health when the containment is to be entered by personnel 

The hydrogen monitoring system is provided to perform the foll ow­

ing: 

- Detect releases of hydrogen into the containment atmosphere 

du ring normal operation and LOCAs 

- Monitor the effectiveness of hydrogen/oxygen recombining equip-

ment 
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2.5 Operation /Description 

The hydrogen and oxygen concentrations are monitored at a total 

o f five locations inside the containment: 

2 measuring points in the drywell 

- 2 measuring points in the pressure suppression chamber 

1 measuring point in the control rod drive compartment 

The gas samples are withdrawn by a sampling gas compressor via 

sampling lines equipped with isolation valves. The gas sample is 

then cooled to a constant dewpoint temperature in agas cooler/ 

dryer. The sample gas flow is then divided by pressure control 

equipment into two flows, the main flow being returned directly 

to the containment and a small part flow passing through the 

continuously-operating hydrogen and oxygen analyzers. All compo­

nents involved in sample gas transport, sampie gas conditioning 

and data acquisition are housed together in a sampling equipment 

cabinet. 

The paramagnetic oxygen analyzer functions on the principle of a 

dumbbell suspended in a magnetic field. 

The operating principle of the hydrogen analyzer uses the differ­

ence between the thermal conductivities of the gas sampie and a 

reference gas. The design and configuration of the hydrogen/ 

oxygen monitoring system allow sampies to be taken continuously 

from o n e gas sampling point at any time (drywell, pressure sup­

pression chamber or control rod drive compartment). Changeover to 

a different gas sampling poi n t is effected from the control room 

where da ta acquisition also takes place. Sampling , conditioning 

and evaluation of the gas are all automated. 

This system is also capable of supplying information on hydrogen 

and oxygen concentration distributions in the containment during 

severe accidents. 
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The process used for measuring hydrogen allows concentrations far 

above 4 volt to be measured. The measuring principles implemented 

in BWRs for oxygen measurement are capable of measuring all con­

centrations which may possibly occur under severe accident condi­

tions. 

In addition, correction of the measured values must in all cases 

be performed through determination of the steam content at the 

sample extraction point, e.g. through temperature and pressure 

measurement and steam condensation in the system must be taken 

into account. 

In order to avoid unfavorably high radiation levels in the areas 

where measuring equipment is set up and in sampling lines, it is 

recomrnended to operate the system intermittently, particularly 

where high contamination of the atmosphere prevails. 

3 Monitoring Containment Atmosphere Activity after 

Severe Accidents 

In line with the recommendations of the Reactor Safety Commission 

(RSK) samples of the containment atmosphere should also be taken 

after a severe accident (e.g. with core meltdown) to provide in­

formation on the condition of the core and to indicate the poten­

tial hazard to the environment. 

The potential hazard following releases to the environment 

largely depends on the aerosols and iodine present in the con­

tainment atmosphere. For this reason various systems have been 

investigated for their capability to detect these substances. In­

vestigations showed that the systems already installed in power 

plants, as illustrated in Figure 4, exhibit considerable pipe 

factor problems under certain severe accident scenarios. Deposi­

tion rates determined on the basis of various experiments (Refs. 

2, 3 and 4) when extrapolated f o r iodine in sampling systems with 
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sampling line lengths of 30 to 50 m resulted in pipe factors of 

up to » 10. Similar deposition problems with aerosols occur dur­

ing particu lar a ccident situations whe re considerable aerosol 

fractions occur in the sampling lines . This results in require­

ments o n the piping sys t e m whi c h in some eases are complete ly 

contradietory, for e xample: 

- high gas veloci ties in the sampie e xtraction lines and large 

pipe diameter to reduee the lodine pipe faetor 

- l ow velocities and few bends when transporti ng large aerosols 

- Avoidance of signifieant iodine pipe factor fluctuations in the 

event of , for e xarnp le, organie atrnospheric impurities in the 

s ampling line caused by the aecide nt. 

As these problems cannot be solved satisfactorily with ex traction 

pipe systems n e w system concepts have been worked o u t and eva lu­

a t ed with regard to me asurement of the aforementioned two groups 

of substances as weIl as with regard to providing additional mea­

sureme nt of H2/CO/C02 in the atmosphere . 

A further conside ration for astatio n for manual extraction of a 

sampie for laboratory analysis is that it would have to be well­

shielded from the containment and wo uld have to be arranged such 

as to rernai n a ccessible following a severe accident. 

On the other hand the sampie extraction po int in the containment 

s h o uld be represen ta tive of the atmosphere in the entire contain­

ment a nd in a PWR, for example , should allow extraction from the 

inner containment a rea . This res ults in the requirement that the 

system to be s e lected must still allow detection of the sub­

stances mentioned even with pipe lengths for example o f 30 -

50 m. A possibl e arrangement for a PWR is shown in Figure 5. For 

BWRs transport l ines tend to be longer with more pipe bends. 
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3.1 Function 

The f unction o f the sampling system is to extract a representa­

tive sampie from the containment atmosphere which wo uld provide 

i nformation helpful in assessing the accident sequence , the plant 

condition and the potentia l hazard to the environment. 

The fol l owing nuclides have t o be detected : 

- conce ntration of aerosol-bound radio nuc lldes 

- concentratio n of gaseaus iodine and iodine compounds 

- con c entration o f other s ubstances present in gaseou s form 

(noble gases) 

Further important require me nts: 

- cross - contamination of one sampie to another through "memory 

e ff ects " should be avoided as far as possible 

- meas urement of o ther components of the atmosphe re such as H2 , 

CO, CO 2 should also be possible 

Further conditions t o be taken into account are as follows! 

Containment pressure/temperature 

Conditions 

Aerosols 

Fog 

l odine 

dae 

dae 

Maximum concentration in containment 
during sampling 

No b le gases 2 . 7* 10 15 Bq / rn 3 

Aerosols 5' 10 15 Bq/rn3 

Elemental lodine 4 . 5* 10 15 Bq /rn3 

Organi c iodine 
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3.2 Measuring Proble ms with Various System Concepts 

Different sampling system concepts have been assessed on the 

basis of existing results from tests perfo rmed on different 

piping systems. 

The results of these investigations showed that to cover suc h 

severe accident conditions, sampling systems as shown in Figure 5 

wo uld be required with sampie transport through lines 30 - 50 m 

l o ng and having several bends and this wo uld lead to considerable 

falsification of measure d values as a result of: 

- significant deposition of aerosols, particularly for larger 

a erosol fractions 

- significant depositi on of elementa1 i odine , partic ularly where 

pipe wall contamination in the form of organic impurities, etc. 

exists as a resu1t of the accident 

- significant me mory effects later in the accident sequence wi t h 

reduced atmospheric contamina tion 

Preference wa s therefore given to s ystems with in-situ samp1ing 

directly in the containment whic h would completely avo id the 

above proble ms. 

In this connection reference was made to experience in aerosol 

s ampling tec hnology gained du ring the containment aerosol experi­

ments DEMON and VANAM at Batteile in Frankfurt am Main as we Il as 

the ACE tests at Battel le Northwes t in Richland, USA. In thes e 

experiments the sampie filters were located and l oaded direct ly 

in the containment atmosphere to avoid d epos ition in sampling 

1ines . This allowed representative samples to be taken under con ­

siderably varying accident conditions with 1arge f1uctuations in 

aerosol particle size distribution, density of the atmosphere, 

moisture content and temperature , etc . 
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Based on calculations and on the knowledge gained during such ex­

periments a pneumatic conveyor system with direct sampling in the 

containme nt atmosphere was considered to represent a favo rable 

so lution. The disadvantage was the amount of e quipment r equi red 

as we Il as active components in the containment. 

For this r e aso n further direct monitoring systems using scrubbers 

were designed and investigated. This solution was found to be 

preferable and is briefly d e s c ribed in the following (see al so 

Fig. 6). 

3.3 Pool Sampling System 

In order to avoid significant 8ampling errors which can occu r 

particularly during accidents where sampling conditions vary con ­

s iderably, sampies of s ubstances likely t o be deposited in sam­

pling lines are take n d i rect ly in the containme nt. 

The sampling uni t which operates with liquid collects the most of 

the aerosols and elemental iodine. The nobles gas and o rgani c 

iodide which do not form deposits are routed to dilution equip­

me nt outs ide the containment. This dilution equipment is used to 

extract agas sample and dilute it to an activity con centration 

suitable for laborato ry purposes. Following gas sampie extraction 

the activities deposited in the inlet area are also recorded and 

transpo rte d to the e xternal dilution system together with the 

aerosols and i odine present in the scrubber flu id and are also 

diluted to a ctivities suitable f or laboratory purposes . 

Af t er sampling, the e quipment i8 decontaminated in o rde r to elim­

inate as far as possible any memory effects and to flush the 

open i ngs . Th is system ha s been recommended to the Reactor Safety 

Commission (RSK) for monitoring severe accident scenarios in ad ­

dition to the equipment provided for design ba si s accidents. 
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3 . 4 verification 

Thermohydraulic function , separation and d eposi tion properties 

were investigated for thi s e quipme nt during tests which used re­

alistic piping lengths of > 30 m. In order to determine transport 

losses in sampling equ ipme nt and transport lines tests were per­

formed with solutions a nd suspensions. The results of some of 

these tests are s hown in Figure 7 so t hat sampling los ses can be 

minimized and pipe factors of < 1 . 5 can be obtained. 

The results of a decontamination test o n thi s e quipme nt are s hown 

in Figure 7. This s hows that memory effects caused by sampling 

line contamination , particularly during measurements taken at a 

later stage in t he accident sequence with considerably redu ced 

activity concentrations can for the most part be avoided . 
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3.5 System Features 

The following is a brief summary of system features: 

- For most part representative sampling for enveloping aeroso l 

spectrum of e.g. 0.1 - 30 ~m and elemental iodine through 

in-situ sampling with low suction veloc ity and large suction 

inlet. 

For most part avoidance of pipe factor problems through 

- recording of deposits at sampling equipment in let area 

- transport in liquid of substances likely to deposit 

- Regular flushing of suction inlet 

- Insignificant me mory effects through 

- "null" sample be f o re the start of measurement and 

- system flushing (decontamination) after measurement / fouling 

- Operation o f equipme nt from wel l-shielded area possible e.g. 

via sampling 1ine of 40 m or more 

Use of only passive components in containment, manufactured 

from temperature-resistant and radiation-resistant materials 

On-line H2 /CO/C02 measurement in sampling gas atmosphere 

possible. 
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Nodel-baaad correction alqorithma improvinq tha accuracy of 
hydrostatic level meaeurem_nt on pre88ure vassela 

by R. Hampel, W. Kästner, B. Vandreier and F. Wor l itz, TH Zittau 

1 . Introduction 

It is important to possess precise process informations for an 
optimised valuation cf the plant process conditions. Especially 
these informations have a great priority as weI l as for the 
ernergency operation and post accident management. The rapid and 
great transitions resulting from that are hardly to master by the 
used measuring devices . Spurious indications can occur the cause 
of which could be a modification of design conditions , specifical 
transients of process and the demage of the measuring instrument 
itself respectively during accidents. 

Further more it would be desireable to get additional not 
measurable state variables in this situation . 

For solving those problems modern methods and procedures of 
process identification , parameter identification and plausibility 
analysis comprising correction algorithms become mor e and more 
important. 

These modern methods are used to solve the following problems 

- diagnosis of the process state on the basis of combination by 
measuring variables , analytical redundancy and l i nguistic 
declarations , 

reconstruction of not directly measurable variables and 
parameters respectively 

detection and identification of process faults and 
instrumentation faults (diagnosis) 

reconfiguration of measuring signalS (correction) 
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The reconstruction of process state is thus a 
measured quantity , reconstructed state variables 
redundancy using model-based measuring methods. 

combination of 
and analytical 

The use of model based measuring methods has been investigated on 
the example of hydrostatic level measurement on horizontal steam 
generators . 
The results of experiments on pilot plants as weIl as comparison 
with calculations of empowered programs for instants ATHLET and 
methods of parameter identification serve as a verification of 
methods and algorithms, which were developed. 

The following describe the main facts of this work. 

2 . Application of modern methods of signal processing 

2 . 1 Overview 

Since the 60 - ies the elaborat ion and application of so 
"Modern Methods of Control Engineering " has taken pI ace . 
been done to solve the tasks of process control and 
monitoring better. 

called 
It has 

process 

The development was accelerated at first by the necessity of 
effective and safety control of opera tional techniques and 
energetic processes and secondly by the availability of digital 
techniques in form of digital controllers, support systems and 
process computers . 

These modern methods of control engineering are different from the 
conventional methods by: 

1. Mo re information about the controlled process 
2 . Extension of application fields 
3. New algorithms of design . 

It should be accentuated that these methods are based on a metho­
dical conception , which is a general one , but they are applied the 
actual specific of the process . 

In /1/ different modern methods of control engineering are repre­
sented and classified . The following table shows these methods and 
their target positions. 

The increasing importance of the different methods for the control 
of normal operation as weIl as for the extraction of informations 
and the influence during and after accidents are explained in nu­
merous publications. 
An important method to realise the above mentioned target posi­
tion is the method of the reconstruction (estimation) of the state 
of process by model-based measurement methods /2/. 
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rnethod 

evaluation of 
characteristics 

Signal Filter 

state estimation 
model - based measurement 
methods 
. Luenberger Observer 
. KaIman - Filter 

recurrent estimation of 
parameters 

State Controller 

Inferential Control 
Internal Mode Control 

adaptive control 

Diagnosis 
Interpretation 
Monitoring 

target position 

evaluation of not directly measur­
able characteristics with the help 
of known characteristics by alge ­
braical and logical connection 

extraction of useful signals from 
disturbing measurements 

reconstruction of interna 1 state 
variables and / or input variables 

identification of parametric mo­
dels of process 

inprovement of regulating quality 
by additional feed forwarding of 
state variables (Application of 
model - based measurement methods) 

control of processes with not di ­
rectly measurable control quanti ­
ties , which are influenced by slow 
variable disturbances or occasio­
nal step disturbances 

- adaptation of control parameters 
- continuous adaptation of control 

parameters of time variable pro­
cesses 

investigation of devi ation fro m 
normal operation 

Table 1 : Modern methods of control engineering 

2 . 2 Reconstruction (estimation) of state of the process 

Dynamic processes are indentified by the registration of time 
variable and measurable values . The point is that it is mostly the 
result of influence and interaction of inherent system parameters , 
which are often not or only incompletly measurable . 

But the information about the dynamic behaviour of these state va­
riables gives the control engineer a l ot of possibilities to take 
influence of the behaviour of the process in a wished way . 
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Thus the cont r ol engineer takes efforts to re construct (deter­
mini stic cons ide ration) o r estimate (stochas t ic consideration) 
t he comple t e system state . 
Methods , wh ich apply a-priori - informations about t he process be ­
side s the easily measurabl e values are used for this purpose . If 
these informations are ava ilable as a mathemat ical model the me­
thod is called model-based measurement rnethod . 

The mat hematical model has the form : 

d q (t) 
A • q (t) + B • u (t) 

dt 

x (t) = C * q (t) 

q (t) - vector of state variables 
x( t) - vector of output variables 
u (t) - vector of input variables. 

2.3 Model-based measurement met hods 

The theoretic foundation of model-based measurement 
done by Luenberger (Luenberger observer) and KaIman 
ter) . 

methods wa s 
(Kalman-Fil-

A mathematical model of the process and the measuring device is 
arranged in parallel to the process . The input variables and the 
boundary conditions are known and are supplied to the model . The 
result of the mathematical redundancy are the estimated system 
state and the estimated measurement. 
The difference between the calculated and measured values is a di­
mension for the deviation between model-based recons t ruction and 
real process state. 
This difference, which is emplified , is fed back to the process 
model. The reconstructed and rea l variables converge by an ap­
propria te dimensioning of the amplification gain /2 , 3 , 4/. 

The reasons cf deviations can be : 

- failure in model (incorrect simulation of the process) , 
- inaccuratly known starting conditions , 
- perturbing effects. 

The supposition of application of the model-based methods are: 

- knowledge of the process model 
(process model of normal operation and process models of hypo­
thetical accidents with a high probabi l ity of occurrence) , 

- accurate registration of the input variables , 
- process must be observable. 
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The importance of these methods for control of accidents is clear . 
Starting with a mathematical model of the undisturbed process 
disturbances produce deviations between the variables of the model 
and the measurable variables of the real process. By the appli­
cation of suitable algorithrns the estimation failure gives an 
information about the reason of the disturbance. 

On the other hand the use of accident models produce a mathe­
mat ical redundancy, which gives additional informations about the 
process state. 

2.3.1 Reconstruction of state by the Luenberger observer 

The structure of the rnodel-based method with the help of the Luen­
berger obse rver is shown in figure 1. 

u ( t) x ( t ) 

Process 
r -------- -------- -- --- --- -- ---- --- --- - , , , , 

K -( 
, , , , , , • • A - ' , 

q ( t ) , 
B J C • L-. -.{; • , :c( t) , , 

• 
• A , 
• 
• 
• .Observer L __ __ _ _ ___ _ ___ ________________ __ _____ _____ ______ _ 

Figure 1: Structure of process and observer 

The observer is described by the foll owing equations : 
A A • 
q (k+l) A * q (k) + B * u lk) + K * [ x (k) - x (k)) 
A A 

x(k) C * q (k) 

with 

x( k) - vector of output variables of the process 
~ (k) - vector of reconstructed state variables 
x(k) - vector of reconstructed output variables 
IC - gain. 
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2.3.2 Estimation of state by the KaIman-Filter 

Ac cording to the task to observe stochastically disturbed pro­
ces ses , the algorithm of the Filter obtains characteristics with 
stochastical properties . 
The algorithm of Filter shows that the gain wa s calculated to each 
sampling cycle depending on the stochastical disturbance . 

u(k) v(k) 

q(k+J.) 
q(k) 

f 

A 
PROCESS 

FILTER 
u<k) 

cf<k+1.) 
cf(k) 

c* 

~(k) 

Figure 2 : Structure of the KaIman Filter 

The algorithm i5 5ubdivided into two steps: 
- mea5urement update 
- time update . 

Measurement Update 

~ (k+1) = q* (k+l) + K (k+l) * [x (k+1) - c* * q* (k+l )J 

Time Update 
A 

q* (k+l) = A* * q (k) + B* * u (k) 
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Important values are: 

- the KaIman Gain 

K( k+1) ~ Q( k+l) * C*T * 
A 

[Z(k+l) + C" • Q (k+l) 

- the covariance of the extrapolation error 

Q(k+ l) ~ A" • P(k) • A"T + ~( k) 

- the covariance of the state error 

P( k) ~ Q(k) - K(k) • C" • Q( k) . 

Figure 3 represents agraphie deseription of the algorithm. 

MeasureMen~ update 

~+1l 
Z <k) 

qCk+l) ........ -+"-_ .................. . ...... ... ····· · -A---~f.---

q( k+1) .Uc+1) 

• 
I-"";:I.!.( !k~)~ •• 

A • 
• • 

" . 
: k+1 

.<k) A*," q( k+1) 

:k ' 

I-.L~-" 
qCk) 

• 
• • 

he 0,+1)-x <k+1) l 

•• A 

C 'q(k+1) = x(k+1) 

Figure 3: Graphie deseription of the filter algorithm 

- vector of output variables of process 
- vector of state variables of process 
- vector of extrapolated state variables 
- vector of estimated state variables 
- state error 
- disturbance of process 
- disturbance of measuring system 
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q (k) 

q* (k+l) 
A 

x (k+l) 

[x (k+l) 

A 

q (k) - q (k) 
A 

A* * q (k) 

c* * q* (k+l) 
A 

- x (k+l)) 

state error 

extrapolated state 

estimated o utput variable 

- deviation between measured and 
estimated value of the output 
variable . 

Based on the actual state q (k) the real process reaches the state 
q (k+l) dependent on the transient behaviour , which i5 cha­
racterized by the matrix A, and under the perturbing effect v( k) . 

The measuring system, characterized by the matrix C, rep r esents 
the process state in form cf the output variable x (k+l) , which is 
falsified by the disturbance z (k). 

Based on the a-pri~ri-information q (k) the filter reach the 
extrapolated state q (k+l ) deiending on the transient behaviour , 
characterized by the matrix A . It produces the estimatÄd output 
variable . (k+l) . The filter estimates the new ltate q {k+1) by 
feeding back the error of estimation [x {k+1) - x (k+1») and its 
amplification with the KaIman gain K. 
The difference between the new estimated s tate and the real pro­
cess is the state error ~ (k+1) . 

2.4 Applicat ion of model - based measurement methods 

The model-based measurement methods are used in the fOllowing 
general fields (figure 4) : 

1. Diagnosis of the complete system state (include not directly 
rneasurable variables ) 

2 . Realization of state controller 
3 . Fault detection. 

The concrete application takes place 
system state of apressure vessel 
pressure gradients, which are a result 

to investigate the cornplete 
in consquence of negative 
of disturbances. 

The task is the reconstruction of important state variables l ike 
steam quality and mixture leve l , to use this information for the 
irnprovement of control . 
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Figure 4: Model- based rneasurement methods and their applications 

3_ Simulation with ATHLET - Coda 

The Athlet- Code will be used for the test cf model- based 
measurement rnethods. The thermohydraulic code was developed by the 
GRS. The four basic moduls are: 
- Thermofluiddynamics 
- Heat Transfer and Heat Conduction 
- Neutron Kinetics 
- General Contral Simulation (GCSM). 
By simulating of pressure vessels it is possible to obtain all 
measurable and not measurable values. A verification of models for 
pressure vessels will be made by means of these data, which are 
the basis of model- based measurement methods. These can be very 
useful for accident management and are the basis for a better 
process control. 
Blow down experiments on the pressurizer facility (figure 12) of 
the TH Zittau, which will be still described, were post calculated 
by the ATHLET- code. Calculations were made with a reduced data 
set of a WWER 440 - 230 too. The aim of these calculations were 
the development, verification and investigation of the behaviours 
of a modul for a level measurement system in the general applied 
form of a two chamber camparisan vessels. While the knowledge of 
the level of steam generators plays an important role during 
disturbanees. It will also be used for the generation cf 
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comparison datas for other s imulation programs like models of 
pressure vessels . 
A data set for the pressurize r facility was made , containing the 
geometrical da t a , the partition in seperate objects and contro l 
volumes and also instructions for the simulation . Figure 5 shows 
the nodalization scheme . 
Blow down experiments were post calculated, because most 
disturbances cause negati ve pressure gradients. The pressure 
vessel models can be verified by these generated data . During 
these experiments steam blows to a blende into a blow down vessel . 
The control was made by a magnetic valve . 
The electic heaters were turned off. The time of the blow down for 
the here selected experiment was nearly 70 seconds . The pressure 
gradient was about - 0.018 MPa / s. Primary disturbances (Failure 
of 2 main coolant pumps) will cause lower and secondary 
disturbances (Break of the main steam line) will c a use higher 
pressure gradients in most case. 
The calculated and measured pressure (figure 6) 
identical. After the blow down the calculated 
little to high (0 . 04 MPa) . 

were nearly 

The c a lculated collaps level between the 
measurement systems is similar to the level , 
chamber vessel (figure 7) . 

HILET 

PRESS5 

08ElN ZKP6A.O 

PS . 

PRESS) 

UHEIH 

PRESS 1 

lKPSA 
lKPSI 

IHPULIt 

I 

PRESS ~ 

PRESS3 

PRESS~ 

pressure is a 

connections 
measured by 

of the 
an one 

lKPhG 
oaEI~ 

T'- T' 

T'-

u-
l~P~ A 
np'l 

T' -

T'- T' 

= 
UNH " 

II!PIJlIl 

Figure 5 : Noda lization scheme cf the pressurizer facili ty fo r the 
ATHLET - Code 
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Figure 6: Calculated and measured pressure 
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Figure 7: Collapsed level in the pressurizer 
- meas . TCCV measured level by two chamber comparision 
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above the complete he igth of pressurize r 
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Figure 8: Calculated level in the comparison chamber 

leve l --
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The maximal difference is 4 cm. The pressurizer level decreases 
under the lower connection of t he one chamber measurement device 
(lower limit of this measurement system) . Therefore it can only 
measure the height of the lower connection (1 m ) . The t wo chamber 
comparison vessel measures equal values like the one chamber 
vessel at the beginning of the blow down. 
The mixt ure level in the pressurizer rises above the upper 
connection of the t wo chamber comparison vesse l, whereby the 
measured level decreases suddenly . 
After the blow down the two chamber comparison vesse l measures a 
false level of 1.13 m. The reason of this is, that the level in 
the pressurizer is under the lower connection of the t wo charnber 
comparison vessel (lower limit of measurement system) and that the 
level in the comparison vessel was decreasing about 13 cm in 
consequence of loss of water . 
In figure 8 the calculated level in the comparison vessel is 
shown. The zero point is . not the bottom of the t wo charnber 
comparison vessel , but the bottom of the pressurizer , which is the 
geodetic zero point for the ATHLET simulation. During the blow 
down the mixture and collaps level are different , because of 
boiling in the comparison charnber . After the blow down the 
measured and calculated level in the cornparison vessel are nearly 
identical . 
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Additionally the loss of water in the comparison vessel was 
measured by probes for void fraction . 
Following this work the model of two chamber comparison vessel was 
tested at a model of steamgenerator within a complete circuit 
model of nuclear power plant . A reduced basic data set for the 
WWER 440/230 unit 1 in Greifswald was the basis of this 
investigation . The data set contains the primary circuit with 1 
double and 1 quadruple loops. The steam generators , main steam 
line and steam collector were simulated on the secondary side . The 
disturbance "Failure of 2 main coolant pumps" was simulated, 
because during this disturbance the negative pressure gradient is 
relatively great and experimental data were available too . The 
pressure in the steam generator decreased from 4 .5 to 4.0 MPa. The 
transient was post calculated, with special respect to the 
pressure of the secondary side and the behaviour of the model of 
two chamber comparison vessel especially. Different variants were 
calculated. The pressure in the steam generator decreased from 4.5 
to 3.5 and 3.0 MPa , too for investigating the behaviour of model 
of two chamber comparison vessel by different pressure gradients. 

The results of these simulations have shown , that the measured and 
calculated values rather coincide. The conclusion is , that not 
measurable, calculated values are almost identical with real 
process values , too. By means of this calculated parameters the 
verfication of the models for model-based measurement is possible. 
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4. Structure of correction and diaqnosis alqorithms 

On the basis 
conside r ing 
described in 
Fig . 9 . 

- process 

,..l-
~(P 

;-

P 
model 
process 

of analysis of existing faults and special effects by 
the requirements in a model - based measurement , 
introduction , a structure was developed , shown in 

T 
H<T) I 

.! Id; sPla·l 
,; Modul 'or f 

-I H<r.) I f"ilult: co ....... c t: l on 

and 
Id.nt:If'lciltlon " . kh 

,·-····-·····--··-····-----··-1 

T j h ! rontroll er/ ! .J H <h) ~ , 

' ~ J 
, 

! 
I i h I i MOd.1 kh 

I He .sur l n g
l I p s!,st:e r1 I 

! 
I i _ .... __ ..... _ .... _ .... _ .... - .. _J 

~ 
T. M . ... '~'f • h 

Figure 9 : Total structure on fault identification and fault 
correction 
M - measuring point , p - pressure ,w"- steam bubble 
velocity , 1 - void content , ah - shown water level , 
kh - corrected water level , T - temperature , 
h - water level 

Thereby a thermohydraulic model will be coupled not only to the 
process but also to the level measuring system. The equalized 
press ure and the pressuring gradient respectively are the input 
parameters f or the thermohydrau l i c model 

The flux fla t ting used the method o f the exponential middle-value ­
formati on. This method guarant eed a very g ood flux flatting of 
values at real-time-conditions . The decison of the time constant 
is depended o n the spezification. 
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The process modul gives the volumetrie 
fraction) between the connections of level 
necessary for the mixture level calculation . 

steam quality (void 
measurement , which is 

The modul "measuring system" describes the process in the 
comparison vessel of the measuring system . The mass transfer 
during negative transients is calculated and the condensation 
rate , which also counteracted the mass lass. The structure o f this 
algorithm is shown in Figure 10. 

h ~ 

:: ",pz 
~ .h ~ 

~a.urinSli device r cillculat i on r 

p.T 

.. _t:h.Mat:. l ca' MOde' r correct:.lon kh .. 
r hv. r- .. r 

Fig.10: Stucture model-based-measuring system for level measure­
ment 
p - pressure difference; h - level , 
T - temperature ; ah - shown water level; 
kh - corrected water level 

The modul fault correction and fault identification forms the core 
of the system (Fig .11). Here the recognit ion and correction of 
level measuring values is carried out . The diagnosis of the 
measurements on the basis of a comparison between measuring and 
calculated state variables respectively and experiencing values 
aiming at the plausibility check is carried out , tao . Methods of 
fuzzy-set-theory are used for the plausibility check 
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Figure 11: Modul fault correction and fault identification 

There by the ga in of knowledge is a cornbination cf measuring 
values , calculated vari ables and linguistic assertion. Besides 
considering the momentar y state for the state contral the 
described a lgorithms consider temporal t r ans i ents , toD. So the 
system is very stable . 

5. Experimental works 

For e xpe r i mental check i ng c f the dynamic behavi our c f the pre s su r e 
vessel and the l eve l measuring methods an e xperiment a l p l ant was 
i n sta l l ed at t h e Technical Uni versity of Zittau . The sch eme of the 
e xpe r i mental ar rangeme nt is p resen ted in Figure 1 2. This pilot 
plant is designed fo r apressu r e of 4 MPa. 
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3 

8 
2 

7 
7 

4 

4 

1 pressure vessel model 
2 steam collector (open) 
3 vessel for simulation of transients 
4 pumps 
5 safty valve 
6 throttle valve 
7 heating 
8 storage tank 

Fig 12 : Simplified diagramm of experimental plants pressurizer 
facility 

For simulating real operation 
manipulations are possible 

transients the following 

to feed water with varying ternperatures inta the lower vessel 
part (water-filled room) 

- to sprinkle water with varying temperatures inta the upper 
vessel part (steam filled room) 

- heating water with variable electrical power 

- blowdown experiments with variable transients 
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- to b lo w- off steam an d dra in wa t e r (leakage s i mulation). 

The experimental plant is connected to two computers 
and data aquis ition, disp l ay and storage . 

for contro l 

For demonstrating the generation of experimental data the 
comparison vesse l instrumentation for hydrostatic leve l 
measurement is shown in Figure 13. 

T7 T6 

C OMP'ilr i 50n S 1 

u e55el 

Tl 

T2 

T3 

52 

T 

5 3 

T5 

p r ess ure 

",essel 

55 

S6 

Fig 13: Instrumentation at the two chamber comparison vessel for 
verif ica tion 

A very difficult problem is the determination of loss of steam and 
water from the comparison vessel into the pressure vessel by 
blowdown accidents . The measuring arrangement has to guarantee the 
verification of mathematical models. The measuring points of 
temperature Tl T7 are used for the determination of the 
temperature distribution in the hydraulic system. The measuring 
points Sl - S5 are probes for the measurement of the steam content , 
steam bubb1e velocity and the boundary surface detection , too . 
The steam content has to be known in the pressure vessel and in 
the comparison vessel for model calculations and the 
interpretation of the experimental data , too . 
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1. INTRODUCTION 

The scientific programme of nu c l ear s afety investigations a t ~he 

ex peri men tal p ower plant HD R in Kar1stein near Fra nk furt, a 

fo r mer prototype reac t or whi c h was s hut down i n t h e early seve n ­

ties , i ncludes t hermal hydraul ic emergency core c oolant injection 

experiment s too . They were carri ed out at the coca facility 

located within t he con tainment o f the HDR. coca stand s for COn­

tact COnd e nsation, t hat means, the study of the conde nsation 

pheno me na in a mix tu re of satu rated steam with s u b-cooled ,",'ste r 

was one of t h e main goa l s of the te s ts /1/ . 

In the case o f t he hot leg inj ec tion experiments, the coca fac il­

i ty mode l s t h e part of the ma i n circulat ion loop of a KONVO I type 

NPP which co nnects the reactor o utlet wi th the inlet of t h e steam 

ge nerator (Fig . 1). The reactor vessel and al so the s t eam genera­

tor are represented by two cy lindrical separators o n both ends of 

the coca tube . 

ste alll 

T 

water 

Fig. 

steam 

injee tio n ehannel ( "Hutze" ) 

coca tube 

(hot leg of the eoolant l oop) 

t ECC injeetion 

Separator 2 

(reae tor ve s sel) 

Ge neral view at the coca facility 
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Ne ar separator 2 modellin g th e reac tor ve s sel, the e mer ge n c y 

c oolant injec tion i s loeated . The coolant is directe d t o t h e 

r eac tor vessel again s t the steam flow from the co r e by a c ylin ­

drieal half-shell fHutze) welded to the botto m of the main ei r c u­

lation tube. 

In spite of the high number of different measurement sensors, t he 

number of those ones 

the struc ture of the 

this r e ason the use 

obvious. 

whieh deliver immediate information abou t 

two-phase flow is comparatively low. For 

of needle shaped condu!=tivity probes was 

This kind of instrumentation had been developed at the Central 

Institute for Nuclear Research in Rossendorf espe c ially for the 

utilisation on high pressure loops, as for instance LOCA t es t 

fa c ilities . They al10l.' the dete c tion of the state of the fluid 

(liquid or vapour) at the tip of the probe with a relati ve ly h ig h 

time resolution in the range of milliseconds . During an off-l i n e 

evaluation of the probe signal several average parameter s of the 

t"" o -phase mixture c an be determined. But i t is also po s sible t o 

obtain information about the structure and the velocity cf the 

two -phase flow. 

As the probes had shown their suitability during the earlier co ld 

leg injeetion tests at the coca facility, the de c ision was made 

t o use them again at the hot leg tests in autumn 1991. 

2. THE MEASURING SYSTEM 

2.1 The needle shaped eonduetivity prohes 

Fig. 2 present5 a viel.' of the probe used at the hot leg injection 

expe riments . The sen s iti v e element is a 5mall e eramic tube with 

an elec trically conduc ting tip whieh i5 in contact with th e 

fluid . The supply wit h a small voltage ( 2 V (AC), 4 kHz ) causes 

a c urrent from the tip via the liquid toward the wall of the tube 

01' vessel whi c h is being interrupted when vapour (bubbles, plug s ) 
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c over s the probe. In this wa y , wat e r a nd steam c an be d is tin ­

guished from each other. 

Fig . 2 View of the needl e shaped e onductivity probe 

The eeramic tube is soldered into a stee l bearing tube (Fig. 3). 

As the probes were developed for the u ti lisati on und e r high 

pressure and temperature (1 30 bars, 300 0), but modera te veloci­

ties , the diamete r of the ce ramie wa s only 1 mm at the first 

tes t s during the cold leg i n j e ctions. Altho ugh the abs o lute 

pressur e at these experiments was eomparatively low (4, 25 a nd 70 

ba rs). the probes we re no t a ble t o s tand the high meehanical 

load s occurred by plug flow and void eollapses in the coca tube 

during the experiments . Mo st of them were des troyed after a f ew 

minutes p!ug flow. 

1 

4 3 

Fig . 3 The sensitive tip of the probe 

1 - c onductins eontact. 2 - l n!llulation tube ( "1
2
°3 eer_ie), 

bra~i ns. 4 _ bearins tube Istainless steel) 
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In the r esul t o f these pre-tests the probes were improved t o 

increase their me c hanical s tability. Fi r st of all the diame t er of 

the c eramic was increased up to 1 . 6 mm. In this way a satisfacto­

ry s tability under the hard conditions within the coca f ac ility 

could be reached . Unfortunately, the higher diameter leads to a 

worse time resolution. Small bubble s tou c hing the probe are not. 

able to cover the large tip of the probe completely and can not 

be registered a s individual events. In this case the probe cur­

re nt take s an average value between the values o f steam and water 

whi c h depe nds on the void fraction . This e ffect has t.o be taken 

in to account watehing the results of the me asure ment s and has t.o 

be examined in the future. 

1. 2 Data acquisition 

o 

Fig. 4 

-"Icro-
PO proc ... ork:==~ ROM 

2 kByle 
r;=~Pl 

~~==H=:::::::::jP2 
P3 

ser lal Interface 
57.6 kBaud 

t===~ ~ trensmltter 

recelYer 

L Optlcalty coupled Insolators 

Preprocessing module of the data acquisition system 

For the ut1116at10n of the probes at t hermal hydrauli c test 

fac ilities 121 with directly heated electrical fuel rod simula­

tors (the main goal before COCa) a special modular data acquisi­

tion system was developed, suppressing the high elec tri c al di s ­

turbance levels occurred by the power supply of t he rod simula ­

tors. The system is based on electronic modu l es for digital dat a 

preproces s1ng (Fig. 4). 
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Eac h modul e i s e quipped with a micro proc e sso r a nd ca n trea t th e 

sig nal s of t wo probes . The signals a re digitalized with the help 

of two ADe . Digital contro lled a mpl i fi ers allow the optimal u s e 

of t he ran ge o f the ADe . The prep r o c essed da ta are t ran s mitte d t o 

a central data ac qu isi t ion compu ter (pe) th ro ugh a se ri al inter­

fac e (RS232c). The data rate i s 57.6 kBaud. With t h e help of 

optica l ly c oupled insulators the modules and the central PC are 

compl ete l y potential di sco nnec t ed f r o m eac h ot he r. I n t h is way, 

the disturbance lev e l i s ke p t low . The modules have t o be mounted 

in the near of t h e probes to keep the connection short , t herefore 

they dispose o f robust water s p rite s afe aluminium cas ings . 

The me asuring syste m ca n be extended up to 16 prohe s b y connect ­

ing 8 modules with one pe. The interface forms a double ring 

(Fig . 5 ). The PC ha s to be c onnected only with one of the modu l e s 

by two s c r e ened cable s not de pe nding on the numher o f c hannels. 

This make s it easy to co nnect the module s o ver a long di sta n c e to 

the PC locsted outside the t est fa c ility (in the c s se of COCO 

outs ide the containment of t h e experi menta l NPP). 

pro be inputs (1-16 ) 

sy nchron 
si gnal 

data acqulsltlon 
compute r (pe) 

Fig . 5 Oata a c quisition sy s tem (network of mod u l es) 

The sof t ware of the me asuring s ystem includes t h e microprocessor 

c o de of the mod ules and programmes for t h e on-li n e data a cq ui si­

tion and the o ff - line dat a evaluation . The present versio n o f the 
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s oftware a110ws t.wo diff e r e nt wo rking mod es . The fir st is the 

av e rage mode. The module s perform a data eompressi ng by co mputing 

a s et of characteristic values of the probe s ignal, which i s 

tra n s mitt e d to the PC in a polling cyc le of at least 1 sec. These 

data sets allow to determine the state of the fluid and the probe 

a nd to calculate the void fra c tion and the phase changing fre­

quency in every polling cyc le. 

Oue to the e xpected transient behaviour of the flow in the ease 

o f the coca exper imen ts a second, additional working mode was 

developed to record the time signal with a resolution in the 

ra nge of mi c r oseconds. The final time resolution depends on the 

number of the activated modules. In the case of one modul e with 

two probes the polling frequenc y is 1.92 kH z , 8 probe s , for 

instance , can be scanned with 480 Hz. The modules can be switched 

on and off fr om the pe. The maximum duration of one me asureme n t 

is 60 seconds. 

As in time signal mode the measurement is to be started by press­

ing a button on the PC keyboard an additional binary output has 

been organised, which provides the standard PCH tapes of the coca 

fac i1ity with a syncronization sig nal. The signal is being 

s wi t c hed a c tive during the recording of the time signals . In thi s 

way it is possible to compare the re s ults of the prohe me asure­

ments with the signals of the other sensors of the coca fac ility 

(thermocouple s, gamma-densitometres etc.) re c orded on PCH tape. 

2. REALISATION OF TUE HOT LEG ECC INJECTION TESTS 

2.1 Positions of the probes 

During the hot leg injection test s at the COCO f acility 8 probes 

were in us e. Acco rding to this number of probes 4 modules had t o 

be mounted near the coca tube within the co n ta inment of the 

experimental NPP. The probes themselves wer e mounted into ori­

fi ees with an inner diameter of 6 mm. Fig. 6 shows the pos itio n s 

of the probes. The probes number 1 and 2 were located right in 

fr o nt of the separator 2, which represents the reactor o utlet . 
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/ 
,. ..... I" . r"lt' r 2 ( r"o " f"r) ..-..-, 

probe s I, 2 probes 5, 6 probe 7 

z 

, 

probe 3 probe .. I ECC '.J.,,'o. 

Fig. 6 Location of the probe s at the coca tube 

coordinat •• : 
p~be 1 , - 0 . 575 • d _JO _ . - 336.5 .., 
probe , , - 0.575 • d : l0 _ , - 23.5 "B 
probe 3 , - 0 . 303. d _31 - • _ 180 . 0 ., . 
p~" ,- 0 . 263 • d _37 . . 180,0 "B 
probe , - • , d . JO - , - 23.5 • •• 
p~be • ,- • d . 10 - . - 180.0 '" p~be &"- 0 . 800 • d _ 10 - , - '0' .. , 
prob .. • ,. ~ - 2.000 • d - 10 '0' '" 

z - ... 1.1 position, d - depth of -ounting. 
an&le ( 180 des probe .ounted tro. below) 

probe 8 

The pro bes 3 and 4 can be u tilised to measure the fluid velocit y 

by mean s c f cross correlation as they are mounted in a distance 

cf o nl y 40 mm from eac h other. The probes 5 and 6 we re lo c a ted 

direct ly upon the end of the half- s hell shaped injection tube 

("Hutze") to indi c ate the wat e r fl o w reve rse at high stesm speed. 

The probes 7 and 8 were schedul e d to observe plug s moving along 

t h e tube toward the separator 1 ( steam ge ne rato r). 

2 . 2 Availability of the probes 

In spite of the robu s t d esig n of the probes a ce rtain number o f 

t h em was destroyed by the high mechanical l oads within the coca 
lube , es pecially dur i ng the 4 bars expe riment s . Oue t o the fa c t 
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that the facili ty was standing under pressure for some days 

be fore the s tart of the 4 bars test series, 2 of the 8 probes 

were already out of order at the beginning. Series of hard void 

coll apses led to the fa s t break down o f the probes at 4 bars, 

while at 25 bars the si tuation was not so drastic (Fig . 7). Even 

at 14 of 64 test point s all the 8 probes were available and the 

number of probes was dropping quite more slowly than during the 

4 bars tests. 

1 :umber 0 1 pro be. ava il a ble 

6 L-______ , 

4 
tu t .. rl • • E3 3.4' (4 Bar.) 

2 

o 
5 10 15 20 25 30 3 5 40 45 

Test points (tot al: 6 4) ~ 

Fig . 7 Statistics of the probes available 

Th e obviously higher stability of t h e probes at the higher pres­

sure points out the dominating r ole ef the veid cellapses in the 

destruction process. At 25 bars the density ef the steam is 6 

times higher then at 4 bars. That means that at app r oxi mately the 

same condensation rate comparabl e voids collapse slower at the 

higher pressure producing less mechanical loads for the probes. 

Unfortunately besides the break down of the probes two times 

there were cable failures because of the high temperature within 

the containment , so that the whole measuring system went out of 

order. For this reason it was not possible to measure at approxi­

mately 50 " of the test points at 4 and 25 bars and during the 

whole 70 bars se ries despite of a certain number of good probes 

at thi s time . 
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3 . FIRST RESULTS 

3.1 Interpretation of the time signals 

A broad evaluation of the extensive experimental data has not 

taken p l aee yet. At the prese nt time , only fir s t q ualitat i ve 

res ul ts ea n be given. Especially the eomparison with the d ata of 

other measurernents 1s a tas k f or further work. I n spi te of t he se 

c ircumstan c e s , t h e discussion of the probe signals without quan ­

titative evaluation can give va l ua ble info rmatio n about th e flow 

pa ttern within the COCO tube . 

To s how the chang es in the flow pattern cau sed by various steam 

ve l ocit ies l e t's pick out aser i es of t es t points with co n s tant 

ECC injecti o n but varying steam flow (test points from E33.4271 

to E33.4278 at 25 bars). Ouring this series all important probes 

were a vailable. 

The wa ter fl o w wa s co nstan t a t 14.9 58 kg/se c and the steam f l ow 

was decreased from 4.203 kg/sec at the point E33 .4 271 d ow n to 

1.121 kg/see at E33.4278. 

The probes l a nd 2 (and 5 , 6 re spec tively) have always re corded 

nearly the same time sign a l s according to their identical axial 

pos itio n s . Small differe n c es occurred o nly because of their 

differe nt mo un ti ng dep th. The pr o bes 3 and 4 have give n a lmost 

si milar result s because of their small axia l distance of 4 0 mm , 

but the delay between the si gnal s of these probes can be u sed to 

determi ne th e velocity of the fluid. 

Dropping away these details f or the firs t time the s ignals of the 

probes 1, 4, 6 , 7 and 8 shown in Fig. 8-10 are c haracte risti c for 

t he three main f low regimes within the coca tube. 

At small stearn mas s flow (Fig . 8, tes t poi nt E33.4278) t he water 

flo ws o ut of the " Hu tze " t o ward the separator 2 , i. e . the r eae­

tor , forming a counter curre nt fl ow with the steam coming out of 

the reaeto r a nd flowing t o ward the stearn ge nera to r. Th e flow is 
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s tratified and with i n the boundary layer be t wee n water and steam 

a two -phase mixing zone is d eve loping , i ndi c ate d b y the probe 4. 

All the probes mou n ted fro m a bove indicate only s team flow wi t h 

very few droplets. 

prob • • 1. 2 prob •• 5, 45 prob. 7 probe 8 

, 

prob. J prob. 4 

o r .l!t" ""IJII" "",,,1'tI'l,1NI" • .,.. .~.".~. i ..... , ......... IfII!IIfJ" ... ,....,~"" f .. q;fVl 
~ Probe 1 

I 

o 

Fig. 8 Stratified flow t o ward t he separator 2 (reac tor) 

T. a t point : !ll . 4Z18 
St . .. (10 " rat . 
lee i nJec U o n tlo ... rate 

1.121 k,/ne 
14 .985 );II/see 

At hig h levels of s team flow (Fig. 9, te s t point E33.4271), a 

per fect fl o w rever se can be observed. The wate r is directed 
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toward the steam generator by the s trong s team flow, so that the 

probes and 4 (2 and 3 r es pectively) stay dry. There is a sur-

plus of s team , so it c an not be c onde nsed completely. The flow 

pattern i s no w a droplet flow toward s epara to r I, whi c h i s indi­

c ated by t h e probes 6 , 7 and 8 . 

probe . 1. 2 prob • • 5, 6 probe 1 prob •• 

probe 3 probe " 

l : I " Probe "1 ' """'" .. " I 

:r~·~r~""ffi"~'~~:~:i~i:~,~r"~.'i~i~"'~"'~'i"~"~III~"~"i~ij"~"~,,,~,,,~1 

I Pt" • 

j 

I pr • 

I 
Fig . 

:IIW11~ 'I"I/lr/!lltl p'I'llnlll'l r rVIIJII'WWWII' '~, 
Probe 6 • 

0 

..... 

0 

..... 

1 

,0. 000 

9 

11. 600 13.200 1".800 16.<tOO 

t, • ---_ 

Perfeet flow r evers e toward separator 1 (st e am genera­

tor) 

Tes t point : 133.4211 
Ste_ flow rate 
lee injeetton fl ov rate 

4. 203 k,JlIec 

14.985 k,Jsee 
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ßetween the two ext reme c ases there is a transition state at 

average steam mass flows characterised by particular flow reverse 

with an intermitting of counter current flow and flow reverse. 

prob •• 1. 2 probe. S. 6 prob. 7 prob., 8 

prob. 3 probe 4 
lee lnJ .. :\lolI 

:r • I M~O\4' :'~obe '; , " , .. Tl" .. , 'W ,p' .... , " 'Y 'I 

~rl I n Probe 4 rnm ~ 1"11~ 
:mrmwrn~p 11 
8~robe~ ~ 

" 

.. 111 "l'Wrn;\ ____ · --<-/W_ATER _STEAHnl t: Probe 7 ~ 

22.000 

Fig. 10 

23.<00 215.200 26.800 28."00 30. 000 
t, s ---__ 

Parti c ular flow reverse wi t h plugs and void co llapses 

Tel t point ; EJJ.4274 
Ste_ flo .. rate 
ECC lnJeetlon rlcw rate 

2.587 kl/.ec 
14 . t55 "I/ •• e 

(Fig. 10, test point E33.4274 ). The probe 4 shows alternating 

phases of steam and two phase flow. One part cf the injected 
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water is still flowing i nt o the r e actor , but anoth e r part i s 

dire c t ed to the s team generator . At these va lues of flow rat io 

bet\>'e e n s te am and water in j e ct ion, the steam can be mainly con -

densed and larg e plug s are mov ing t oward the separator (s team 

generator) , indieated by Lh e probe s 7 and 8. Taking into ac count 

that t hese probes are mounted a t a depth of only 10 mm fr o m 

above, it i s o bvious that the plug s fi l l the tube completely . 

Fig . 11 

I Pr' ~: "1'''-'' ~~-'\ ""rll,I"""'( ~"-l ""'\'l' , 

Probe 2 '111 l L-____ ----'IlL __ ----' 

0 r--.~~~--r---, 

(Al 

(Bl 

Probe 3 

Probe 4 
8L---------------~ 

o 11 

Probe 5 
8~------~------~ 
25. 1 25. 6 2'5 •• 

t, sec~ 

Unsteady flow pat t ern in the esse of particular flow 

reverse (highest time re solution) 

Test point t33.4214 
Ste_ (lOIl ... te 

[ee injec tion floll rate 
2.5 87 kg/sec 

14.985 kg/.s ec 

Fig. 11 s hows a typ i ca l process o f thi s un steady flew r egi me . The 

transition from flow reverse to counter c urren t flew starts wit h 

the moistening of probe 4 (A) a few milli seco nds earlier th a n 

probe 3. That means, the fr o nt ef wate r moves from th e i njeclion 
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point toward the reactor. The tear off of the flow (B) happens i n 

the inverse order. The probe 3 i ndicates steam at first. The 

swapping back of t h e water is also indicated by the probe 2 (and 

1) just be fore the p r obes 3 and 4 start to see steam (Cl . The 

wave of water also reaches the probe 5 above the injection poi n t 

(D) • 

3 . 2 Ve l ocity me a s ure me nt by cross corr e l a t ion 

The signals of the probes 3 and 4 can be u sed to determine the 

velocity of the fluid. Fig. 12 shows the cross correlation func­

tions calculated from the time signals in the ease of three 

different ECC injection mass flow rates responding to three test 

poi n ts with stratified f l ow toward t h e separator 2 {reactorl. The 

steam flo w was kept eonstant . 

. re~I~.~u~n~lt~s~ ______________________ ,-______________________ , 
1200 r 

1000 

800 

600 

400 

200 

O ~----~~~~~~~-k~ 

-200 

-400 

_600 L-----~----J-----~----~----~~----L------
~O ~O ~ ~O 0 ro 20 30 

Fig. 12 

Delay (1 unit a 111920 sec) 

-- 9 kg/sec -+- 15 kg/sec -+- 18 kg/sec 

Cross correlation fu nction s , calculated between the 

signals of probe 3 and 4 
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It is obviaus that th e c ross eorrelation functions have a narro w 

peak at a negative delay, that means the flow is direeted [rom 

probe 4 taward probe 3 , The values of th e veloeity, whi ch re spand 

to the eross correlation funetion are di sp layed at Fig , 13, They 

have been eompared with the average veloeities of the injected 

water within the inject ion channel ("Hutze") ealeulated from the 

mass flow and the cross section of the c hannel, There i s a r e-

markable agreement between the measured and the calculaled 

values , that means that the interac tion between the two phases 

daes not lead ta a significant slow down of the water on the way 

[rom the injection point to the position of the probes (approxi­

mately 300 mm). 

Velocily. rn/sec 
10 r---~------------------------------------------, 

8 

6 

4 

o~---------L----------L---------~--------~ 

o 5 m 15 

ECC injection mass flow rate, kg/sec 
(Steam maa8 flow rate· 1.121 kg/aec) 

---«- Veloclly. calculaled --e- Veloclly. measured 

Fig. 13 Velocities measured by cross co rrelation 
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4. SUMMARY 

The first qualitative evaluation of the 

needle shaped cond.lctivity probes during 

data obtained by the 

the COCO ex periment s 

shows the great use of s uch prebes for the determinati o n of t he 

two-phase flow pattern. The signals are very clear and the inter­

pretation is easy. The derivation of void fractions and phase 

c hang e frequencies by an off-line evaluation seems to be very 

promising and i s the task of further work. 

The needle probe i s an interesting kind cf a low-cost senso r for 

the instrumentation of reactor safety experiments. It is also 

possible that it can be used as an additional instrumentation on 

NPPs after a future i mprovement. 

After the end ef the Central Institute for Nuclear Re searc h Ros­

sendorf in December 1991 the work on two -phase flow in s trumenta­

tion including the needle probe is being continued at the Insti­

tute for Safety Research which i5 apart of the new Research 

Centre Rossenderf. 
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SEVERE ACCIDENT MANAGEMENT 
INSTRUMENTATION IN THE FlNNISH NPP'S 

Harri Tuomisto and Arto FeHn 
lmatran Voima Oy 
Vantaa, Finland 

ABSTRACT 

A1tti Lucander, Jaaklm Tuuri and Seppo Koski 
Teollisuuden Voima Oy 

Olkiluoto, Finland 

New instrumentation has been installed at the WO plant (AHH HWR with 710 MWe net 
output) in connection with Ihe severe accident mirigation program implementarion in 1989. 
nie developmenlal stage 0/ Ihe severe accident management program of lhe Loviisa plant 
(WER-440) has recently allowed the definition oJ instrumentation neeru. TI.is paper is 
aimed al discussing Ihe principal approaches, how Ihe plant·specific instrumentation needs 
have been derived from Ihe safety funcrions of fhe severe accident management in each case. 
A distinetion is made between Ihe instrumentation that is o[ cmeial importance for 
peiforming a correcl management measure and Ihe instrumentation needed for monitoring 
Ihe success. New instrumentation is ralher strictly limited 10 those ensun"ng the safety 
functions. 

1. INTRODUcnON 

Tbe Finnish utilities follow the Finnish Regulatory Guides (YVL Guides) set by STUK 
(Finnish Centre for Radiation and Nuclear Safety) in developing their severe accident 
management (SAM) plans. Mitigative measures are required based on detenninistic 
criteria. YVL Guides (1] require that tbe containment must remain intact and the 
environmental release of cesium must be less than 0.1% of the core inventory in case of 
a severe aceident. ADeeision of the Council of State [2) furt her specifies that releases 
of C~-137 must be less than 100 TBq. 

Tbere are four nuc\ear power units in Finland: two ABB 735 MW BWR's, TVO land 
11 in Olkiluoto, which are owned and opera ted by Teollisuuden Voima Oy (TVO), and 
two VVER-440 PWR's, Loviisa 1 and 2, which are owned and opera ted by Imatran 
Voima Oy (IVO). All these units started power operation between 1977 and 1981. 

291 



In June 1986 STUK requested the utilities to prepare against severe accidents at aB 
units. Even though it is of faremost importance to prevent a serious reactor damage cr 
reduce its probability, irrespective of such measures STUK required a preparedness to 
face a potential severe accident and to implement the measures which are necessary to 
restrict its consequences. Thus, STUK required the utilities to start a project concerning 
this issue [J]. 

TVO completed the implementation of SAM program in 1989. Since Loviisa plants have 
plenty of very plant·specific features, it has taken considerably longer for IVO to deveJop 
a consistent SAM approach. To camplete the implementation of the IVa program is 
now foreseen to take place in 1993-94. 

This paper focuses on the severe accident management (SAM) instrumentation that has 
been or will be added in the Finnish NPP·s. We begin (Chapter 2) with a short 
description of the plants and their SAM programs. The safety functions to be ensured 
with SAM application are then presented in Chapter 3, and the instrumentation 
necessary for ensuring the given safety functions in Chapter 4. Specific requirements and 
features of the SAM instrumentation will be discussed in Chapter 5. 

2. PLANT-SPECIFIC FEATURES AND SAM PROGRAMMES 

TVO I AND 11 

The design philosophy of minimizing the likelihood of the eore damage accidents has 
been achieved by applying diversity and redundancy of (4x50%) in the design of the 
engineered safety features (ESF) and by certain structural solutions of the primary circuit 
(internal recirculation pumps, no targe pipeline connections below the top of active fuel). 
The containment (see Fig.l) is normally inerted with nitrogen during power operation. 
This was deemed necessary already from the hydrogen considerations of design basis 
accidents. 

Tbe severe accident mitigation programme for the TVO units was started in August 
1986, and plant modifications and procedural changes [3] were mainly completed by 
the end of 1989. The backfitting changes are schematically shown in Fig. 1. These systems 
inc1ude large-capacity containment overpressure protection, flooding of the lower drywell , 
shielding of penetrations in the lower drywell, containment filtered venting and water 
fiUing of the containment. Some new instrumentation was added to ensure successful 
implementation of severe accident management measures. This instrumentation and its 
design principles will be discussed in detail in the following chapters. The whole accident 
management concept is based on manual actions. These operator actions are guided by 
the new emergency operating procedures (EOPs) 14]. 

Level 1 probabilistic safety assessment (PSA) has been completed far the internal 
initiators (1989) and far most external events (1991) ]5]. PSA level 2 scoping analysis 
is currently under preparation. 
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LOVIISA 1 AND 2 

Tbc Loviisa units have been furnished witb iee condenser containments as ilIustrated in 
Fig. 2. Tbc ESF system is a two train solution of its mechanical part witb two parallel 
pumps in each train (2x2x100%). The ESF actuation system is a 4-train Simatic N 
dynamical control system. The reactor trip system (2 trains) logic has been implemented 
by relay technique. 

The primary circuit incorporates six loops and six horizontal steam generators. The 
reactor press ure vcsscl has a large-volume lower plenum. The contral Tods are designed 
as followers cf tuel assemblies. The essential implications cf these features for severe 
accidents have been discussed in Ref. 6. Large water inventories of primary and 
secondary circuits define very lang response times for transient-initiated severe accident 
scenarios (start of core melt in 7 ... 9 hours). 

The severe accident mirigation programme started as early as 1986. Because cf thc very 
specific plant design, tbc utility was farced to launch an intensive research programme 
before any decisions of backfining measures could be taken. Tbe most important 
measures taken until now are the external containment spray system (operable in 1991) 
and reinforcement of same specific containment structures to withstand elevated pressure 
and temperature conditions. Tbe current status cf severe accident assessments and SAM 
programme has been descnbed in detail in Ref.[6] 

Level 1 PSA has been completed for intemal events in 1989 [7]. Results of the study 
have been integrated to our severe accident assessments. Tbe PSA work continues with 
external initiators and shutdown conditions. 

3. SAM SAFETY FUNcnONS 

1VO I AND II 

The critical functions of accident management for the TVO plants were defined as 
ensuring the following goals [3]: 

Containment overpressure protection 

Prevention of early containment failure 

Limitation and control of releases 

Reaching a safe stable state. 

Containment overpressure protectiOD 

A break in the primary circuit in combination with a failing pressure suppression function 
might cause a violent containment rupture, which could incapacita te the ESF systems and 
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thus lead to a severe accident. Ta eliminate these accident sequences, the containment 
was equipped with an overpressurizatian protection system with rupture disks and shutaff 
valves far later c1osing. 

Prevention of early containment failure 

An early containment failure could be caused by an energetic phenomenon or by corium 
attack on the lower drywell penetrations. Of the energetic phenomena, hydrogen 
combustion can be ruled out as a failure mechanism, because the containment is 
normally inerted with nitrogen. To avoid direct containment heating (DCH), the primary 
circuit has to be depressurized before the reactor vessel melt-through. This can be done 
with the help of the ordinary relief and depressurization system. 

To protect the penetrations in the lower drywell, the compartment has to be flooded with 
water before the reactor vessel melHhrough. Flooding of the lower drywell using 
condensation pool water has originally been included in the LOCA management 
schemes, and henee provisions for it have been accounted far in thc basic design. The 
penetrations in the lower drywell were also shielded against direct contact with the 
molten corium and against missile impacts. 

Limitation and control or releases 

If it would become necessary to release steam and gas from the containment to limit the 
press ure rise. it can be performed in a controlled manner with the containment filtered 
venting system. The SiemenslKWU filter employed ensures that integrated releases to 
environment are beJow the tight requirements set in Ref. [2]. 

To make sure that the releases can be limited and controlled, it had to be shown that the 
containment can preserve its long-term leak-tightnesss under severe accident conditions. 

Reacbing a safe stable state 

This goal can be accomplished by filling the containment with water up to the normal 
core upper level. To this end, connections have been provided between the fire fighting 
water system and the containment spray system. 

LOVIISA 1 AND 2 

The top level eritical functions of the Laviisa accident management scheme are as 
discussed in Ref. [6) 

Absence of energetic events 

Coolability and retention of molten core on the lower head of the reaclor vessel 

Lang-term containment cooling. 
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In addition to these, primary circllit depressllrization starts the severe accident phase of 
emergency response. 

Primaty circuit depressurization 

The decision has been made to install manuaIly-operated depressurization capability by 
power-operating the safety valves. Depressurization capacity will be designed for accident 
prevention. Yet, it is to be initiated with first indications of superheated temperatures at 
core exit thermocouples and it sets in motion the severe accident phase of the emergency 
response. 

Absence of energetic events 

[t is possible to demonstrate absence of energetic reactor vessel failure and absence of 
vessel melt-through. Thus, for Loviisa, the only real energetic concern is due to hydrogen 
combustion events. Because of the reJatively low design pressure, this concern involves 
all large scale combustion events that are rapid enough to yield an essentially adiabatic 
behavior. Glow-plug igniters were installed in the Loviisa containments in 1982. Intensive 
research program is currently under way to study a reliable hydrogen management 
scheme. The studies concentrate on two functions: ensuring air recirculation f10w paths 
to ensure weil-mixed atmosphere (opening of ice condenser lower doors) and effective 
ignition/combustion. 

Lower bead ooolabilily and mel! retention 

[n-vessel retention of molten core on the lower head of the reactor vessel constitutes the 
cornerstone of the L.oviisa accident management approach. Since the ice condensers melt 
in most accident scenarios, the reactor cavity is fulfilled with water and the reactor vessel 
is submerged. A typical decay heat power level is low (-9 MW). Thus local heat fluxes 
and vapour velocities around the vessel are rather moderate. As a accident management 
measure, however ,the lower head insulation and neutron shield blocks should be 
lowered during the accident. 

Loog-tenn containment cooling 

In the absence of corium-concrete interactions, there is no production of non-condensible 
gases, except hydrogen wh ich is to burn. Stabilization of containment pressurization can 
be achieved by steam condensation on tbe containment walls. The external spray system 
of tbe inner steel containment has been installed to induce the necessary rates of steam 
condensation inside. 
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4. SEVERE ACCIDENT MANAGEMENT INSTRUMENTATION 

AJI the Finnish uoits have their own critical function monitoring system, which supports 
thc operator in severe accident prevention. Also the standard instrumentation, including 
the DBA instrumentation, is available in many sequences and operators have access 10 
these measurements in Iikely cases. On the other hand, in some nonexpected cases. such 
as a loss cf cantrol room, there is a very limited number of measurements available for 
accident monitoring. Ta ensure also in these cases the success of the severe accident 
safety functions, as discussed in previous Chapter, some new instrumentation has been 
and will be added to the plants. 

When planning the needed instrumentation, the distinction is made between the 
instrumentation that is of crucial importance for performing a correct SAM measure and 
the instrumentation needed for monitoring the success of the measure. As weil the new 
instrumentation is rather strictly Iimited to those helping to ensure the above safety 
functions. Tables land II present the SAM instrumentation scope for TVO and Loviisa 
plants, respectively. Figure 3 illustrates schematically the SAM instrumentation of TVO 
plants. 

T ABLE I Added SAM instrumentation for TVO plants 

SAFETY FUNCTION INSTRUMENTATION AND CONTROI.. INSTRUMENTATION FOR 
EaulPMENT FOR SAM AC'TlON PARAMETER MONrrORING 

Containment overpr ... ure prQtectlon Automatie actuatlon (rupture dlK) Indlcatlon and alarm ot dltc rupt1Jre 

Prev.ntion of earty containment ContaInment pt_ur. Pre.ure, temperatur. -.nd water 
fellur. R .. ctor pt_ure leveI lnaic:le contalnment 

Watef lfIYeI In Iower d~1I 
o.yw.lVWetwell pt...ure dllference 

Umitdon Md control d fele .... 0Me rate In ~If Acttvit)' and fIowrat. In filter lteck 
Wat., levttl In containment Scrubbef wet., ....... 1 
Containment pr8Mur. 

Re.ehlng • safe atable ltate Contalnm.nt weter 1 ..... 1 .nd pt ... ur. Contalnm.nt wet.r 1ev.1 . nd 
prellure 

T ABLE II SAM instrumentation and related hardware for Loviisa 

SAFETY FUNCTIQN INSTRUMENTATlON ANO CONTAOl INSTRUMENTATION FOR 
EOUIPMENT FOR SAM ACTION PARAMETER MONrrORING 

Primary elrcutt depteNl.lrization Core exIt tempereturel Primary clrcult pr_ur. 
Power-operating 0/ aat"'V valv .. 

Ab •• ne. 01 en.rgetlc .... entl Glow "lug actuation Hydrogen concentratlon 
Pow.r-operatlng of 1<:. cond.n •• r 
Iower doofl 

Low.r he.d coolability and melt Water level in the lump end cavity Sump temperatur. 
ratention Lowering device for neutron .hleld Water I ..... el In the l ump end cavity 

end thermal in.ulation 

Long-I.rm containm.nt cooI!ng Containment ptessute ContaInm.nt pren ur. 
Control. cf the el':1emel Iptay system 
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s. SPECIFIC FEATURES AND REQUIREMENTS OF SAM INSTRUMENTATION 

The instrumentation related to SAM function are classified to safety class 3 according to 
Finnish safety guide YVL 2.1 (Draft). 

lVO I AND 11 

The following design bases were applied to the SAM instrumentation: 

The instrumentation shall remain capable cf functioning during a 24 haur lass of all 
AC power. This is accomplished by a dedicated battery system. 

The primary instrumentation shall withstand the environmental conditions prevailing 
inside the containment during a severe accident so that the instrumentation remains 
capable of functioning. Tbc design range for thc containment pressure is -0.1 to 
+0.6 MPa, the maximum conceivable tcmperature is 3()()"C and the integrated dose 
mayamount to 10' Sv. 

The measurements fulfill seismic requirements throughout the measuring chains. 

The measurements have been implemented in two parallel, redundant chains. 

Water levels, pressures and differential pressure over the diaphragm floor are 
measured with the help of nitrogen purging with sufficient, passive backup capacity 
for 24 hours of operation against maximum containment pressure. 

The impulse tubes inside tbe containment are protected against missile impacts by 
shields made of channel bar. 

Malten core material must not damage the measurements. 

Transmitters are all installed outside the containment in rooms where there are no 
process system components. Hence, accessibility is assured. 

The measurements are indicated on a central panel in a special emergency monitoring 
centre, which is located in the emergency exit corridor of the reactor building, elose to 
the front door. 

Tbe rneasurements can also be presented on the CRTs of the plant computer. 

WVIISA 1 AND 2 

Tbe I&C functions, related to the above defined SAM safety functions, and their 
implementation principles have been presented in Table ]11. Same of the devices have 
been instalIed already. A system for deliberate hydrogen ignition was installed in 1982. 
The igniter system consists of 72 glow plugs, which are powered from the emergency 
diesel generators. The containment external spray system is operable since 1991. 
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TABLE III SAM I&C functions at Loviisa 

I&.C tunctlon tot SAM lmpfementa1lon prtnclple 

Prima'Y pr.ssure Pressure Iransducer outside containment 

Core exit temperatur. Thermoelement 

Containment pfeuure Pressure transducer outside containment 

Hydrogen concentration Catalytic device 

Sump temperatur. r esistance thermometer 

Water level In lump DP-Iransducer outside containment 

Water level In reactor cavity DP·transducer outside containment 

Power-operating preHurizer safety valves Manual remote contral 

Lowering tower head neutron shletd Manual remota controt 

Hydrogen igniter actuation Manual remote controt 

Single drive contrals of the external 'prey Relay 10910 in a loe«1 safety col11rol panel 
system 

Notes: • 
m 

" n(a) 

exlsting system 
existing system will be modified 
new system 10 be Implemented 
new system already Implemented 

Numbef Note 

2 0, m 

4 0 , m 

4 0, m 

, • 
2 ° 
2 n(a) 

2 " 
2 " 
2 " 
2 0 , m 

, n(e) 

Some of the new systems are still under development. Therefore, Table 111 shows Dur 

principal approach and changes to these plans are still possible. 

The design objective of SAM i&C is to be independent of the DBA instrumentation. In 
first place, it means independence of the control building of the unit and of electonics 
located there. The electronic part of the SAM instrumentation is designed to be located 
in the control building of the neighboring unit. Pressure transducers will be located 
outside the containment in the lower part of the reactor building. 

All SAM instrumentation have at least two trains. Also in same cases, functional and/or 
component diversity can be employed. The aim is to have c1ear technical solutions 
employing reliable and passive (ta the possible extent) components. Special attention has 
to be paid on equipment located in the rooms where environmental conditions of a 
severe accident can appear. 

All SAM I&C equipment, and DBA I&C equipment having a support function far SAM, 
will have a backup power supply. The power supplies of equipment will be backecl bY}l 
diesel system dedicated to SAM. 

The environmental qualification requirements far SAM equipment will be specified for 
Loviisa conditions. Even though this work has not yet been completed, it is assumed that 
capability can be proven in most cases by analytical methods. Hence, extensive new 
testing is not deerned necessary. 
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Figure 1 

1 Water f1111ng of the conta1nment 

2 F100d1ng of the 10wer dryweIl 

3 Sh1e1d1ng of panatret10ns 1n tha 10wer dryweIl 

~ Containment overpresaur1zatlon protect10n 

5 Containment vent1ng 

6 Fl1ter 

Severe accident mitigarion systems at 1VO l and II 
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Figure 2 Containment systems 0/ Loviisa 1 and 2 
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PI pressure 
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FI flow 

Figure 3 SAM instmmentation oJ WO land 11 
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SUMMARY of SESSION 111 

This Session discussed the unconventional use and further development of plant 

instrumentation, which can contribute 10 increase the diversity and flexibility of 

accident data available. 

The first paper is presented by Dr. Richard Oehlberg (EPRI . USA) and Mr. Revi. 

James (ERIN Engineering and Research, USA) . It highlighted that other information 

sources can help 10 augment and confirm data available trom dedicated accident 

instrumentation such as Reg. Guide 1.97 Instrumentation: inferences of plant status 

are pqssible trom measurements and measurement trends obtained from instruments 

not expected 10 function, observations of system er camponent 

operability/inoperabi lity, and observations of locally harsh environmental conditions. 

Oetailed plant-specific examples are given, e.g. regarding the reacter pressure and 

level indication in BWRs, er the reacter cavity temperature indication on 

Westinghouse-type PWRs which the authors speculate may yield information related 

to vessel and core temperature. The authors advocate that others look at their 

information sources in a creative way. 

The second paper is presented by Mr. Jörg Paul. (TH Zinau , Germany) . It describes 

a new water level measuring method in vessels. based on the utilization of a 

combination of exterior gamma detectors, which measure the internal acti vity of N16
, 

generated by a (n,p) reaction on the 0 16 in the primary water. Two applications are 

given, one on the water level indication in a steam generator with U·tubes, the other 

on the water level indication in BWRs, with the corresponding calculation methods. 

Such a method, which appears to be valid during power operation or shortly after 

reacter shut·down, will be further qualified on a test reacter before being proposed on 

power reactors. 

The third paper, presented by Mr. Bernd Eckardt (SiemenslUB KWU , Germany), 

discussed methods developed in Germany for measurements of hydrogen 

concentration and airborne nuclide concentration in the containment atmosphere, 

which are due to provide additional information on the accident history, plant status 

and effects of countermeasures to reduce hydrogen concentration, and also to help 

assessing the potential hazard in the 'vicinity of the plant. In·site hydrogen 

measurements as weil as measurement through extractive sampling are discussed, 
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the former system, using sensors in the containment, providing continuous and 

simultaneous information displayed in the contral room without radiation exposure. 

Regarding containment atmosphere activity monitoring, the difficulties of exlraction 

pipe systems are described and some preference is given 10 in-containment sampling 

and to pool sampling system. 

The fourth paper, presented by Dr. Horst Michael Prasser (Z.K. Rossendort, 

Germany), describes the use of needle·shaped conduclivity probes for Iwo·phase flow 

pattern determination during simulated emergency core cooling hot leg injection 

experiments at the COCO facility in the HDR containment. The first resulls appear 

promising and the use of such probes as additional instrumentation can be envisaged 

in the future on power reactors, e.g. for the contral of water level, once some 

improvements have been achieved, in particular regarding the stability of the probe. 

The fifth paper, presented by Harri Tuomisto (IVO , Finland), locuses on plant-specific 

severe accident management instrumentation that has been or will be added 10 the 

Finnish NPPs TVO land 11 , Loviisa land 11 , as a consequence of the severe accident 

management policy adopted, and of Ihe resulting safety functions 10 be ensured. 

A distinction is made between the instrumentation that is of crucial importanee tor 

performing a eorreet management measure and the instrumentation needed for 

monitoring the success. New instrumentation is strictly limited to those ensuring the 

safely tunetions. 

The sixth paper, presented by Professor Kurt Becker (RIT, Sweden) , describes the 

performance studies 01 a new core cooling monitor for BWRs. Sueh a detector has 

been successlully tested al various elevations, including in the lower plenum, in the 

Barsebäck nuclear power plant under normal operating eonditions, and also in various 

environments in a 160 bar loop (wilh sudden uncoveries) and in Ihe laboratory (up 10 

1265 °C). 11 can be operated in two modes: the core cooling mode and the 

lemperature mode, where il actually aets as athermometer. It currently appears ready 

lor implementation in BWR installations. 
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PERFORMANCE STUDIES OF A NEW CORE COOLING 
MONITOR IN A BOILING WATER REACTOR 
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1 Royal Institute ofTechnology, 10044 St.ockholm, Sweden 
2 OKG AB, 570 93 Figeholm, Sweden 
3 Sydkraft AB, 205 09 Malml5, Sweden 
4 Swedish State Power Board. 16287 Vällingby. Sweden 

SUMMARY 

Performance studies of a new type of tore cooJing monitors have been carried out in the 
Barsebäck Nuclear Power Station during the operation periods 1988-10-04 to 1989-07-05, 
1989-08-03 to 1990-09-05 and 1990-09-28 10 1991-07-04. The Tesults showed that the monitors, 
which were placed inside the reacLor tore, Bre very sensitive to variations of the reactor 
operating conditions, and that 34 months of irradiation did not influence the signals 
from the monitors. 

Experiments were also carried out in a 160 bar loop, where sudden uncoveries of the 
monitors were achieved by decreasing the liquid level of the coolant surrounding the 
monitors. The experiments inc1uded the pressures of 5, 20, 50, 70 and 155 bar, and tbe 
responses to uncovery were in the ranges between 11 and 82 mV/se<; 01". totalatep change 
of 2 V at typical BWR conditions. This ia of the ordel" of two decades higher than the 
responses from monitors based on thermoeouple readings. 

The monitors can be operated in two modes, the core cooling mode and the tempuablre 
mode. In the fonner mode the electrical current is 3-4 A. and in the latter mode, where the 
monitor aetually serves as athermometer, the current is in the order of 50-100 mA. 

In the laboratory the monitors have been studied for temperatures up to 1265 oe, which 1a 
very useful in ease of a severe reaetor accident. Thus, durine auch events the 
temperatures in the reactor core could be followed up to this level and the monitors could 
also be used 10 activate certain safety equipment. 

The function as weH 8S the design of the instrument ia verified in laboratory 
experiments, computer calculations and reactor tests and i6 now ready for 
implementation in the BWR instrumentation. 
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1.0 INTRODUCTION 

The need for reliable tore eooling monitors became evident during the Three Mile Island 
accident, end it has been proposed that perhaps the destruction of the reador eore cculd have been 
avoided if the reactor had been equipped with monitors, which had given direct information about 
t.he eooling conditions inside the reaelOT eore. In several countries the Nuc1ear Power 
Inspectorates have prescribed that eore eooling monitors (CCM) should be installed in LWR's. 

Such instruments mllst be able to indicate Tapidly end c1early when the eoeling of the reselor eore 
is lost, whic:h would occur ir the liquid level in the reaelor vessel falls below the level, where the 
reBeloT eore starts to uncover. Especially, it is of greal importance that the response of the monitor 
is sufficiently large in order to avoid any misinterpretations, wh ich could lead to undesirable 
operator actions. 

In most boiling water reacton the liquid level is today determined by means of differential 
pressure drop measurements in the downcomer. The instrument readings from this kind of 
rneasuremenls may, however, be difficult to interpret during the transient conditions, which may 
ex-ist during an aeeident situation. Hence, computers must be used for the interpretation of the 
signals, preventing a direet and reliable observation of the eoolant inventory in the reactor 
vesse l. It would therefore be desirable to install additional instrumentation, which provides 
information about the cooling conditions inside the reactor core, and seve ral proposals for such 
instrumentation are available in the literature. The most important of these systems have been 
discussed in areport by Anderson (1). 

Tbe concept proposed by Neuschaefer (2) and chosen by Combustion Engineering was based on a 
heated junction thermoeouple (HJTC) probe. Tbe probe contains a dual thermocouple, with one 
heated junction and ooe unheated junetion . Thus, the output from the probe is directly relared to the 
cooling eapacity of the sUTTounding fluid. Tbis principle suffers from the disadvantage that the 
output signal is in the order of a few millivolts only. For that reason the signal could easily be 
disturbed by other phenomena occurring during a reactor transient. A number of such probes are 
placed inside a splash shield, providing for coo lability measurements at different levels inside 
the reactor eore. 

Scandpower (3) has developed an instrument ealled Radca} Gamma Thermometer, RGT. This 
instrument is in fact based on the same principle as the HJTC probe developed by Combustion 
Engineering. Inside the instrument there is an eleetrieal heater, and the heat transfer conditions 

on the surface of the probe are monit.ored by means of therrnocouples. However, the details of the 
RGT probe difl'er signifiesntly from the CE design, hut in both esses the response of the prohes is in 
the order of mV only. Other proposals for this kind of instrumentation are found in references 4, 
5,6 and 7. 

Becker (8,9) proposed a nd studied experimentally in a 160 bar loop the performance of a CCM, 
whieh eonsisted of an eleetrical cylindrical heater, and whieh had the same diameter as the fuel 
rods . When the monitor was uneovered the heat transfer eoeffieient decreased drastically, 
causing a rapid increase of the monitor temperature . Tbe responses in terms of the volt..age over 
the heater were in the order of30-50 mV/sec and totally up to 3-4 volts. Figure 1 shows an example 
of the response obtained fot a pressurc of 70 bar and a constant eUrrent through the heater of 3.6 A 
In comparison with the previously mentioned and avai1able systems, the response of the monitor 
in ease of a 1055 of eoolant is therefore at least 150 times high er. Tbe monitor can also be operated 
in a second mode called the temperature mode, where it is used as a thermometer, deteeting the 
temperature inside the reactor core. This is, indeed, of great importance in case the reactor core 
has been uncovered and starts 10 heat up. Then the the signal from the detector ean be used to 
initiate the operation of certsin safety equipment and thus, it may pley an important part in the 
aceident management. 
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FIG. I RESPONSE TO UNCOVERY AND REWETIING OF DETECTOR 

Thus. the proposed monitor provides great advantages in comparison with other available 
systems. In particular the following items should be considered: 

1. For a loss ofcoolant the response ofthe monitor would be at least 150 times larger compared 
with the signals attainable from monitors, which are based on the heat.ed thermocouple 
junction method. Because of the large response the risk for misinterpretations of the 
signals can be regarded as negligible. 

2. The instrument can during a severe accident be used for measuring the temperature 
inside the reactor core up to 1265 oe 

3. The instrument. which is constructed from very few parts, is simple and robust and thus 
reliable in operation. Especially the probe has been designed to be contained within the 
instrumentation guide tubes. already existing in the reactor. 

4. If a probe is arranged within the reactor core the instrument may serve as a core cooHng 
monitor, a liquid level indicator or as a thermometer. If, however, the probe is placed 
above, below or beside the reactor core the instrument functions as a liquid level indicator 
or as athermometer. 

5. The probe does not need any shielding, since the output signal 1S so strong, that the 
influences from water drop lets hitting the probe are negligible, Heated junction 
thermocouple probes are often shielded against such disturbances, especially against the 
splaahing, which occurs just above the sulface of a two phase steam water mixture. 

Because of the promising performance, which was revealed by the loop studies, the Swedish 
Nuc1ear Power industry decided to study the behaviour of the proposed system in a BWR. A BWR 
was chosen because the monitors could easily, as shown in figure 2, be mounted by means of guide 
tubes of the same type, which have already been developed for neutron flux measurements. It 
should be emphasized that in all the Swedish BWR's empty positions for guide tube penetrations 
through the react.or vessel boundary are available for additional in core instrumentation, Inside 
one guide tube 4 deteetors may easily be placed at different verlical positions and in this manner 
detect the water level in the reaetor vesse1. It was considered t.o be of special importance to 
investigate the influence of long time neutron irradiation upon the response of the instrument. 

The measurements were carried out in the Barsebäck I nuc1ear power plant, and the purpose of 
this paper is to present some of the experimental resutts, which were obtained in the 160 bar loop 
and in the Barsebäck I reactor. A more comprehensive review of the results is found in a project 
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report by Becker et 81 (10). Although the present reactor studies have ooly been performed in a 
BWR, we would Iike to point out that the proposed monitor just 8S weil cao be used for liquid level 
and coolability measurements in side the press ure vessel of 8 PWR. 

FIG 2. DETECTOR IN GUIDE TUBE BE1WEEN FUEL BOXES 

2 . 0 DESCRIPTION OF THE NEW MONITOR 

The monitor consists of an eledrical heati ng coil placed inside a 12.0 mm outer diameter Inconel 
cylinder. The diameter of 12 mm was originally chosen in order to simulate a fuel rod for a 
BWR. When the probe is submerged in water the cooling is rather efficient and the temperature of 
the probe wi1l differ only slightly from the water temperature. However, if the liquid is lost and the 
probe is surrounded by steam, the temperature of the probe increases rapidly and will finally 
approach a much higher temperature level. This temperature can be chosen in advance by 
seleding a suitable power input to the heater. The temperature of the probe is determined on the 
basis of the eledrical resistance of the heater coil, which is obtained by measuring the voltage over 
and the current through the resistor. This makes it possible to exelude the thermoeouples, whieh 
were important parts of the previously mentioned HJTC and RGT probea. 

The instrument is deaigned to operate in the following two modes; the core cooling mode and the 
temperature mode. 

1. The core eooling mode, where an eleetrieal eurrent of 3-4 A is applied, ia the norma l 
operational mode. In the application in Barsebäck a OC current of 3.6 A was used, yielding 
a reaistance wire temperature of approximately 380°C at full reactor power. 

2. In the temperature mode a eurrent of 100 mA is supplied and the instrument 1S now 
operating aa a resistanee thermometer. This mode should be used during a severe reador 
accident after the operation in the eore eooling mode has established that the reaetor core is 
uncovered and in astate ofheatup . 

The dual mode of operation of the monitor reQuires 2 separate power supply units a s indicated in 
figure 3. which shows the eledrieal circuit for one detector. 

The monitor, which is shown in figure 4, eonsists of a 64 mm long cylindrieal heating element of 
12 mm diameter. The heated seetion of the cylinder is -40 mrn long. The heater coil is a -2.35 m 
long Thermo-Kanthal N Wire of 0.5 mm diameter. Kanthal N consists of approximately 97% Ni, 
2,5% Si and small amounts of Mn and Co. The eleetrical resistance of the wire is 1.12 Ohm/rn at 
20 °C. Tbe wire was wound around aceramie eylinder, which was plaeed inside the Ineonel tube. 
All the welding was performed with eleetron beam welding in vacuum. The space between the 
wire a nd the canning was fil1ed in vaeuum with MgO powder, paeked with an effideney greater 
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than 98% of solid material. MgO was selected becRuse it has the best high·temperature insulation 
capability. 

Oo,oc ..... 

FIG. 3 INSTRUMENTATION FIG. 4 DETECTOR 

The change of the electrical resistivity with temperature for the Kanthai wire is shown in figure 5. 
The diagram, which is used for the determination of the wire temperature, was obt&ined by 
calibration in an electrical fumace. 
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FIG. 5 RESISTANCE OF KANTHAL N WIRE 

For the present study 11 monitors were manufactured, 8 for the Barsebäck experiments, No 11-18, 
and 3 fOT the laboratory tests, No 19,20 and 21. Because Cu melts at 1083 °C and because it would be 
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desirable during a severe reactor accident 10 rneasure the ternperature in the reactor core up to at 
least 1260 °C, which is recornrnended in the US Regulatory Guide l.97 (11). three of the detec10rs 
were equ ipped with Pt leads and three with Ni leads in accordance with the table below. 

Assembly Detector Cable length Cable Material 

mm 

11 62(ß Cu 

12 13300 Pt 

13 14133 Ni 

14 14487 Cu 

2 15 62(ß Cu 

16 13300 Pt 

17 14133 Ni 

1B 14487 Cu 

Laboratory Tests 19 200l Cu 

ID 200l Pt 

21 200l Ni 

The four 0.5 rnm leads , two for power supply and two fOT voltage measurernents, were contained 
inside an Inconel600 tube with an outside diameter of 3.6 mrn. MgO was used as electrical 
insulation between the leads and the Inconel cable. The choice of Pt and in particular Ni has a 
disadvantage because the electrical resistances of Ni and Pt are high in comparison with Cu. 
This causes relatively high power losses in the rather long cables, and more expensive power 
supply equipment is needed. Four lead cables were used in order 10 eliminate the innuence of the 
lead temperatures on the detector signals. This is, indeed, important during a large LOeA., where 
the temperature decrease in the reactor vessel for BWR's and PWR's may be up to -130 oe 
respectively _170 °C. Considering that the cables are up to 14 meter long, their ohmic resistance 
decrease would certainly disturb the interpretation of the detector signals during this type of 
accidents. 

The Barsebäck detectors with their cables were mounted inside a 16.9 mrn inner diameter guide 
tubes of the same type as for PRM measurements. The end of the cables were sealed a nd the four 
leads were connected to four exte r ior Kapton insu lated copper wires. The detectors and the 
connectors were manufactured at the Paul Scherrer Institute in Switzerland. 

The electrical resistances of all the heater coils and the MgO insulations as functio ns of 
temperature were measured at the Paul Scherrer Institute in the range between 24 oe and 599 °C 
and for the laboratory detectors in our laboratory in the temperature range bet.ween 20 oe and 
600 "C. After the cornpletion of the investigation additional rneasurements of the resistances were 
obtained up to 1265 °C for detector 19 and 21. The electrical ci rcuit of the former detector broke 
down at 1170 °C, which was not surprising considering that the melting point ofCu is 1083 °C. The 
latter detec1or, however, functioned normally after this severe treatment. The three sets of data 
gave of course identical values and figure 5 showed the ohmic resistance versus temperature for 
the Kanthal wire in detector 21. This figure is used for temperature measurernents when the 
detec10r is opera ted in the temperature mode. With regard to the other resistance measurements 
the reader is referred to the project report by Becker et al (10). 
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3.0 EXPERIMENTAL LOOP STUDIES 

A great deal cf measurements were caTried out in 8 160 bar Joop 8t the Royal Institute cf 
Technology. The research program fOT the 160 bar Jeop inc1uded the following it.ems: 

1. Liquid level er lass cf coolabilily measurements . 
2. Blowdown tests. 
3. InOuence of guide tubes. 
4. Temperature cycling tests. 

In addition, the detectors were studied in an electrical furnace 8t temperatures up to 1265 oe. 

3.1 APPARATUS AND EXPERIMENTAL PROCEDURES 

The apparatus, which was made cf stainless steel, was designed for an operating pressure cf 
160 bar. Thi! snows to sludy the perfonnanee cf the detectors for BWR 85 well as for PWR 
conditions. Figure 6 shows the apparatus, which is an U-tube, where one cf the legs is the test 
vessel and the other leg is a pressurizer. The connection between the two vessels is a 10 mm inner 
diameter tube supplied with a valve. The pressure in the pressurizer was controlled by means of 
nitrogen from a bottle and a relief valve to the ambient. The pressure in the test vessel was 
adjusted by a 500 mm long electrically heated 8-rod bundle, which was mounted on the bottom 
Oange and an air cooled condenser. The test vessel consist.ed of a lower 615 mm long cylinder 
with an inner diameter of 70 mm and a 785 mm long upper section of 112 mm inside diameter. 
The two cylinders were connected by mesns of s 155 mm long cone. The upper cylinder was 
connected 10 the hesd of the vessel by means of a 155 mm long cone and a 115 mm long flange. 
Thus, the total height ofthe vessel became 1825 mm. 

In the present study three detectors 09, 20 and 21) were mounted with their lower ed,e 1 cm sbove 
the upper end of the rod bundle. The performance of the detectors were identical, as the only 
difference between them was the material of the 4-lead cables, and this does not influence the 
signals. 

The power to the monitors were supplied from three direct current supply units, which delivered 
constant current at any selected value between 0 and 20 A. The maximum voltage to be obtained 
from the unit was 100 volts. When the heatup of a monitor started after uncovery, causing the 
electrical resistance of the heater coil to increase, the voltage over the monitor increased 
asymptotically towards the equilibrium value for natural convection st.eam cooling. The 
transient voltages over the monitor were recorded by means of a 4. channel W.W recorder. One of 
the channels was used for recording the static pressure in the test vesse1. The liquid level inside 
the test vesseJ was measured by means of aBarton cello Measurements were also made of the 
liquid and vapor temperatures employing thermocouples, and of the pressure in the vapor phase 
using apressure transducer. 

At the on set of an experiment the liquid surface in the test vessel was adjusted to a level of a few cm 
above the upper ed,e of the monitors. Oue to the expansion of the steam dunng the uncovery of the 
detectors the initial pressure in the test vessel was chosen somewhat above the nominal pressure. 
For example, at 70 bar the initial press ure was chosen 71 bar in the test vessel and 65-67 bar in the 
pressurizer. The monitors were uncovered approximately 2-5 seconds after opening the valve and 
then the valve was closed. The liquid level in the test vessel after closure was 1-2 cm below the 
monitors. As the cooling of the monitors deteriorated drastically their temperature increased 
rapidly yielding a strong response , Dunng this phase of the experiment the pressure of the 
pressurizer was increased to a level above the pressure in the test vessel. This was achieved by 
supplying gas from the high pressure nitrogen bottle. When steady state had been obtained or 
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when lhe center lemperalures of the monitol'"S approached 600 oe, the valve between the pressurizer 
and the test vessel was again opened, causing the water to return 10 the test vessel and quench lhe 
monitors, which cooled off ralher rapidly to the initial conditions. 

Te~t 

To 

P=Pressure Trensducer 
DP= OP celle 
T= Thermocouple 

FIG. 6 APPARATUS 

3.2 LIQUID LEVEL AND COOLABILITY "."'MW"TS 

Ni trogen 
bottle 

In order to cover the conditions, which may be en 0 ...... ~ Ht BWR's as weil as 
PWR's, liquid level or 1055 of coolant experiments W'eT"e c:errieIt out .t the nominal pressures of 5, 
10, 70 and 155 bar. 

At each pressure the W1covery of the monitors was carried out .t the electrieal currents of 3.2, 3.6 
and 4 .0 A, which correspond to power inputs in the range between 40 and 75 W or average sunace 
heat fluxes between 2.1 and 4.0 W/cm2. The resutts for monitor 19 at 70 bar are shown in 
figure 7. Considering the current of 3.6 A, which is employed in the monitors being tested in the 
Barsebäck I hoiling water reaelor, the average response for the first 30 seconds after uncovery is 
25.5 mV/sec. This is, indeed, a very strong signal, and in order to obtain a similar response with 
thermocouples a temperature transient of 640 °C/sec would be required . The total response was 
1.85 V, which is 150 times larger than the voltage, which would have been obtained from deLeclors 
based on lhermocouples. Misinterpretations of the signals is lherefore very unlikely. 

The large response 15 not only a result of the drastic decrease of the heat transfer coefficient after 
uncovery, but also of the increase of the power, Q = R12, during the transient when the ohmic 
resistance , R, increases and the current, 1, is kept constant. Thus, 

llV - llq"/lla 

where q" is the sunace heat flux of the monitor and a 1S the heat transfer coefficient. 
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3.3 BLOWDOWN MEASUREMENTS 

Blowdown measurements were performed 8t the initial pressures of 70 and 155 bar. During these 
tests the uncovery of the moniton was achieved by opening the valve on the 4- mm inner diameter 
duet to the ambient, which caused a loss of eoolant and depressurization of the test vessel At hoth 
initial pressures the currents of 3.2, 3.6 and 4.0 A were employed. An of the three monitors were 
tested simultaneously aod identical results were obtained. The response of monitor 19 8t 70 bar 
and 4.0 A is shown in figure 8 as a plot of voltage versus time. 

At the time t = 0 the valve was opened and the pressure in the vessel starts to fall from the initial 
value of 70 bar. Oue to the decrease of the pressure the wateT temperature as weil as the monitor 
temperature decreases, yielding a negative response. At point A the liquid level has fallen below 
the monitor and due to the decrease of the cooling capacity of the surrounding fluid, the 
temperature of the monitor increases rapidly as weil as the voltage of the resistance wire. Despite 
the large temperature decrease from 284 oe to _150 °C during the depressurization, the voltage over 
the instrument becomes larger than the initial steady state voltage less than 1 minute after 
uncovery. Then the voltage continues to increase and reaches 2 volts arter another minute. Thus, 
reliable and unambiguous information can be provided for the reactor operating personnel. With 
regard to reactor applications the time between uncovery ofthe monitor and positive voltage output 
is negligible in comparison with the time needed to heat the reactor core to an undesirable level. 
At point B in figure 8 the LOCA or blowdown i8 terminated by closing the valve to the ambient and 
opening the valve to the pressunzer, which allows for injection of water into the test vesse1. Then 
the monitors are quenched and rapidly cooled off. 
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FIG_ 8 BLOWDOWN MEASUREMENTS 

3.4 INFLUENCE OF GUIDE TUBE 

FOT BWR applications the monitors are mounted in 16.9 mm inner diameter guide tube!. In order 
to ensure that the readings are representative for the conditions in the by-pass channel, fOUT 5 mm 
diameter holes, 900 apart, were drilIed 1 cm above the upper edge 85 welt as 1 cm below the lower 
edge of the detectors. 

The inOuence of the guide tube was studied experimentally in the 160 baT Joop by placing two 
monitors 8t the same level in the test vessel; one inside a guide tube and one outside the guide tube. 

Loss of coolabilily measurements were carried out 8t the pressures of 5.4, 70 and 140 bar and the 
currents of 3.2, 4.0 and 4.8 A, thus investigating a total of 9 conditions. In 811 eases almost 
identical results were obtained for the two monitors, indicating that the influence of the guide tube 
on the transient response is negligible. In particular, it was important to observe that the heatup of 
the two monitors started at the same instant, showing that the guide tube do not delay the dryout 
and that the liquid level inside the guide follows the outside level during the whole transient. 

During reador operation at 70 bar one detector in the core eooling mode uses an electrieal power 
-50 w. Beeause of y-ray absorption an additional -40 W is generated in the deteetor. Further, 
because heat 15 also generated by y-ray absorption in the eables and because Utree monitors may be 
present in one guide tube in the reaetor eore region it was suggested Utat perhaps Ute guide tubes 
eould be mied with steam, causing the monitors falsely to indieate a dry reactor eore. In order to 
resolve this problem two senes of tests were perfonned, mounting one monitor inside the guide 
tube and one monitor outside the guide tube. Two test senes were earried out, one for central 
mounting and one for eceentrie mounting in the guide tube. The experiments were carried out in 
saturated water at 70 bar. The power of the monitor was gradually inereased from 35 to 265 W. 
Almost identieal results were obtained for the shielded and the unshielded monitors, 
demonstrating that placing a monitor inside a guide tube i5 not a source of error. 

It should also be reeognized that the loop experiments were eonservative beeause: 

1. The tests were earried out at saturated water, while the water in the by-pass channel in a 
BWR is -10 oe subcooled. 

2 . Powers up to 265 W was used, while the monitor power in a BWR is less than 100 W 
including the y-heat. 
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3 . The flow area of the two 3 mm diameter discharge holes in the test is small in comparison 
with the four 5 mm diameter holes used in the BWR application. 

3.5 TEMPERATURE CYCLING OF MONITORS 

It is imporlant that the detectoTB cen operate during transient conditions without being damaged. 
In order to prOve their reliability in this respect the fo1l0wing temperature cyding program was 
carried out: 

1. Before the detectors were delivered from the Paul Scherrer Institute, two prototypes were 
moved into a fluidized bed ofZf'D2, which was kept at a temperature of 650 oe. After heatup of 
the detectors to this temperBture, the detectors were withdrBwn from the bed end cooled to 
room temperature. This procedure was repeated 600 times. 

2. In the 160 bar loop the detectors 19,20 end 21 were uncovered and rewetled 150 times at 5 bar 
pressure. The temperature of the detectors varied during each cyde between 235 oe and 
580 oe. The transient penormance of the three detectors were identical 

No sign of any damage was observed after this rather severe treatment, indicating an excel1ent 
reliability of the instruments. 

3 . 6 HEATUP TEST IN ELECTRICAL FURNACE 

As previously mentioned monitors 19 (Cu leads) and 21 (Ni leads) were studied in a fumace up to 
a temperature of 1265 °C. The heatup was slow and lasted for 10 h OUTS. Then the temperature was 
kept at this level for three hours before the furnace was shut off. Tbe temperature of 1265 °C was 
chosen, because the US Regulatory GUlde 1.97 (11) prescribes that certain instrumentation must 
funelion at this temperature in case of a severe accident. 

Tbe monitor 19 with Cu leads broke down at 1170°C, which i8 far above the melting point of Cu, 
which is 1083 oe. It is interesting to notke that the MgO insulation kept the molten copper together 
and, thus, ensured the integrity of the electrical circujt up to 1170 °C. Tbe monitor 21 with Ni leads, 
however, survived this rather severe treatment without any visible signs of damage. Further, 
uncovery tests, which were carried out in the 160 bar Joop after the heatup tests, did not indicate any 
change of penormance of monitor 2l. 

On the basis of the heatup tests and the temperature cyding tests we condude that the monitors 
would operate satisfactory during reaelor transients as weB as during severe reactor accidents. 

4.0 NUCLEAR REACTOR STUDIES 

Tbe major purpose of the BWR studies was to observe if the ohmic resistence of the monitors and 
hence the signals would be stable over a long period of neutron irradiation. The Barsebäck 
nudear pOwer station was chosen for the studies. Two assemblies A13 and C11, each containing 
four monitors were instalIed in the Barsebäck I reactor in September 1988. Tbe reactor sterted to 
operate 1988-10-04 and the perfonnance ofthe monitors was observed during the whole operational 
season, whieh ended with a planned shutdown 1989-07-05. During this shutdown the assembly C1l 
was removed because the Inconel sheath of the cable supplying power to the upper monitor 18 was 
damaged by wear between the cable and a support pin. For the assembly A13, however, 
measurements were also taken throughout a second operating period starting 1989-08-03 and 
ending 1990-09-15 as weil as during a third period starting 1990-09-28 and ending 1991-07-04. 
Tbus, this assembly received a total of 1032 days of full power irradiation. During these periods 
two additional cables were damaged by wear between eables and support pins. Tbe damage of the 
cables is further discussed in paragraph 4.2. 
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Tbe two nsse mbli es were mounted in tbc corner be twcen <1 fuel elements as prcvious ly showll in 
fi gu re 2. The localion of thc lwo nssemblies is given in figure 9. Three of the monitors in each 
assembly were placed at levels 0.5 m 1.0 m and 1.9 m below lhe upper edge of lh c reactor core. The 
fourth monit.or of thc asscmblies was located at. the boltom of the reacLor vessel. The purpOSe of this 
localion is based on the plans to use the monitors as guidance in the management of severe reactor 
ftccidents involving core meltdowns and where a granulate bed, consist.ing of core debris, has 
been formed on the bottom of thc reacUl r vessel. When these moniUlrs indicate dryout melt-through 
ofthe reacto r vessel can he expected within 8 few minutcs. 
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The monitors werc placed ins ide a standard inst.rumentation guide tube with an inner diameter 
of 16.9 mm, as shown in figure 10. At the positions of approximat.ely 50 mm above and below the 
monitors four 5 mm diameter holes , 900 apart, were dri ll ed through th e guide tube wall. The 
purpose of th ese holes were Ul ensure an emcicnt communication het.ween the wate r inside thc 
guide lube and the water in the by-pass channel. In orde r to cnsure the correct axial positions of the 
dctccUlrs in case ofan accident with co re hcatup a pin through the guide lube was placed be low each 
deleclor. 

FIC . 1O ASSEMßLY WITH SUPPORT PIN 
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Each monitor has two current supply units, one for the high current level, which is used for 
measurements in the eore eooling mode and one for the low eurrent level, which i8 used for 
measurementa in the temperature mode. The monitors with Pt and Ni leads obtained the power 
from four TCR·30056 Electronie Measurement units. The monitors with Cu leads obtained the 
power from four 8B·60-5 Power Box laboratory units. The power supply units are automatically 
controlled at the selected cu~nt of 3.6 A in the eore eooling mode and at 0.1 A in the temperature 
mode. The voltages over the monitors were continuously recorded by means of two BBC-SE-460, 
six channels, recorders. The instrumentation and the recorders were mounted in two panels, one 
for each of the two monitor assembHes, located in the rear of the control room. 

Üi!nerally, the monitors were operated in the core cooling mode with an electrical power of -55 W 
and a suriace heat flux of -3.0 W/cm2 . Since the heat fluxes of the monitors are high in 
comparison with the values, which would occur on the fuel rods after reactor shutdown, the 
monitors win in an acddent situation react faster than the fuel rods, and, thus, be able to detect in 
an early stage any sign of overheating the reador core. Outing nonnal operation at full reactor 
power, the y·radiation induces an additional power of approximately 40 W in each of the monitors 
located inside the reactor eore. In an accident situation with reactor shutdown, however, this 
power is rapidly reduced. The following measurements were carried out for each of the eight 
monitors at regular time intervals of 2-3 weeks. 

1. Electrieal resistance of the KanthaI wire in the core cooling mode. 

2. ElectTical resistance ofthe Kanthal wire in the temperature mode. 

3 . The electrieal resistance of the MgO insulation. 

The electrical power input to a monitor operated in the temperature mode is -0.042 W 
corresponding to a heat flux of -0.0022 W/cm2. The low power ensures negligible heatup of the 
monitors, thus. making it possible to use the monitors to measure the temperature inside the 
reactor core after shutdown, when also the heatup due to y-absorption is smalJ. 

4.1 EXPERIMENTAL RESULTS AND DISCUSSIONS 

The recorder traces proved the high sensitivity of the monitors . Small changes of the reador 
operating eonditions were detected by the monitors. An interesting example of the recorder traces 
is given in figure 11, whieh shows the response of the monitors 11, 12, 13 and 14 to a reactor scram. 
The apparent differences between the signals from the monitors 12, 13 end 14 are due to different 
origins, which were selected in order to separate the curves. The output from monitor 13 was 
a<l,iusted to give the correct Kanthal wire temperature with regard to the seale of the diagram. The 
signal from monitor 11, which was located at the bottom of the reactor vessel, where y-radiation 
was negligible, indieates as expected the lowest value during steady operation ofthe reactor. 

After reador scram. the pressure decreased from 70 bar to -17 bar. Simultaneously the 
temperatures ofthe monitors decreased due to the decrease ofy-absorption and the decrease ofthe 
saturation temperature of the wateT. It 1S inteTesting to notlce that the response from monitor 11 Is 
smaller than the signals from the other monitors, This behaviour is explained by the low y-radia­
tion, which occurs at the bottom of the reactor vessel. Also the increaae of pressuTe, which follow8 
the restart of the reactor at 15 hours into the transient. is detected by the monitors as the voltages 
over the monitors inerease. At 23.5 hours the pressure has reached 70 bar. However, the reaelor 
power is now 5 per cent of full power. This explains why the monitor signals are somewhat low in 
comparison with the initial values. Later on, when the reactor operates at fun power, the signals 
are identical to the initial signals. 

321 



o 10 20 

11 

o 100 

JO 
Pressure. Bar 

' 0 50 60 70 80 

, , .I , 
I 

, I 

90 

11 

, ' - I r - I , I' , 
: I 1

1'"' ;> 
, , ,- "i -' --~ , 

I , , ; . . 
I: I , I 

i I 11 I 
I ' I ' 

I I 

: 1 
: i-' 

I i 
I 

" 

; I 
; I, 

': : 
' i ) 1 

I , I., I : 

I I I I I I I I 
200 300 400 500 600 700 800 900 1000 1100 1200 

Tempereture . C 

Flg . ll Response to Reector Screm 

322 



5 0 

••• 

E 
c 3 . 8 0 

" u 
c 
~ 
~ 

~ 3 . 2 
m 

" co 

2 . 5 

2 . 0 

5 . 0 

••• 
E 
C 
0 

,; 3 . 8 
u 
c 
~ 
~ 

~ 
m 3 . 2 
" co 

2 . 6 

2 . 0 

~o es> o G ~Ii 0 0 Pq,'<9 
06' 00 0 

11 11 1 11 

'" 
o fl.U POWER OPER"'!!. '" 6 CIl.O AEACIIII ..... 5Q 'e I ii OCf\.lllHG LF REACIOO I ~ 

o 100 200 300 '00 500 600 700 800 900 1000 1100 
Tlme c f reector operation, oays 

Fig . 12 Ohmie Reeietenee of Monitor 12. 
Tempereture mode 

o ( P" 111 
.ß§/( 00 pa.. 0 

...", iCOCX> 00 0 0 

1 11 1 11 

'" 
o flU fIOVER I))ER .lII~ I" 
ll. c(ta REAcroo ...... so 'e 
11 REFLlLlNG IF REACTIJI 

o 100 200 300 . 00 500 500 700 800 900 1000 1100 

Fig. 13 
TIme c f reectar oper etion, days 

Ohmie Reeietenee of Monitor 12. 
Core Cooling mode 

323 



From the current and the vo]tage measurements the electrical resistances of the KanUtal wires 
were calculated and plotted versus the time of irradiation. Examples of the results for operation in 
the core cooling mode as wen as in the temperature mode are shown in figures 12 and 13. The 
origin for the time scale is chosen at the start of fuH power operation of the reactor. One observes 
that the performance of the monitors did not indicate any significant sign of ageing. The scatter 
of the data is probab]y caused by loca] time dependent variations of the power and y-radiation. 
One observes that the ohmic resistances of the Kanthal wire in the core cooling mode 18 high in 
comparison with the va]ues obtained in the temperature mode. This difference is explained by ilie 
heatup caused by the electrical power employed in the core cooHng mode. The temperatures of the 
Kantbai wires can be determined from the calibration curve previously shown in figure 5. For 
monitor 12 they were on the average 285°C respectively 380°C in the temperature mode 
respectively the core cooling mode. 

Tbe ohmic resistances of the MgO insulation at room temperature were 1010_10 11 Cl. During 
reactor operation the ohmic resistances were measured at -280°C and the values were then 
106.107 (l. No significant ageing ofthe MgO insulation was observed during the reactor studies. 

Despite the observed stability ofthe ohmic resistances ofthe Kanthal wires we found it desirable to 
address this problem in more detail. The detectors 16, 17 and 18 of assembly CU, which had been 
irradiated for 270 days at fuH reactor power, were therefore investigated in the hot cell laboratory 
at Studsvik Nuclear. This investigation involved ohmic resistance measurements in a furnace. 
All three detectors yielded identical results in the whole temperature range within a scatter of 
±1.0 per cent. Figure 14 shows the results for detector 16, and a comparison with the initial 
resistances. The effects of the irradiation i5 rather interesting. Below 300 oe the ohmic resistance 
has decreased. Between 300 oe and 600 oe one observes an increase and above 600 oe no effect of 
irradiation was observed. The increase of ohmic resistance between 300 and 600 oe is explained 
by lattice defects caused by the neutrons. The decrease below 300 oe, however, is not understood. 
The measurements taken during the cooling of the Kanthal wires show that heating to 600 °C 
causes the ohmic resistance to be restored to the original values in the wh oIe temperature range. 
The deviations are within the accuracy of the measurements. Thus, the lattice defects as weil a5 
a11 other material changes influencing the ohmic resistance disappear by the heat treatment. A 
more detailed discussion of the measurements is found in reference (0). 
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lt should be emphasized that the changes of ohmic resistance caused by irradiation have no 
significance for the operation of the detectors in the eore eooling mode. However, if the deteetors 
are operated in the temperature mode during an aecident, an error of ±30 °C may be introdueed 
with regard to temperature readings in the range between 300 oe and 600 °C. However, the 
eonsequenees of this inaeeuraey Is rather smalI. Ohmie resistanee measurements versus 
temperature were also obtained with the detector 12 during the reaetor shutdown in July 1991. 
These measurements did not indicate any further effeets in eomparison with figure 14 or similar 
measurements taken during the reaetor shut downs in May 1989 and in September 1990. 
Preparations for hot eell studies of detector 12 is now in progress. 

4.2 DESIGN OF NEW ASSEMBLIES 

During the present reaetor studies it became evident that the monitor supporting pins must be 
removed in future applications. Exeept for the holes in the eables, whieh were eaused by the pins, 
detailed examinations of the detectors did not reveal any other faults. The examinations inc1uded 
x· ray as weil as neutron radiograph pictures of the deteetors 15 and 18, and eonfirmed that the 
deteetors were undamaged. We therefore beHeve that if proper mounting of the monitors is 
aeeomplished a life time of at least 5 years i8 pessible. In this respect it should be mentioned that 
last year lt was found by visual inspection that the wear between PRM guide tubes and fuel boxe. 
were signifieantly higher in the Barsebäek 1 and Oskarshamn 2 reaeton than in other Swedish 
BWR'., indieating a higher vibration level in the former reaetors. This may explain the 
unexpeeted and early damage of the deteetor eables. 

The revised assembly design is shown in figure 15, where also the design of the penetration of the 
cables through the pressure boundary is inc1uded. The assembly design satisfies a number of 
prescribed criteria and should ensure the desired lifetime of 5 years. The vibration durability of 
the new assembly was also analysed and it was eoneluded that the system would perform 
satisfaetory even during an earthquake. 
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FIG. I5 NEW ASSEMBLY DESIGN 
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It has also been proposed to design a dual purpose assembly, which contai ns one eore eooling 
monitor as weil as neutron flux monitors. 

4 . 3 ANALYSIS OF MONITOR BEHAVIOUR DU RING POSTUlATED ACCIDENTS 

In the seheduled program for veri fication of the detector response in aceident sequences, two 
simulations of aecident progress and the monitor response was made with the ABB Atom GOBLIN 
program system. The calculations were carried out by Bredolt (2), and included the following 
two aeeident sequenees: 

1 Totalloss of feed water, automatie depressurization of the reactor vessel at downeomer level 
1.8 m below top of active fue!. Emergency eore Cooling System (ECCS) start was delayed 
until the hottest fuel assemblies eooling medium hulk temperature reaehed 900 °C. 

2 Main steam line gui1lotine break immediately outside the vessel. ECCS delayed until the 
mean coolant temperature ofthe hottest fuel assemblies reaehed 900 oe. 

The performed computer simulations of the behaviour in these accident sequenees verifies that the 
monitor will give an early warning for loss of eooJing of the (uel, and will a lso verify the 
restoration of the eooling. We therefore conclude that the monitor is a very useful 1001 in the 
understanding and the management of reactor aceidents. 

5 . 0 APPUCATIONS IN BWR 

The proposed system consists of a robust detector, positioned inside the core a nd gives a large 
signal at a loss of coolant. It is therefore very usefu) for the personnel in the control room and also 
for inereasing the reliability of automatie funetion s in the emergency eore cooling system. 
Indieation of deteetor temperature on a recorder or 8 Video Display Unit gives the operator direct 
in formation about the changes in the eore cooting status during operation as weil as during hot or 
cold shutdown. 

5 . 1 INSTRUMENTATION 

A general layout of the instrumentation was shown in figure 3. The detector is supplied with 
constant current from apower supply hy means of two of the wires in a four- lead eable. The 
voltage over the detector is measured on the two other wires with an amplifier and the output is 
presented in centigrades on a recorder or a computers VDU. The deteetor voltage is also connected 
t.o trip UOit8 for alarm signals and automatie funetions. The deteet.or is supplied with 3.6 A in the 
eore eooting mode and with 0.1 A in the temperature mode. For proteeting the detector of being 
overheated one of the trip units will swit.ch the monitor from eore eooling mode to temperature 
mode if the temperature of the wire exeeeds 6-700 OC. 

5 . 2 REACTOR OPERATOR INFORMATION 

In various situations the operator ean get important information, for instance 

1. At operation transients lhe eore eooling monitor gives information about the eore eooting 
siluation independent of the reaelor ta nk level instruments based on dP-measurements. 

2. During transienls the monitor ean confirm the rest.oration of adequate core eooling. 

3. At serious incidents the detector gives informalion about the eore heat up. 
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4. In a severe reactor accident the monitor gives information about its progress by fol1owing 
the rore temperature up to 1265 °C, and if a detector is placed at the reactor vessel bottom the 
heatup ofthe core debris can also be observed. 

5. During reaelor shutdown the monitors operating in the temperature mode give information 
about the cooling system status. In most reactors today the temperature is measured in the 
cooling system outside the reactor vessel, and one is therefore forced to rely on the 
funetioning of that system. 

5.3 SIGNALS TO AUTOMATIC FUNCTIONS 

Automatie functions of eertain safety systems ean be improved by implementing signals for high 
rate of ehange of the deteelor temperature, for example: 

1. Tbe reliability of the logie for the opening of the blowdown valves ean be improved by adding 
a two out of four deteetor 10gi~. 

2. The .reliability of the logie for flooding a dry pedest.al region below the reaetor vessel ean be 
improved by adding logies from the eore eooling monitors. 

6.0 CONCLUSIONS 

1. The proposed monitor ean operate in two modes; the eore eooling mode and the temperature 
mode. 

2. Laboratory studies have shown that the responses 10 uneovery are two deeades higher than 
signals from monitors based on thermoeouple readings. 

3 . No effecls of splashing or other seeondary phenomena were observed during the laboratory 
measurements. 

4 . Tbe instrument can measure the temperature in the reaetor eore up to 1265 °C. 

5 . Tbe guide tube, in whieh the monitors are mounted, is not interfering with the signals from 
the monitors. 

6 . Operation in the Barsebäek BWR has shown that the signals from the monitors have not 
changed signifieant1y over an irradiation period of 34 months. 

7 . Provided satisfaetory mounting in the guide tubes 1S aeeomplished, a life length of at least 
5 years is possible. 

8 . Computer simulations with the GOBLIN eode verified that the deteetor will give an early 
warning for loss of eooling and also verify restored cooling in the eore. 

9 . Analysis of the vibration durability of the deteetor showed that the instrument will perform 
satisfaetory during an earthquake. 

10. The monitor is very useful for reaelor eore supervision and for the management of reador 
aecidents. 

11. The funelion and design of the monitor is verified and ready fOT implementation in BWR 
instrumentations. 
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Introduction 

Accident management can be cha"acterized as the optirrized usa of a11 available plant resources to stop 
CI( mitigate the progression of a f"MJClear poover plant accident sequence whlch may otherwise result in 
reactor vessel end contaIrmert failure. It becomes important l.I1der conditioos that have iCI'N probability 
cf occurring. However, given that these conditions may lead to extremety severe financia/ consequences 
end public health effects, It is OON recognized lhat It is Important for lhe plant owners to develop realistic 
strategies and guidelines. 

Recert studies have classified accidenl managemen: strmegies as: 

the usa af alternaHv8 resources 0.8., sir, water, poovsr), 

the usa of alternative equipment (Le., pumps, water lines, generators), 

the usa cf alternative actions (Le., manual depresstxizalion and injection, "feed and bleed-, etc.) 

The matching of these alternative actions end (9SOU(C8S to an actual plart condition rep-esents a decision 
process affeded by a high degree of uncertairty in several of its fLodamerial inputs. This uncertainty 
Includes the expected accklent progression phenomenology (e.g., the issue of high pressure core ejection 
from the vessel In a PWR plant with possible "dired c:ontairvnent heating"), es weil as the expected 
availability and behaviof of platt systems end of plant instrumentation. 

To support the accidert managemert decision process with comptA.er-based decision aids, one needs to 
develop accideft progression models that can be stored In a computer knowledge based and retrieved at 
will 10r comparison with actual platt conditions, so that these conditions can be recognized end dealt with 
accordingly. Aecent Probabilistic 5afety Assessments (PSAs) {1] show the pi'ogression of a SBVere 
accident through end beyond the core melt stages via multi-bI'anch accident progression traas. Although 
these "accident tree modeIs" were originally inlended f()( accident probability $S9SSlTIeft purposes, they 
do provide a basis of initial information for the dellelopment cf modeIs specificaJly tailored to real-time 
accident managemeri. 
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VVhile it is almost impossible to devBop and LCltize exaet mocIets of the evoILCion cf 811 possible acddent 
sequences for each given type cf rudea po.ver pIMi and contairmert design (e.g., PWR and BWA 
designs at various pcM'er ratings. large dry cortairment Of tce condenser types. ete.). it appears possible 
10 develop a sound approach 10 monitor lhe progression cf an acclderi with respect 10 lhe iriegrity end 
effectiveness d a set cf prlncipal safety fL..WlCÜOOS, lhe key 10 doing this is the devek>pment cf a knc:MtIedge 
base ·housing struct .... e· , whefe uncertain knowledge regardlng the preäcted plan behaviof and real-time, 
bL« also uncert8in, infOfmallon compiled from pIart Instrumentalion readings can be compared and matched 
10 produce lhe best possible identiflC8tion cf plant stal:es and possible accideft eontrol actions. 

Inlltlument Uncertalnty .nd Aeeident Management 

One cf tl16 prlndpal problems 10 be faced durlng the progression Cf an acddent, 110 matter whether or not 
computer-beseel decision aids are available. Is lhe problem of how 10 deaI with plart information end 
Instrument readings lhat may not be available in lhe deslred form - Le., onIy indirect readings for a 
parameter of Interest may exlst. wilh uncertainty on which physical modeIs may be used 10 deduce its va/ue 
from these lndirecl indicatlons - , or may be comIng from Instruments whose acclJBCy end reliability in the 
face of the severe concIitions produoed by the accident may be tar from whaI: may be exp9C1:ed under 
normal oper8ling oonditions. 8ecause tnder an circums1ances plari instrumentation de facto remains the 
only "eyes and e<:U's" lhat the operators have 10 assess lhe COUfse of events Inside the plant and especla/ty 
lhe containment l:xx.ndaIy, end because any decisions that lhe operators make will depend on how 
Instrumentation readings are ultimalely "filtered" end lrierpre!ed by lhem, l his issue is of paramount 
importance. 

In ~essing the "information neects· for accldenl: malag8ment dufing the progression CIf an acctdent. 
references [2] end [3] (which coostitute parallel studies for a rarge dry contairvnent PWR .:Mld fCf a "Mark 
I· COI"It.CMnmert BWR, respoctively) attem~ an idertificalion cf whaI: insltl.rnens may be available at what 
time dlJing an accident, in order for the plant operators 10 be capable of idrifylng the status of key plant 
systems. 1hese ref8fences base their conclusions on the assumption. which may be 0\I'8f1y conservalive, 
that, If tlla acciclent produces conditions more severe Ihan lhose for which an Instrument and the associated 
"exposed" systems have been qualified, then no Information at arl will be available from lhat charv1eI. In 
lila approach that we clescribe in this paper fOf the development of an Accideri Management AdviSOf 
System (AMAS), we will take a less consefV8Iive view, by Irea1ing thls same issue in probabilistic, ra!her 
Ulan determlnislie lerms, with respect 10 how AMAS will assess the availability end reliability of certain 
important instrument raadings. TIlis issue is discussed in greater detail later in lila papE!f, since it relstes 
to one cf the key charac:terlstics of lhe AMAS decision aid. 

Reference {4] describes the operational management cf a nucleat power plant process In terms of a set 
Of hierarchlcally and sequertiafly ordered func:tionslactivities, namely: problem or distUfbance detection, 
problem or distlXbance diagnosis, plart stete idenUflCSlion, and conective action idertificatlon. Accident 
management can be viewed end characterized In almest exactty lhe same terms, exc9J:C: that lhe very 
definition of lhe term acclderi implies an abnofmal event that has progressed aiready 10 the stage cf being 
very severe. Under acddert conditlons, therefore, lhe question of "dBlaction" Is practically moot. Also, 
bec:ause cf lhe hcYsh envirorment lhat may rSSlit from an accidenI:, the question cf diagnosis beoomes 
In large degr98 one of determiring 10 what extert lhe plant Instn.xneriation C8'l be relled upon 10 provkSe 
the plant operEiors with Information that CW1 be correctly Inlerpreled and underslood, frId which may lhus 
Iead 10 a COI'rect lderiiflCStion cf the type cf accideri and progression stage tlla pla1: Is in, SI: arry given 
time. Anall)' It should also be noted !hat the Pfoblem 01 corrective action ldeftificaion, l.JI"ldef accident 
cooeiUons, becomes more appropriatefy one cf optimal mrflgation aclion ldertitication, since, again, an 
accident Is typically a trans/eft lhat has progressed weil beyond l ila poIri whefe e tull r8Versal 10 normal 
conditions may be otlained by "corrective action,' On the cortrary, an "optimal" mitigation slral:egy, Le. 
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one which ~ 10 minlmize acc:ideri dEmageand radiologicaJ effecI: consequences, is lhe only meaningful 
objective _ can (Irod shouId) be ""sued. 

O«ing.., acddent, 1he pIart operators om 1he _ pIart """_I ........ horities wt>ch support in ·real· 
time- the operatcws' decisions snd actIons (e.g .• the pl8r't tec::tncal support C81"ter). will haYe 10 make 
crudal decisions under the stress caused b'f the awa-enBSS cl the potertial aevere consequences cl an 
Lnfoklng accident end cf the often &tN8frMy Ilmiled response time avaHabIe 10 respond to it. This will have 
10 be clone desplte lhe SJBS8 or even confIicting nature cf the information prcMded b'f lhe plant 
Instruments !J'Ider ac:ddEtr1 c:onciUons, while altempl:ing 10 accounI effectively foc the pros end cons cf one 
stralegy CN8f the other end tryIng 10 idertify the best COU"se ot actions 10 be laken. The design cf AMAS 
es a 100110 aid the ~ end str8leg'f..fdertfficatio flnctkIns cf the operators snd tectncal support 
c:erter pers.orn!i. is man to prcMde acoess to 811 the 8Yailable know\edge on the probable evolution cf 
c\as.ses cf SSY8r8 aociderts. es weil as the abiIily 10 lW\8Iyza lha plan!: 00i lCitiOi IS end identify 9CCOfclingiy 
a "best stretegy- for mmaging 8'\ evoIving ac:cidenI In Iigtt cf such prevailing conditioos end cf the 
uncertairty assodSled _ Ihese .. Off( given time. 

(Please note: for the sake 01 bfevlty end slmplicfty we prevalllngly usa In lhe rest cf lhis document the term 
"plcn operators" 10 mean 9nf grot.p cf peopIe with decisIonaI responsibility regarding plant operation durlng 
an accident.) 

AMAS A,ehitecture Definition 

The AMAS architecture reftects lhe Idea cf Cfe8ling a "meta-associal:ion tabkJ" or structure, i.9 .• a system 
cf associalive knowiedge pointers which serve 1he ""pose 01 iinking tog_r ~agnostIc pi ..... physiCai 
mocIeIs with p{ant state represertallons end decision-support modeIs end alQOfithms. The MtAS 
architectU'a ls thuS artirulated on three tierarchically superlmposad Jevels cf modeIs IInked logethef by 8 
system cA "information pointers" or "knowkrlJe poirters,' tu performing ~ate tunctklns. es i1Iustrated 
In Figu"e 1. 

The first 1eYeI. which es called the ·P.ameter Stete ldeftffication Fiher" (PSIF) has lhe function of using 
the InformaHon prcMded by 100 existing pIaft Instrunerts 10 arrlve SC the best posslble ldentification of the 
stale cf key plani parameters. Because (as W8 have ear1ier dscussed at some length) the Information 
supplied by the pIart instrumentation may be highly uncertaln. the Idertification cl lhese stales will also be 
lI1Certain 10 a degree (depending on Ihe partiaJlar type cf accident Md on l'laN far it may hSlle 
PfOl7essed) . Thus 100 methodokJgy appIled 10 irnp6emenI the PSlF foocUon will be based on Ihe usa Of 
probabilistic evaluation 8S weil es on modelS cf the irteraction between the pIat ~ameters Md processes 
wIth lhe Insttt.ments EMllllabkt 10 monitor tnem. A more detaiIed ciscussion cA the PSlF modets end 
fln::tlons Is given In the l'l8ICI section cf ttis paper. The PStF Is cal6ed a ~1Ie(' . because it östills raw 
lnstrument rea:tlngs ifto a "best possß::IIe estImetion" cf plan paameter and system state corötioos. 

The second. and hierarctMcaJly irtermediate, leveI cf AMAS Is lhe "Plant Slate ldertlficallon Module" 
(PSiM) . This modUe receives 1he porernst ... Irod system " ... i __ ion _"00 by tho PSiF Irod 
uses it in ~l6K:tion with a pre-ordaloed Md orgarized c:oIIection cl Iogic modeIs which estabIish drect 
coolospcoodooiCOS betweon certein oombInatlons 01 porernster " .... Irod accIdont typos and progession 
steges. Knowlodgo 0I1he most likoly pi'" porernster __ or ... given time eiiows 1he PSiM to point 
.. 1he accIdont soquonco wt>ch __ as 1he most iikoly to be octuaIIy lrifolding, os _ os to idontify 
1he opporon! ,,_ 01 progression d such a~. Tho combinetlon 01 knowIodgo d tho accIdont 
soquonco which is LI1Ioiding end its progossion ~ ropr ...... knowIodgo d _ in tho probebliistic 
risk assessmort (PRA) ~ is relerrOO to os tho .pI ..... ~ st .... • (POS) . Tho information 
produced by tho PSiM is ttus .., Idontillcetion, es time progosses, 01 tho pIart damago states traversed 
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by lhe plant during lhe accident. The acc:ider1 sequence progression mOOels have often. in PAA studies 
such as refereoce ('}. been cast in the fOfm cf A?Ts (accidert progresslon trees) . AJthough this type of 
models coold also be usecI in AMAS , we have 10und more etfective 10 use PSIM models in the form of 
"Bayesian Belief NetwOfks" (BBNs) . BBNs, which are discussed in furthef detail in the next section cf this 
paper, 81'e a very attractive option because of their natural compatibility with lhe other types cf digrap/1 
models (e.g., logic fk:Mtgraph mOOels end influence diagrams) which are used in the other two AMAS 
funaionaJ levefs. and because they have been specifically developed 10 handle uncertain ancI probability­
based informal:ion. 

The third, end topmost. AMAS level is the 'Management Action Decision Support Module' (MADSM), which 
uses the knowledge of most likely present plant COfldCtions (o.g., damage stetes) 10 appIy an accident 
consequence minimizetion scheme. In the current AMAS architecture, wo have opted for the use of 
influence diagrams M the underlying decision modeIs thal: captLK6 the knowledge bese of too overall 
consequence minimizalion strategies associated with the different possibIo plant damage conditions. 
Irrfluence diagrams are very similar in IlalKe to BBNs, the main difference consisting in the explicit 
representation in them cf "decislon nodes", i.e., variables the outcome stal:e of which is directly under 
control cf the plant manager/op9fatOf. 

Information Proceaalng through AMAS: fTom DIegnosis to Declsion end Action 

This section end lhe included subsections discuss the details of the knowledge base definitions that are 
used in the ttvee AMAS levels es weil es the details of how the infOfmation resident in these knowledge 
bases is combined with on line irrfoonation ob!:aned from lhe plart instrumertallon and processed through 
AMAS 10 ultimately fulfill tl'le AMAS primary function of assisting operators' accioonl management decisions. 

Level One PSIF Models end Functions 

As we halle explained in the preceding section, the bottom level of AMAS consists cf diagnostic models 
which have the ability to take Into accoun: and give representalion to the uocertainty associaled wrth 
instrument readings, when these readings 81e usecl to identity the most likely states cf key plant process 
parameters (such as temperatures, l\owrates, etc.) . TIlese models, to accompliSh this, ere developed 
according 10 the rules af the Logic FlcM'graph MethOdoIogy (lFM) representat.ion (5,6] . Under this 
represEna1ion, the diagnostic knowleclge base consists, rather IhM cf fauH. tree Cf similar binary stale 
models, of LFM models of the plant physical and instrumentation processes which are relaled to, or 
affected by, raentiaJ acddent sequences. The innovation cf this approach lies in the treatment cf the 
combination cf instrumert readings available at any given time during an accident as evidence with varying 
degrees cf phenomenological and statisticaJ consistency with certain plant damage states, and in the 
deveiopment of models cf physical and probabilistic behavior cf the plant instrumentation in the presence 
of conditions that 81'S expected to develop within the RCS end containment In correspondence 10 these 
states. 

The power of LFM is also in the,act that, un/ike fault tree modeIs which represent the deductively obIained 
representation cf how one particular 'OP event" may occur, lhe LFM graph modeIs give a synthetic 
representation, in one Qfaph modal. of an the cause-anet-effect relationships which exist within a given 
process (Of modeled portion thereof) . This represeriation contains, in implicit form, essentiaJly a11 lhe 
events and associated event-proclucing sequenoes that may be rA interest for that process, end the LFM 
inference angina has tha capability of automatJcaJly der'iving end make explicit the representation Cf 

"explanation" of how 8t'Pf one cf these top events may come 10 OCC ..... 

The deterministic version cf lhe LFM represertation end Inference angina halle been used in severaJ 
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diagnostic implementations end are widely documented in the open literatUfe. For the AMAS appIication 
we have developed a Bayesian inference extension of the LFM conce,:( which is described below in its 
lTK>Sl essential features and whose execution is illustrated by 8 simple PMAS execution example which is 
discussed later in this section. 

Figure 28 shows 100 basic oolding bIock cf LFM. In tm figure lhe eirele A represents a variable, possibly 
8 physk;al parameter end B represents M instrumert that measures variable A. A consists of a set cf 
discretized Slmes {aJ Md B consists cf too states {b~ . The box TF represerts 8 transfer function thaI: maps 
the states {a,} to tOO states ~, i.e. 

B .lF(A) 

or, 

Ib,)' lF(a,}. 

If lhe transfer flXlCtion is deterministic, i.e. there is no UlCertairty, each state ~ maps into a lKlique state 
~. However, if there is uocertairty, the transfer function is probabilistic, i.e. given 8 SIale a., the mapping 
into (b.) is a probability mass function aver {bJ. In this esse lhe transfer function, TF, is 8 matrix of 
probabilities, I.e. 

lF 

p(b/ a,) .. ·p(b/ aJ .. · 

p(b/a,) ... p(b{a,} .. . 

Now, if A represents 8 physicaJ parameter end B an instrument, we would like to determine lhe probability 
of 8nf state si 01 A belng the true state, given that B is observed to be in state~. Then 

p(~ • p{b/a,} p(a,} I p(b) 

where p(a,) is given and 

PIb,l' ,I p(b/a,} p(a,} . 

In some cases the transfer function TF will depend on the value of ardher parameter. This is shown in 
Figura 2b, where C rep-esert5 a physical parameter that consIsts cf the steles {cJ. This wOlJkj model the 
case whera an Instnmert's performance depends on the value of a certain physlcal parameter, such as 
temperanxe. TF, thEln, is a set cA matrices {TF J, end each matrtx in the set is associaled with each stale 
Ci, of C. Then, lhe probability that a. is the true state of A given that B is in stale ~ end C is in state <; is 
given by 

where 
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11 A end C ere independeri, then 

p(a,ncJ = p(a,) p(cJ· 

I' A a"ld C ate not i.1depet Kiel 11, but ae lnfIuenced I>( the state(s) d another variable 0 which is upstream 
in lhe cause-and-effect chain, then the "probabilistic causaI~ relation expressed Oj the LFM modal must 
be traced back 10 this common ca..ase variable Md the approprIEie mathemaUes appfied 10 express the 
probabilities cf the Bi stales evertually 0f'Iy a9 fulctions d lt1e stales the "oornmon root variable" 0 may 
be In. 

In lhe AMAS formulation, the variable A would represent a physical parameter which is belng measured 
by an Instrument represented by B. C would represent anciher physlcal parameter whlch affects the 
portormonoo af tho Instrument modolod by B. At each stop, thO AMAS Levol One (PSIF) will gather all 
8llailable relevant instrument readings, and from thaI information Infer lhe most likely values cf all physical 
parameters lhat we of interesi fof the plant da'nage state ldentificallon that needs 10 be carried out In Level 
Two. TIle output from Level One to Level Two will thus be a set cf probability distributions ovar the likely 
values cf the relevant parameters belng inferroo from the instrum9ft readings. 

level Two PSIM Models end Functions 

TIle basic function of the AMAS Level Two is the recognitiOn ot IM type cf accident sequence whiCh is 
devek>ping In lhe platt. end the identffication cf the corresponcfing plant stme. Plant states dlKing an 
accident have been conventiona/ly referred 10, in PRA end accident management work, as "platt damage 
states" (POSS) . Because lhe identiflcalion of POSs in real t ime is obviously a very important issue in lhe 
actuat appliC81ion of AMAS, we halle dedkated a good amount cf ettor! 10 Obtaining a gcxxj l.Mlderstancling 
of how PDSs should be chafacterized end identified for a Iypical PWR plant with latge dry containment . 

Ahhough the details cf acciden: sequeoces that lead 10 COIe damage differ from sequence to sequence, 
many Of the sequences behave similarly in the acctdenI progression tolkM'ing the "uncovery cf lhe top cf 
active W o (llTAF). and certainly even more so in terms cf the type end severity of the t/"Yeat lhat they 
mot.Kt against the plant protedive salety systems. 1I iS, therefore, feasible 10 Iclentify sets of plant-state. 
determinlng-parameters (PSDPs) that characterizes the states of lhe plant end to define potential plant­
damage..slate (POS) groups based on these PSOPs. An example of PSOP is lhe parameter ·vessel status" 
which describes whether the reador \lasset may be intact end Unlhreatened, or stillintact but threatened, 
()( compromlsed in ils Integrity. An example of POS group is lhe class of situations in whlch the vessel is 
intact buI threatened by an on-going core mell. while emergency systems are still 8llailable 10 flood the 
vessellnlernals with water. 

Thus. 8 planI: damage state can be defined in tefms af the stales of alt plant satety flXlCtk:lns ancI safety 
systems and the values of all key plart parameters which together constilute the PSOP cornbination sets. 
Plart safety tunctions can be in one cA the following statas: "normal", "thl'eal:ened" and "impaired" . Plant 
safety systems can be in one cf the following st8l:es: "operating". "00 operatillG'available", 
"unavaJlabI~r8CO'tl9fable" end "unavailablelna recoverable" . AU cf lhe posslble plant damage stetes can 
be conveniently grouped so lhat classes cf acciderls resufling from POSs in the same POS group can be 
assumed to progress initially in a similar wfl't. at kIast in terms cf the conditions that determine the 
identiflCalion cf lhe most 8ppfClpfiate accident management strategy a"ld mitigal:ion op:ioos. 

lhe Level Two of AMAS will LCilize information aboLC the values cf key physical parameters, es inferred 
Oj Level Ons, es weil es information abot.C: the availability su.us of all platt safety systems, 10 identify the 
actual accidert sequence pcth that the plant is folloNing end 10 Inter the status cf lhe plant safety functions. 
The combination of the values of cectaJn key physical parMlErt8fs. and lhe status of all safety systems and 
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safety functions constitutes, as we have discussed above, a P$DP set which charactertzes the ·plant 
damage state- (POS) . FOf actual appIications, iI is likely that the POS group definitions may have 10 be 
extended in number end enriched wilh respect to the traditlonal definitions cf PDSs found in probabilistic 
safety studies. The definition of POSS ancI PSDPs will be pM cf lhe groundwork Ihat is a prerequisite 10 
the formulation cf a standard procedLXe for lhe construdion of AMA$ Level Two modeIs. 

The InieHeiatiom between PSOPs end the correspondence cf lheir stae combination sets to specific PDSs 
Is rnodeIed in the AMAS Level Two (pSIM) by means cf Bayesia'l Belief Networks (BBNs) . 

A Bayesim Belief Network [7] is a directed \7aph coriaining rodes, which represert variables, end directed 
ares, which represent direct dependencies cf one variable on ardher. Figu"e 3 shooNs s very sH'npie belief 
network. The circles (nodes) represeri variables end lhe srrows (ares) represent direct dependencies 
between lhe variables. The variables are discretized irio sets of staes, I.e. {a.}, {t;l and {cJ, end their 
dependenCies are modeIed es probabiliry rmtrICes, I.e., fOr Figlxe 3, the probability d"IaI: ~ Is the true $late 
of A given Ihe states of Bande is given by 

P(a,) = p(a,'b"cJ p(c;,Ib) P(t>,) . 

This can be generalized 10 a network of any size, I.e. 

p(x,) = p(x,IX, .. ... x,.) p(x,Ix, ..... x,.) ... p(xJ . 

In AMAS the nodes represert variables such es the values cf physical parameters, Ihe status cf safety 
syslems and lheir associated components end the status of safety flllCtions, end the ares represenl direct 
dependenCies between these variables. The status cf safety systems can be represerted by lhe stales: 
operating, not opefal:ing/available, unavaHabie/recoverabie and unavailablelnot recoverabte. 1he status of 
safety system comlX>nents can be represented by lhe following states: normal, failedlrecoverable, and 
failed/not recoverable. The status of the safety functions oould be represented by the following states: 
normal, ttYeatened and impaired. 

The ~AS Level Two BSN can inter the status of the plan and its safety systems from the probability 
values associated with lhe states of physical parameters which are direct or indirect Indicators of Ihe 
working conditions cf certain component:s, as estimated and irp.rt to it by lhe LeveillYee LFM modeIs. 
FOf example, lhe stmas of the parameter vectors "dischal"ge pressure" and ·discharge flow" are indicators 
cf the status cf an injection pump; lass direct indicalors wouId be lhe vo/tage drop across, and current 
absorption by, lhe pump motor. The Level Two can also infer the status of safety functioos from the states 
of associated safety systems end the values cf relevant physicaJ parameters. As we have expIained above, 
the status information on key parMlelers and safety ftnetions allows AMAS 10 kSertify the most tikety "POS 
group· the plant Is in m ant specific time In the accideri progression. At each evaluaion step, AMAS infers 
such most likely PDS (group) , gven the p:assible values cf physicaJ pa'ameters end the possible stales of 
safety system components. 

Levellhree MAOSM Models and Functions 

The lop kNeI of AMAS must, ~en a plant damage state, determine the optimum sei: of operator actions 
In lerms of preserving safety fundions (which translates [nlo minimizing radioactNe release). 

Since lhe primary aim of accldert managemert Is to preserve the Irtegrity of safety functions, this 
information will be used by lhe lop level cf AMAS to select the accidert management str8legies !hat we 
most likely 10 accomplish !hat In a balanced and optimal fashion. This means that shoft term mitigalion 
cf the accldent shoI.jd not be achieved BI. lhe expense cf lang term damage contairvnert goaJs, and that 
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a baJance of consequence minimization objectives should aJso be sought. In othef wQ(ds, direct plant 
damage should not be avoided at the cost of hlgher overall radlOlogical exposures 10 the public, 110( should 
insignificant gains in radiological consequences be sought sr. the cast cf inducing massive additional plant 
equipmen: damage and disruption, which may In hxn increase the risk of further radiologicaJ releases at 
some 'met time. 

The top kNeI will use Information about physlcal parameters and the status of safety systems end safety 
functions and search for operalor actions whlch will either prevent atransition 10 a less favorable plant stale 
or cause a transition 10 a more favorable plBrt Siale. Adverse effects of op9fator actions will be considerecl, 
in that an adion may causa lhe transition of ooe safety ftr"lction 10 a more f8VOfab$e stale, but mighl also 
cause lhe transition 0( another safety fIxlction 10 a lass favorable Slale. To accomplish lhis lhe use of 
lnf1uence diagrams is proposed. 

Influence diagrams [7,8] are similar 10 Bayesian belief networks, but, In addition 10 chance nodes 
(equiva/ert 10 the nodes of a belief network) and directed arcs, influence diagams contain decision nodes 
and a special kind of chance node caJred a vaJue rode. Oecision nodes represent variables under a 
decision maker's controI, in lhe ca.se of AMAS, lhey would represent operator actions. The vaJue node is 
a sink node (it has no successors, i.e. il has no wcs origlnating from it that point 10 other nodes), and In 
the esse of AMAS it would represenllhe criterion againsl which lhe operator actions are assessed. 

Figure 4 sI"laNs a simple influence diagram. The square is the decision node, and it consists of a set of 
options {d}. A and B are chance nodes end lhey consiSi of sets of jX>SSible stetes {a.) and {bJ. V is Ihe 
value nexle, and It consists of 8 determiniSlic function lhat maps lhe states {aJ end {bJ to 8 value V . In 
lhe diagram in Figure 4 on/y chance node B is directty inf1uenc:ed by the declsion D, end the value node 
directly depends onIy on the chance nodes A SIld B. So lhe value, given 8 decision ct.. is 

V(dJ · V(a,) p(a,) + V(bJ p(bJdJ. 

In Ihe lop level of AMAS many decision nexles will be present, 10 represent 811 the candidate high level 
actioos. In addition to the nodes lhat cepresen!. the plant damage states as determined by the middle level, 
lhere would also be chance nodes lhat represent uncertain phenomena Ihat are important in lerms of the 
~ible progressions cf lhe accident. Given a plant stale and 8 set of actions, 100 influence diagram at 
the top level can be evaJuated 10 determine a11 possible plant state transitions, as weil es thair associated 
probabilities of occurrence. These are compared Ihrough the vaJue function represented by 100 vaJue node 
10 determine the optimal course of action. 

Exs mple of AMAS ExecUlion 

We discuss here an example which dernonslrates lhe concept of the three level AMAS architec1ure. This 
example shows how the Param~er Siale lderiification Filter of the bottom level of AMAS will employ Ihe 
Logic FIONgraph Methodology 10 Infer the stales of key plant parameters from possibly uncertain instrument 
readings, and how lhis information is processed by 100 Bayesian belief netwOfk of the middle level 10 Infer 
lhe curren! plant damage st.ete. llle example also shows how the influence diagram cf the top level will 
evaJuate canclidale high level accidenl management actions, given the moSi likely plant damage state, in 
order" 10 recommend to the plant operators 8 suitable course 01 recovery actions. 

The lest case used for the example is a hypothelical COfe damage situation induced by 8 station blackout 
O.e .. a "TMLB' • type of sequence) . This lest esse has been used to vaJidate 100 concept and IM 
capabilities of lhe AMAS architecture in general end of Ihe PSIF diagoostic alQOfithm more specificaJly, 
since this letter is an especially Importanl element cf lhe AMAS overall functionaJity, It should be 
understood lhat this example is for demonstr8llon purposes onIy, and that some assumptions that have 
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been made in the model preserted here may not be entirely realistie when refEirred to a specifie plant Of 

another. 

FIQUfe 5 showS a Iogic fIowgraph whch is evaluated 10 infer tha state cf the "(;()fe Iocatoo" plant patametef 
fram the readings cf the SOllte RMge N~ Instn"menlatkln (SNAI) end the Setf Powered Neutron 
Detectors (SPNDs) " 1I has been suggested [2] that these instnmen.s can prO\llde lnfOfmation as (0 the 
Iocation ln the vesset of the majority cf the core matEW~, but their effectiveness is conditioned by thelr 
sl.JfVivability l..I1def accidert concIiöons" These instruments are represarted by lhe node labeled ·SSRp· 
in FIIPe 5 end tOO "coce Iocation" parameter Is represented by 100 node labeled "CL"" ocr represents 
the "core tempenllure" pcwameter, which conditions the transfer func:tion between CR and SSRP" 

In essence, the "SSRP" (SANI & SPND Reading Pattern) variable is 8 composite core flux Slale vector 
wAch oond9nSeS In one syr#letic fepUlSsr"iatkln the spatial reading pmtern prOllided by the combination 
of lhe ex--..esseI So.xce Range Nuclear Instn"rnertalloo (SANI) and lhe in-core Saff Powered N9\Aron 
DetectOlS (SPNDs). 

It should be noted that, while the SANI is likely to survive lKlSCBlhed at lamt the first phases of a eore-melt 
aceident, it can be expected lt\at a latge fradkln cf lhe SPNDs will not On lhe O(hef hand, while in typical 
pla-"iS thare 81'e onIy two symmetrlcal/y pIaced Spalial locaIions for lhe SANI chambers (with no axial 
distribltion diSCElfning capabilities), 8 typical Last-generelion Combustion Engineering PINR plant (SUCh as 
San Onofre 2 or 3) has a tct.at cf 280 SPNOs, distril:x.(ed in 56 radial SIld 5 axiallocations within the cOte" 
Thus we exped. thai: Uflder Initial core-mett concIitions. the geometrie failure pattern of the SPNDs in itseIf 
will prcMde vital informaion as 10 whether a core-meIt is occurring end as 10 the type of core relocation that 
lhis may be inducing" In OtOOf 10 translate end summatize thls failure pattern into an ldentification 01 which 
SSRP vector Slal:es appecY 10 be active at any given time, il may be necessaty 10 construct a dedicated 
SPND signal pre-processor which Intelligently anaJyzes not anly the slalic "fOOlprlnt" of SPND readings, but 
also lhe time evolution cf how specifie geometrie 81BaS covered by SPND delectors 90 from a Slal8 cf 
"signal·provided" 10 one of "no.signal·prc:Mded,," This combination of "geometty vs" time" preprocessor 
irierpretation cf SPND failures may provide the key to distingulsh between loCaI core relocation phenomena 
which induce lhe failtxe cf spedfic SPND clusters, \l9tSUS 0Chef acckient-induCed phenomena within rne 
conteirment which may procluce the disappearance of SPND signals by damaging, by a common"mode 
failure, the cabling that carries lha signals Ot..t cf tOO vessel and out of the containmert" The example that 
follCJINS does not try 10 speculate on the details cf how lhe function of such a $PND signal preprOC8$SO( 
would be implemented, since this would entail a plant-specific analysis which is beyond the scope cf the 
discussion In lhis paper" It Is, however, assumed lhat such a preprocessor will indeed be capable cf 
providing a "condensed reading" cf lhe $SAP vector " 

For sImpIlcity , it Is assumed here that the SSRP node has 10l1" possible states, which represent reading 
patterns of lhe combination cf the SANI end SPND insttumerts, end that lhe core location parameter has 
Jour stales which correspond to the iftact coce Slale, tOO stae in which the core Is relocaling, the state In 
which 100 COfe has shmped into the bottom head end lhe stete where the cere has exited the vessel " The 
matrices that represent 100 transfer fL.ncI:ion TF shoNn in Fig" 5 between the nodes CL end SSRP are 
shown In Ftgure 6" There ere thfee transfer function matrices, €Vld they are associated with the ttvee 
stales of the core lemperature parameter, which represent average core temperature ranges, as shown 
in the figlJ"e, Thus, if CT is in slale 2, there is 8 0 ,,25 probability that TF1 is lhe true transfer fi.oction, 8 
probability 01 0,5 thaI: lF2 is lhe true transfer function and a probability of 0 ,, 25 that lF3 is tOO true transfer 
funttjoo, etc, Fa simpticity, lhe transfer ft.rlction between CT end CL. which ts nol explicitly shown in Fig,5, 
is assumed 10 be almost determinlstic, where lhe stele 1 of CT (lOHest lempel'8I:ure range) corresponds 
to state 1 cf CL (intact), state 2 cf CT (middle tempefalure range) conesponds 10 stale 2 of CL (relocating) 
and stal.e 3 cf CT (highest lemperatur8 lenge) cerresponds to state 3 cf CL (slumped ioto bottom head) 
or stale 4 (ex·vessel), with 8 probability cf 0,,5 fOt each" So, given a reading palt9fn of the SRNI end the 
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SPNOs, the probability distribution of lhe core Iocalion palBfTlE!(ef can be found by evalual:ing lhe logic 
fI~g,aph described atxJVe. For example, if lhe SSRP node is observed to be in st81e 3, the evalualion cf 
the ~Ic fIoNgraph results in a probability cf 0.06 thal the c:ore Iocation parameter is In stale 1, 8 probabllity 
of 0.5 that it is in state 2, a probability 010.32 that it is in state 3 end a probability cf 0,12 that it Is In state 
4. These results can be ottained via Bayeslan probabIlity matrix inversion (or, in more oomplex 
lormuiations, by rneans of heuristic solution eigorithms). The simple situation discussed here is a good 
example of the nature of lhe information Ihm lhe AMAS Levef One (pSIF) can provide to lhe Level Two 
(PSIM) . 

Figure 7 shows a belief network representing the PSIM modal thalls Interrogmed by AMAS atter the PSIF· 
generated Information whlch we have discussed above Is made available. This BBN models the 
dependence 0I11le 'o",e stalus' (rep<esented by node eS) end 'vessel stalus' (rep<esented by node VS) 
PSOPs on the core locatlon parameter. Also modeled In Ihls network is whether or not lhe core is In a 
cooIabia configuration (node CC), the "vessellemperature" plant parame!er (represented by node VT) end 
whethel' or noI the vessel has been f100ded (represerted by node VF). Node CL stands for lhe "oore 
Iocation" pa-ameter, as In Figure 6. 

The cOte status characteristic is direct!y related 10 the cOte location parameter, in lhat lhe statas of this 
characteristic are "intact", "relocating", "slumped" and "ex-vessel" , The core coolabIlity characteristic has 
two states, cooIabie and not COOlable, end dependS pn:babUisllcaity on lhe core status characteristlc, In lhat 
as lhe malt progresses lhere is e greater chance !hat lhe core will not be in a cooIabie configuration. The 
vessel lemperature node has Ihree states that represent peak temp8(ature ranges, end It depends on 
nodes CL, CC and VF, in lhat if the core has slumped into the IONeI' head end Is In dired contact with the 
vessel waU, the vessel temperatUfe will increase. Howevel', if the vessel is flooded, the water will cool the 
vesset wall , especialty if the core is in a cooIable configuration, The vessel status node has three sl8les: 
"acoeptable", "threalened" end "failad". These correspond directty to lhe slales 01 lhe vesset temperature 
node, I.e. if lhe vessel lemperature node is in state 3, which would oorresponcl 10 the melting temperature 
01 lhe vessel er higher, lhe vessel status node woutd be in lhe "faiied" stale. Finalty, the vessel floaded 
node has two states: "f100ded" end "ncX flQOded" . 

Thus, given astate lor the core tocation parameter, the belief network described above can be evaluated 
according to the general BBN probabilistic rutes briefly described above in lhis section, 10 find the 
probability distributions for lhe states 01 the vessel status and oore status plant damage stete 
characterisUcs. Assuming thaI lhe distribution tor lhe core locatioo parameter slates is es determined by 
the PSIF in the discussion given a.t:x:Ne end lhal lhe vessel is not floaded, lhe probabilities fer lhe core 
status states we lhe same as those IOt 100 core Iocar.ioo parameter lound above, I.e ., 0.06 IOt "iotact", 0.5 
'er 'relocating", 0.32 IOt "sJumped" and 0.12 for "ex·vesseI." The probabilities fOt lhe vesseI status states 
can lhen be calculated 10 be 0,31 fer "accep:able", 0.57 lor "throa!:ened" and 0.12 tor "failed". If we assume 
then that at this point in lhe TMLB ' sequence a limited AC power availability trom the diesel generators is 
recovered, lha POS which appears 10 be lhe one with the highest likelihcx:ld of being true is one belonging 
10 the class or "group" characterized 1:7t: "reador vessel Intact but threatene<r end "lImited AC power 
available." The determination of the probabitities associated with each ar lhe possible POSs can at lhis 
point be made available 10 lhe AMPS Level Three (MAOSM), whfch can lhen idertlty the POS mitigalion 
actionslstrategy that are most likely 10 be effective, 

As an example of lhe MAOSM upper level of AMAS functionality, Figure 8 sl'lc:1Ns an influence diagram that 
modeIs the decision problem of whether or not 10 Inject waler Into the vesseI, assuming that the systems 
requlred for vessei in/action are available. The decision node "0" represents lhe decision 01 whether or 
not 10 recommend that the operators flood the vessei . The node CS represents lhe "core status" plant 
damage stale characterlstlc, and the node VS represents the -VSssei status" P'art damage 51ate 
characteristic, es in Figure 7. Node CC represerts whether or not the core is in a COOfabie conflglJtation 
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end node FCI represeriS whether or not an in-vessel fueI-coolari interaction th8t results in the fsilure of 
the vesseI OCCU'S. Node ECF represents whether or not such an in-vesseI fueI-coolant irieraction results 
in an "81pha-mode" fail ... e m 100 oortairmert.. The wlue node V represerts s value function which weighs 
the remote possibility of earty cortsilllTl9fi fsilure V9rsus the possibility that vesset failure will likely be 
preverted. 

Since the effectiveness elf thls action, as weil es the possibllity cl the adverse etfeet of the occunence of 
EVl in-vessel fueI-coolart int9l'action, depend on lhe stage cf the melt progression, the decislon cf whether 
or not 10 1Iood the vessel depends on the "c:ore status" plant damage Slale characterlstic. The Cl. CS, ce, 
vr, VS Md VF nodes ere lhe same es those described above Iof the beüef network. the node Fel hm 
two staBS: "VesseI failure due 10 Fel" end "no vesseI fail ... e due to FC'" end depends on lhe stage ot the 
core meIt progession end whether or not the vesseI has been flooded. Node ECF has !Wo stmes: "alpha­
mode contaiM'l8f'i; failure" end "00 alpha-mode c:c::nainment faillA'e", end cf course depends on whether 
or not there was an in-vessel Fel thci resulted In vesset failLXe. 

The inftuence diagram just described can be evafuated to find lhe change In tOO probabilities of the vessel 
status stales end tOO change in the probability elf early contairment failure if the vessel is flooded, V8fSUS 
if it is not. If 8 suital:lle value fLxIction is specified. these probabilities can be cOllapsed into s single utility 
value thaI will sllow the upper level of Nvt.AS to recommend to the operators whether or noc they should 
flcxxI the vesseI . If the probability distribution for the stalas cf the core status charac1eristic found abOvG 
SIe assumed, evaluation of this influence diagram when the decision node is in the flood state results in 
a probability cf 0 .84 that lhe vesseI status characteristic will be in the "~ble' stal:e after fIooding, a 
probability Cf 0.04 that it will be in the -threaiened" stete aftBf flcxxling, a probability cf 0.12 that it is alread)' 
failed, and a probability of 0.032 that lhe vessel will fail due 10 an in-vessel Fel. However, there is also 
a probabiJity of 3.2E-4 that an alpha·mode fsilure of the containment will occur H the vessel is flooded. 

looking at these results it can be seen that flooding cf the vesse! reduces the probability of the vassel 
status d'l8Iacteristic being in lhe threatened state by about a factor cf len (tram a probability of 0.57 10 a 
probability of 0.04) . However, it increases the probability cf I1 being in lhe failed state by 0.03, due 10 the 
possibitity of an In-vessel Fel, and increases the probability of an alph&-mode 'silure cf the containment 
trom 0.0 to 3.2E-4. These factors must be weighed by lhe value function represented by lhe value node 
in order 10 recommend the appropriate action (or non-action) . 11, as it would appe8ls 10 be the case, there 
exiSls no special reason 10 view the alpha·mode containment failure more negatively than the type cf 
containment failure lhat may follow with 8 non-negligible probability if the vesse! fails by melt-through, lhe 
AMAS recommendalion would uneJer these conditions be cf taking advantage cf the partial AC recovery 
end floodlng the vessal with Injection wal:er. 

Another aspect cf the flCM' of information within /IJtN4S is the feedback of information from lhe lop level end 
midcle level 10 the bottom level. Given thal the pIart SIma is kncr.vn SI: an acceptabIe level of confidence, 
prediction cf parameter evolution will be fed back to lhe bottom leveI fer sensor prior updating. To uans/ale 
this concept lnto lhe lerms of the example given here, it must be noIed thaI lhe inversion af lhe Bayesian 
probabllity mal:rices needed for lhe determination of the probabilities associated with the "core relocation" 
(CR) parameter states requires knowledge cf lhe probabilitJes associated with the stetes of the parameter 
'oore temperature" (Cl). 11 we assume, as is reflected in lhe lFM modeI shcNin fQ( this example in Fig. 
5, tta CT is a -basic node", I.e., a node for which no further causally concfitioning relalionship has been 
idertifted end represen1ed, lhe lXlCOOditional probabiJities d its stales must be updaI.ed, as time progresses, 
as 8 function cf the determinaUons made in Level Two as to wtlch damage stale Ihe plant Is in. er headed 
ICHiards. Thus, before UTAF, the "initial concIition° values asslgned to these probabilities will refleet the 
fact thal tho COfO temperature is most likely 10 be In 8 dose-Io-normal range (which means thal: low 
unconditional probabiJity values will be assigned to lhe "oor9 lemperature" '" < high> state). Later, if IM 
accldent starts 10 progress end instrument readings show a reise in core temperatUfe, the prior probabilities 
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themselves will be mocIifl6d 10 reflect lhe overaJl kl'lC7Nledge that lhe plant is mOl/ing 1000ard a damage stale 
which comports high oore lempenttures. Slilllaler, when lhe core lemperaiure instrumenlaiion readings 
may be no IOnger available because cf the effects of lhe accideri progression. the updating of these 
unconditional probabilities will have 10 be based on the detef'minalion 01 lhe plant damage state that the 
AMAS Level Two would have itse/f arrived at in lhe preceding assessment iteration. 

The f inal function 01 AMAS is the verificaiion cf the positive etlect of accident management actioos. Given 
a selected optimum action, it will be na!:lJ(aI lor AMAS 10 compare lhe actuaI evolution of the plant state 
to lhe predicted evolution and verify whether lhe implemented actions are having the desired effect. This 
verification objective is easity met 1:7; the intrinsie nature of lhe intluence diagram mooels used by the AMAS 
Level Three. These In fact have 10 show explicitty in a complete Level Three MAOSM mOOel, as larget 
nodes downstream of lhe decision nOOes which represent possible operaiors' actions, both the "desirable' 
and ·ullClesirable" plant damage slaie outcomas lhat may resutt atter t!leSe actlons are or are not laken. 
Once an action ~ been laken, it is automatically kl"lCWJn Irom the associated influence diagram which 
"desirable POS OUlcome" AMAS was try;ng to abtain as a result of that action. In lhe next assessment 
iteration AMAS will lhen seek to verity lhat lhe actual POS reached. or about to be reached, matches 10 
a satisfactOfy extent the "desirable POS" tafgeted in IM JX9Ceding assessment iteration. This simple 
verification schema offers the advantage of an easier implementation with respect 10 more complex trend 
analysis schemas (involving parameier derivative value tracking) lhat could be errvisioned IOf the same 
purpose. 

Concluslons 

This paper illustrates the concept and the architecture of the Accident Management Advisor 
System, a decision aid which enables lhe use of combined inslrument Information 10 reduce UflCertainty 
in decision maklng associaled with nuclear plant accideri conditions. The principal benefrts offered by this 
concept are lhe definition of an approach 10 utilize instrument information under uncertain accident 
conditions in such a way as 10 allow the best possible assessmenl af plant status and lhe implementation 
af 8 10rmalized accident management decision-making strateg,' by means of a computer-based operator 
assistance tool. VVhen fulty developed, we expect AMAS to find application in both the commerciaJ and 
gOl/arnment sections of the U.S. nuclear industry. We currently plan 10 have a working prototype of the 
system, ready 10 demonstrate its functionality fOf a representative commercial PVVR plant.. by lhe end of 
the naxt phase of aur research. in which both model development and software development activities will 
have 10 be carried out. 

Finally, lhe AMAS archilecture and the models of its implementation (e.g .• intluence diagrams and 
logic-1lowgraph models) could be utilized 10 develop operators' aids lor other process industries, in which 
real-time diagnosis under uncertainty and response 10 emargencies may be required. For such an 
extension, it would be necessary 10 develop a kl"lCWJledge base appropriate to the specific process industry 
undei' consideration BIld this would not be a trivial task : however, the potential benefrts from such 
computerized aids would make such an eflort worthwhile. 
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Abstract 

This paper describes the concept of the OPERATOR ADVlSOR(=OPA) expert 
system developed at Tractebel to assist plant operators for optimal recovery 
following an accident. 

OPA uses an object-oriented expert system to access an appropriate knowledge 
base for either knowledge acquisition or retrieving information for the 
operators. 

The main advantages of such a system are: 

• On-line access to a flexible and easy adaptable knowledge base; 

• Post accident monitoring of a11 operator actions; 

• Priority listing of aB needed actions; 

• The availability of relevant background information. 
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1. Introduction 

While artificial intelligence techniques were still considered a 
laboratory curiosity in the eighties, they are now increasingly seen as 
a practical management t001 in many countries. 

Expert system technology, a particular application of artificial 
intelligence techniques, has matured enough to offer some 
interesting applications in the nuclear industry as can be observed by 
the growing number of publications in this area. 

While such techniques are being developed for various purposes 
such as to power production enhancement, cr to increase 
productivity, the operator advisor (OPA) development at Tractebel 
is aimed at reducing the safety challenges to the plant. 

The need to bring expert systems in the field of operations of 
complex nuclear power plants results from tWD main observations: 

The stringent safety measures taken in operating nuclear plants da 
not allow a full automatisation of all operations, such that the plant 
operator plays a crucial role to maintain the plant in a safe state or 
mitigate any plant transients or accidents. 

The results of PRA studies c1early indicate that the operator is the 
weakest link in all the engineered safety features that are conceived 
to prevent the degradation of an abnormal event into a severe 
accident. 

During the initial phase of an accident, when the protection and 
sa(ety systems are conceived to operate automatically, the operator is 
nevertheless exposed to a large number of alarms and has to 
monitor a large number of gauges in order to identify the plant 
maHunction, since he has to take over after the initial automatie 
phase. All these actions can easily outrange the human capabilities. 

Currently, the actions to be taken are available to the operator in the 
condensed form of written sequential procedures which reflect the 
outcome of a large number of analyses, experiments and simulator 
sessions, all of which the operator cannot grasp at the moment he 
follows the procedures. At same stage of a severe accident, no 
procedure at aU can even be available. 

The moti ve for developing OPA is to make this expertise available 
to the operator and to prioritise the actions needed for optimal 
recovery. 
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2. Merits of an expert system versus written 
procedures 

Written procedures are highly sequential and adapted to the reading 
behavior of the operator : a11 procedure steps must be read in 
sequence, even those that are not yet applicable or already satisfied. 
Furthermore, the goal is aften to make the operator monitor a 
number of concerns or functions in parallel. 

This is translated in the procedures as a cyc1ic run-through of a 
nurnber of steps or even pages (e.g. the critical safety function status 
trees), which is a rather tedious task. 

Second, the operator gets the information in a step only once he 
reaches that step. This is aften not adequate since concerns and 
cautions, which must be monitored in parallel with a whole 
sequence, may be read when not yet applicable or forgotten when 
required. 

Thirdly, procedures are written on the assumption that the operator 
"does the right thing". This is not always realistic. Indeed, it may 
very weil happen that at some step a valve is correctly dosed by the 
operator, but is reopened later in the transient by the operator 
himself or by some automatie action for which no warning is issued 
in the procedures. The same is true when an equipment 
malfunction Dceurs during later stages of the transient for which no 
warning is issued. 

Finally, the expert, in drafting the procedures, is lhnited in the depth 
and the scope of knowledge he wants to transmit by the capacity of 
the operator to handle the complexity and the amount of text during 
an acddent. 

It is dear that the written form of procedures imposes constraints on 
the way the expert can represent his knowledge as weil as on the 
way the operator is able to use it, especially under stress conditions. 

The application of modern information technology gives the 
opportunity to relieve these constraints considerably : 

A computer can monitor all instruments quasi instantaneously 
and compare measurements with fixed or even dynamic criteria; 

A computer can monitor a quasi unlintited number of functions 
in parallel, and advise the operator in an event driven way; 
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The computer can apply on·line an enormous amount of very 
intricate expertise such as fine-tuned diagnostics, refined context 
dependent monitorings, etc. .. ; 

The computer can respond instantaneously to changes in 
situations caused by e.g. unexpected equipment malfunctions, by 
applying its continuous parallel monitoring; 

Finally, the computer, if conceived in a fail-safe and redundant 
configuration, is never tired, and not subjected to nervous stress. 

3. The operator advisor approach 

The background underlying the post-accidental operation reveals 
much more than a sequential process. Indeed, it requires a dynamic 
task planning in a real time chan ging environment to perform tasks 
of a different nature: sequential or parallel, activated by success or 
failure of these tasks, executed under dynamic conditions or 
inhibited in other situations. 

Within that scope, an operator support expert system called OPA 
(~OPerator Advisor) has been developed by Tractebel. 

The real strength of expert system techniques resides in the 
separation between what is called the knowledge base and the 
surrounding shell expert system. The shell is roughly what is left of 
the expert system when all factual knowledge is removed, while the 
knowledge base is specific for the mission of the expert system (in 
this case to assist the operator in off normal plant conditions). 

This separation, together with the existence of powerful symbolic 
programming environment, enables the systems engineer himself 
to extend or mOdify off·line the knowledge base as warranted by new 
evidence. He does this by means of a knowledge representation 
formalism wh ich he can access via the knowledge acquisition 
interface without the need to master the programming language. 

The expert system can then use this knowledge on-line to schedule 
and manage the tasks, as driven by the process parameters.!n this 
mode of operation, the process parameters are monitored 
continuously via the input processor. These data are being 
interpreted by the inference mechanism and the resulting messages 
are displayed to the operators using the run time unit. 
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Two basic interfaces are thus available : a knowledge acquisition 
unit for the expert, and a run time unit for the end user (the 
operator or the shift technical advisor). 

The operator advisor approach has resulted in an appropriate 
knowledge representation scheme and an efficient inference 
mechanism that permit OPA to act as a truly dynamic task scheduler 
rather than a conventional computerised procedure display. 

This is illustrated in Figure 1 where the following run time interface 
features can be recognised : 

A compact, action-oriented prioritized punch list; 

A his tory of past events that are relevant to the applied 
procedure; 

Detailed information and explanation upon request. 

It is foreseen that the system will operate in an event-driven way 
without keyboard dialogue required, to supply the following 
functionalities to the operators: 

Status assessment : accident diagnosis and status tree monitoring 
to supply information for both the event oriented as weil as the 
state oriented accident procedures; 

Automatie response management; 

Dynamic response management to supply : 

• Context dependent advice on actions to be taken; 

• Event-driven concerns and cautions; 

• Continuous check of validity of diagnosis; 

• Evaluation of operator actions; 

• Display of background information upon request. 

The capability to monitor the operator's actions is one of the 
features that differentiates OPA from existing computerised 
procedure displays. The expert system not only suggests the actions 
the operator should per form in an event-driven way, but can also 
monitor aselected number of actions that for the actual situation 
should be avoided. 
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4. Development and test ing phases for OPA 

In order to demonstrate the feasibility of the approach, Tractebel 
selected the steam generator tube rupture (SGTR) accident scenario 
of a 2 loop PWR plant, since such aceident is no t only very probable 
and happened already in Ooel 2, but it requires intensive operator 
interv~ntions tu mitigate such accident. 

The first tas k is to enter the related knowledge into the OPA 
knowledge base via the graphical knowledge acquisition interface 
which provides the system expert with an effective tool to describe 
the evolution of the accident treatment in a natural way . This is 
illus trated in Figure 2 where one of the multiple subtrees of the 
procedure can be recognised i.e. the actions required upon 
identifica tion of the ruptured steam generato r . This figure also 
shows the various attributes that define the safety injec tion reset 
function as supplied by the knowledge acquisition interface. 

The next stage consists of the testing and updating of the knowledge 
base by running the expert system in tandem with an interactive 
SGTR aceident simulation program, which supplies the process data 
ta the expert system. By simulating a large variation of SGTR 
scenarios, one can check and improve the knowledge base to be able 
to co pe wi th multiple equipment ma lfun ctions o r erroneous 
opera tor interventions. 

In a third step, at the end of 1990, the expert system was connected to 
the Doel 1 Training Simulator which was driven into a number of 
SGTR scenarios. The outcome of the tests was mainly : 

• The ability of the system to correctly diagnose the events and 
advise the operators on the appropriate actions to take; 

• A deeper insight in the information management sup port that 
should be avai lable to the operators in the control room during 
emergency situations; 

• A comparison of the merits of an expert system versus a more 
tradition al computerised procedure tracking system. (wich has 
been developed with that aim). 
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5 Future trends 

The next steps which started at the begining 01 this year are the 
following : 

• to make the system run on conventional workstations; 

• to improve the man-machine interface; 

• to broaden the knowledge-base; 

• to study the robustness of the system against invalid input data; 

• to study the behaviour of the system in real industrial 
environment (response time, knowledge-base management, ... ); 

• to study the connection of the system with the computerized 
supervison system of the plant. 

On the o ther hand, the experience we are progressively gaining in 
our company in the field of severe accident modelisation should 
help us to assess the interest to make use of knowledge based 
systems to help deal with such situations. 

Some motives for persuing that trail are the lollowing : 

• There is at present a lack of expertise available under the form of 
written procedures; 

• There is a need to monitor a large number of functions cr 
parameters in parallel and to inc1ude complex expertise in the 
recovery strategy; 

• Operator stress could be reduced in situations where the operator 
reaction quality is difficult to assess. 

Nevertheless, serious limitations still remain : on the one hand, 
the existence and the reliability of the instrumentation and on the 
other hand, the knowledge 01 the phenomena evolution and 01 the 
optimal recovery stra tegies. 
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6 Conclusion 

This paper has described an expert system under d evelo pment at 
Trac tebel aimed at providing ass istance to the operators in plant o ff­
no rmal conditions. 

The capability to monitor the opera tor actions and to ad vise hi rn in 
an event-driven way are the specific features that dis ting uish O PA 
from o ther software. 

While the basic structure of the expert system is fi xed by the shell 
software environment, the knowledge base can easily be adapted in 
view of new operational evidence. 
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Total Process Surveillance : (TOPS) 

J H Paul Miliar' AEA Technology, Reactor Services, Instrumentation And 
Surveillance Techniques Department 

1.0 Introduction 

In order to operate a plant safely and economically, an operator requires a complete 
knowledge of the plants operating state. Only a limited amount of information is 
generally available regarding the plants current state, this being determined by a 
finite number of transducers measuring key process parameters. It is the 
responsibility of the operator to assimilate and interpret this, possibly conflicling, 
raw measurement data. 

An operator accomplishes this data interpretation task by utilising his knowledge of 
the operation of the process and his experience of its behaviour und er certain weil 
defined conditions. Under normal operating conditions the operator may use only a 
fairly basic mental model of the process to facilitate his understanding. However 
und er off·normal plant conditions and especially those associated with a severe 
accident, this mental model may not be sufficient to und erstand the behaviour of the 
process. This is highly likely to be the case where the process system has 
undergone a structural change as a result of a severe accident. 

As with any management task, the prime components of dealing with a severe 
accident condition are monitoring and contral. This implies the need to obtain 
information on the process state, assimilate this information, interpret and 
und erstand what it means in the context of the process, leading to a control decision 
and thus a control action. A key task here is the gathering and assimilation of a11 the 
available plant data. 

The transducers installed on aplant represent a diverse range of information 
sources. Traditionally these are considered individually or in functional groups, such 
as fuel channel outlet temperatures. However each transducer measurement is 
almost invariably linked to other different transducer measurements via the physics 
of the process. This leads to the concept of ana/ytical redundancy among a given 
set of diverse transducers. In an off·normal plant condition, the ability to exploit this 
analytical redundancy is of significant importance in order to obtain the maximum 
amount of information as to the state of the plant. A further logical step in this theory 

• Author is Senior Contral And Instrumentation Engineer with AEA Technology, Reactor Services 
Business, Instrumentation and Surveillance Techniques Department, Risley Laboratories, 
Warrington, Cheshire, UK. 
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is the accommodation of failed or damaged transducers by deriving their 
measurement in1ormation 1ram the available remaining transducers. 

A system capable of providing a clear and improved picture of the plants behaviour 
under a range of normal and off-normal operating conditions would thus be of 
significant economical and safety benefit. 

2.0 TOPS Concep! 

A Total Process Surveillance system (TOPS) is currently und er development by AEA 
Technology, Reactor Services, Instrumentation and Surveillance Techniques 
Department at our Risley Laboratories. TOPS has been conceived with this goal of a 
succinct plant status monitor in mind. There are two main constituents of the Total 
Process Survei llance System, Fig. 1.0. 

Monitor 

1 
Plant States 

TOPS 

Incipient 
Fault 

Detection 

Diagnosis 

Full Fault 
Detection & 
Identification 

Post Faul! 
Status 

Fig. 1.0 TOPS Functional Structure 

Post Fault 
Behaviour 
Prediction 

The first is a process monitor which uses a mathematical model of the process 
together with the available process control inputs and measurement outputs to 
provide additional information on the intern aI state of the process. 

The second function of TOPS is to provide diagnostic facilities on the plant. The 
diagnosis function is essentially one of data reduction where a statement on the 
current state of the plant is made based on all the available information. 

The mathematical model forms a key component of the TOPS algorithms as it is this 
which defines the static and dynamic relationships between the control inputs and 
the instrumentation signals, and also among the measurement signals themselves. 
This model based approach has been chosen as this represents the best method 
for obtaining additional information on the internal state of the process. It is the 
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internal model variables which provide this additional information. Quite often these 
variables equate to physical or pseudo physical properties which cannot be 
measured directly due to unavailable technology or difficult transducer access. 

3.0 Plant Monitor 

The plant monitor is the heart 01 the TOPS system. It is designed using a concept 
Irom modern control theory known as an observer, Fig. 2.0. 
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Fig. 2.0 Observer Structure 

p rocess 
Measurements 

J L ~ 
w 

I I 
Measurement 

Estimates 

.I I [J 
V 

I I 

An observer uses a mathematical model 01 the process to combine the available 
process measurements in a structured way and as a consequence generates 
estimates 01 internal process states which are not, or cannot be, measured. This is 
achieved by translorming the plant model differential equations into state space 
lorm giving the loliowing discrete time system description : 

where 

x(k +1) = Ax(k) +Bu(k) 

y(k) =Cx(k) +Du(k) 

x(k) is the system state variable vector 
ulk) is the vector 01 control input signals 
y(k) is the vector 01 measurement signals 
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A is the system matrix 
B is the control input distribution matrix 
C is the state output matrix and 
D a feedforward output matrix 

Running the model in this form requires no complex integration algorithms between 
each time step, just simple algebraic multiplications and additions. Thus the 
statespace notation also facilitates a real time implementation, a feature which is a 
prerequisite for any usable diagnostic system. 

The observer model has a feedback path whereby the model state estimate vector is 
modified according to the difference between the model's current output estimates 
and the plant measurement signals. The feedback gain matrix K is chosen to ensure 
that the model state estimates always converge towards the true plant state, and to 
impart some additional and very important properties on the observer. This ability to 
track the plant is especiaily important even und er normal operating conditions when 
the process may move through several operating points. The observer structure is 
thus: 

x(k +1) =(A -KC)x(k) +Bu(k) +Ky(k) 

y(k) = Ci(k) +Du(k) 

(3) 

(4) 

The physical transducer measurements can be considered as giving the symptoms 
of the plant's state. Through state estimation the ob server effectively dissects the 
plant to give a surgeon's eye view of the internal plant states. 

The choice of the observer gain K is extremely important. As with any mathematical 
description of a physical process, modelling errors inevitably exist. For the observer 
to provide accurate and useful additional plant state estimates it must be designed 
to be robust to these modelling errors. Techniques such as EigenStructure 
Assignment 1 and Unknown Input Observer Design 2 are available to compensate for 
these modelling errors. 

The feedback matrix K is designed by firstly assessing the discrepancy between the 
plant and the model running in an open loop mode. This discrepancy is described 
as an unwanted input vector direction and K is thus chosen to decouple this 
unwanted input. A coroilary of this design technique is that plant faults which 
manifest themselves in a similar input vector direction will also be decoupled. 
Nevertheless, this technlque enables a useful robust observer to be designed with 
only a relatively simple plant model. 
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4.0 Fault Detection and Diagnosis 

The plant monitor strueture provides several extremely powerful faeilities for 
providing fault deteetion and diagnosis. 

The state estimates generated by the observer may be used direetly by eomparison 
with predefined normal behaviour using simple fixed or adaptive alarm thresholds. 

A more powerful teehnique is to analyse the state estimates as a vector. Under 
normal operating eonditions the magnitude and direction of the state veetor have 
fixed signatures. Should a fault oeeur different magnitude and direction signatures 
will be obtained. This provides the fault deteetion. Diagnosis of the fault souree or 
sources is aehieved by analysing the fault signature and eomparing with known fault 
signatures obtained by experienee or simulation. A projeetion matrix V ean be 
designed to pre-proeess the state estimate veetor to produee a set of zero biased 
residual signals ,1. V is tuned to ignore the normal signatures of the state vector ( 
'1 ~ 0 ) but generate non-zero residuals in the presenee of faults. 

The error signal produeed by the differenee between the plant measurements and 
observer output estimates also contains fault information. This ean be proeessed in 
a similar way to the state veetor by suitable design of the projection matrix W. A 
seeond set of residual signals ,2 may be obtained with different properties and fault 
responses than ,1. 

5.0 Information Assimilation 

The residual signals obtained from the observer have already performed a 
signifieant amount of data reduetion and ean be presented to the operator direetly. 
Depending upon the eomplexity of the proeess a further level of information 
interpretation may be required, perhaps ineluding information from unmodeled 
sources such as covergas monitors, deJayed neutron detectors or acoustic noise 
transdueers. This leads us to eonsider the vertieai strueture of the TOPS system. 

Any proeess plant, ineluding a reaetor, ean generaily be lunctionally and physieally 
broken down lnto a number of small selfcontained but interconnected modules, 8.g . 

primary eireuit, seeondary eireuit, leedwater system ete. Treating eaeh 01 these 
modules as separate systems for diagnosis makes the diagnosis 01 the whole 
process more manageable. 

This logieally leads to a hierarehieal vertieal strueture, Fig. 3.0, where loeal 
diagnostie hypotheses are eollated together at successively higher levels in order to 
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formulate an overall process diagnostic hypothesis at the top level. The level of 
abstraction of the diagnostic information increases as the hierarchy is ascended . In 
this respect, alternative techniques from the TOPS model based algorithms, such as 
artificial intelligence which are better suited to dealing with this more abstract data, 
are worthy of consideration. Although not part of the existing TOPS development 
programme, we have proposed that expert systems may offer a potential solution 
for these higher level diagnosis functions. 

o.S .• 
Diagno6tiC System 

E.S. _ 
EICp8f1 System 

Plant Area 1 

Expert System 

Plant Area 2 Plant Area 3 Plant Area n 

Fig . 3.0 TOPS Hierarchical Structure 

Diagnostics 
Top level 

Dlagnostlcs 
Level 3 

Diagnostics 
Level 2 

Diagnostics 
Level 1 

Process 
Signals 

This hierarchical vertical structure lends itself to adaptation of the diagnostic 
algorithms under severe plant failure conditions. If an event occurs which leads to 
the loss or damage of one or more transducers, this would be detected at the first 
diagnostic level. A local decision could be made at this level to reconfigure the 
TOPS ob server using a different set of instrument signals, such that it still provided 
valid plant state estimates. The accommodation of plant component failures which 
render the TOPS observer model invalid is a more difficult issue. While adapting the 
ob server model is conceptually possible, obtaining a practical robust adaptation 
algorithm may not be straightforward. 
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6.0 Application and Demonstration 

The TOPS system is being developed and validated on the core of a fast reactor. 
The compactness and high energy density of a fast rector core restricts access and 
the normal operating conditions of a liquid metal coolant, high temperature and high 
neutron ftux represent a particularly harsh environment for transducers. Typically, 
direct measurements of coolant inlet and outlet temperature, flow, and neutron flux 
are only available around the periphery of the core. To supplement the available 
information on the core behaviour, a range of novel instruments have been 
developed for fast reactors to provide ultrasonie temperature measurements, 
acoustic noise analysis, delayed neutron detection, and temperature and flux noise 
analysis. 

Development of the TOPS algorithms to date have concentrated around using a 
simulation to mimic a fast reactor plant. However the promising results thus far 
obtained have encouraged us to evaluate their performance using pre·recorded 
plant data from the Prototype Fast Reactor (PFR) at Dounreay, Scotland. 

We have also planned a demonstration of the real·time operation of the monitor 
capabilities of the TOPS system on PFR. This demonstration will validate the current 
simulation results and address the olten unconsidered, yet important, engineering, 
safety and procedural requirements of attaching such a complex system to an actual 
full·scale plant. The first phase of the demonstration will emphasise the generation 
of robust state estimates with the diagnostic functions being added at a later date. 
Our initial objectives are to estimate, in real·time, the linear power rating and the 
linear power·to·melt margins of the fuel subassemblies. 

7.0 Conclusions 

A Total Process Surveillance system is under development which can provide, in 
real·time, additional process information from a limited number of raw measurement 
signals. This is achieved by using a robust model based observer to generate 
estimates of the process' internal states. The observer utilises the analytical 
redundancy among a diverse range of transducers and can thus accommodate off· 
normal conditions which lead to transducer loss or damage. 

The modular hierarchical structure of the system enables the maximum amount of 
information to be assimilated from the available instrument signals no matter how 
diverse. This structure also constitutes a data reduction path thus reducing operator 
cognitive overload from a large number of varying, and possibly contradictory, raw 
plant signals. 
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The TOPS system provides a structured and complete means tor plant data 
management under both normal and off-normal operating conditions and thus will 
slgnlficantly asslst the operator durlng severe accident management. 
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Under actual severe accident conditions the plant operators, 
management, and those specific individuals responsible for managing 
the accident will be under considerable stress. The responsible 
individuals must determine what actions should be taken to correct 
the situation and how the plant will respond and with what conse­
quences given the implementation of these actions. The timing 
associated with each of these functions (how long until core damage, 
etc .) will also be critical. In essence those individuals respon­
slble for .aking decisions during an accident aay be required to 
make important decisions when the plant is in a severely dsmaged 
state. However. with proper training and through the use of sup­
plemental tools, those individuals will become more informed and 
confident to manage the accident. 

The MAAP Accident Response System (MARS) was developed to 
provide those responsible for accident management with the much 
needed insights of the current and future status of their plant 
based on the current plant data and its trends. As an integral part 
of an accident response plan, the KARS software can be used to 
evolve and validate accident management strategies and to educate 
and train the accident management personnei . Furthermore, it can 
also serve as an accident management tool during such an actual 
event. 

The MARS software uses the Modular Accident Analysis Pro gram 
(HAAP) code as its basis to calculate the nuclear plant thermal­
hydraullc and fission product response under accident conditions. 
The KARS software utilizes on-lIne data available from plant in­
strumentation (pressures, temperatures. water levels, system status, 
etc .) to Initialize HAAP at any time during the accident (be fore 
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co re uncovery, following co re melt, atc.) . Once initialized, MARS 
can then track the plant behavior and also allow for faster than 
real-time predictions to be performed . KARS performs several func­
tions . These funct ions include : 

1) Diagnosis of event and evolution of accident sequence, 
2) Tracking plant behavior including impact of operator 

actions and changes in aquipment status, 
3) Correcting simulation such that it remains consistent 

with plant behavior as indicsted by on- line plant 
data, 

4) Performing root cause 
5) Performing near tera 

plant conditions 
Operating Procedures 
strategies . 

analysis, 
predictions 
to .asess 

(EOPa) or 

based upon current 
impac t of Emergeney 
accident management 

The following paper vill provide an overview 
capabilities and testing program. 

of the 

1. lntroduction 

The KAAP Acc ident Response System (KARS) provides those in­
dividuals responsible for managing the nuclear plant under accident 
conditions, with a tool to obtain a considerable number of insights 
concerning the status of their plant. The MARS software uses on­
line plant data to per form engineering caleulations to track and 
predict both the thermal-hydraulic and radiological response vithin 
the plant during an actual or simulated accident. An illustration 
of a typical MARS installation is shown in Figura 1. In this eon­
figuration on-line nuclear plant data i8 transmltted to the accident 
management center where it 1s loaded into the MARS computer. Once 
the plant data is loaded into KAKS (either automat1eally or 
manually), the MARS software ean then be actuated to assess the 
current and future states of the plant . 

In order to per form rapid caleulations that assess the status 
of the nuclear plant under acc1dent condit10ns a computer code which 
models all of the significant accident phenomena and is fast running 
1s required . The MARS software uses the Modular Accident Analysis 
Prograa (KAAP) to rapidly assess the thermal-hydraulic and fission 
product (radiolog1cal) status of the nuclear plant under severe 
accident conditions. The HAAP code 1s widely used around the world 
for performing severe accident calculat10ns to support Probabilistic 
R1sk Assessments (PRA) , plant studies and other related projects . 
The HAAP code is eurrently being executed on numerous computer 
platforms includ1ng personal computers (pes), workstations and large 
mainframe computers. Even on the slowest of these current gener­
ation of computer systems (386 PCs) the MAAP code executes several 
times faster than real time. 
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The KARS software , includes a significant amoun t of additional 
software b eyond MAAP (as will be presented below) . The a dditional 
software inc lude d in MARS does not have a significant impact on 
computer runtime, compared to the HAAP code. The faster the com­
pute r KARS is execu ted on, the quicker the turn around time . 

2 . KARS Capabilities 

The KARS software has been developed wich ehe understandhlg 
that t hose individuals involved in managing the accident will be 
under a c onsiderable amount of stress. Thus, the features have been 
structured to be very flexible and perait easy operation . In addi­
tion, the KARS output provides the user with an easily 
unde r standable graphical representatlon of the status of the plant 
as we Il a s being able to examine t h e intricat e details of the plant 
conditions. An e xample MARS graphical plant display is provided in 
Figure 2 for a BWR Hark I type of plant and for a PWR We stinghouse 
Large Dry containment plant in Figure 3. 

The MARS software 1s conf1gured to operate in t wo modes: 1 ) 
Tracke r and 2) Predictor . In the tracker mode, the KARS software is 
i ni tialized based upon on-line plant data and t hen track s and cor ­
rects t h e KARS simulation to follow the plant behavior . In the 
Predictive mode , once initialized MARS can perform faster than 
r ea ltime simulations to determine the possible future status of the 
plant given an initial plant state. 

In the KARS tracking mode , a dynamic assessment of the status 
of the plant i5 performed . In the MARS tracking mode the simulation 
proceed s only as fast as plant data is obtained (i.e . , realtime). 
MARS can be initialized at any time during the accident progression . 
The poten tial times for such arbitrary initialization include: 

1) Be fore Co r e uncovery, 
2) Following core uncovery but before core damage , 
3) After co re dama ge but be fore vessel failure, a od 
4) After ves s e l f a ilure . 

Based upon any changes identified and/or internal MARS ver ification 
calcula tions, the KARS simulation i s corrected to better represent 
t h e statu s of the plant . Comparisons of the plant da ta and KARS 
calcu lat ions are made to determine if agreement exists. If the 
comparison does not agree, the MARS simulation (for that plant data 
interval) is performed again making the necessary adjustme nts to 
converge upon a representative solution. If conve rgence cannot be 
obtained. re-initializa t1on is performed . During the tracking mode, 
a n assessme nt of the type of accident occurring at the plant and 
potential r oot c &uses 1s also pe rformed . This information 1s used 
internal to the MARS simulation to track the accident a nd i s also 
avalLable external to the s imula tion to those indivlduals managtng 
t h e a c cident . 

In the MARS predic tive mode. based upon the c urrent status of 
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the plant, faster than realtime predictlons are performed to deter ­
mine several possible future ststes of the plant . The future plant 
state predictions include an assessment of what will happen if no 
operator actions are taken, what will happen if the operators follow 
their emergency operating procedures, and how the plant would 
respond based upon any accident management guidellnes. These types 
of simulations are very useful for helping decide appropriate and/or 
inappropriate actions during the course of the accident. In addi­
tion the potential consequences which aay occur as a result of the 
accident can be determined and assessed weIl in advance of when they 
may actually occur. 

The computer system configuration for MARS can vary widely 
depending upon the available hardware and the required system 
response. Several networked computers can be used for a fully 
functional MARS system . The networked computers could, as a mini­
mum, consist of one computer for the Tracker and possibly three 
other computers for performlng predictions . In addition, it Is 
posslble to run all four or a subset of the four appllcatlons, on 
the same computer In a multi-tasking (sharing the same computer CPU) 
environment . The power of the computer utillzed to run KARS on and 
the resultlng system performance will determlne the feaslbllity of 
multi-tasking several KARS simulations (Tracker and Predictors) . 

3. KARS Testing 

The KARS software has been tested in several plant data trans­
fer and computer system conflgurations. Based upon the llmlted set 
of plant data required by MARS and each of the configurations, the 
MARS software has been able to successfully initlalize and track the 
plant data . Once the Tracker is initialized, future predictions can 
be performed . 

In order to test the MARS software, plant data during accldent 
condltions is requlred. The majority of the plant data required by 
KARS has been genera ted via areal-tIme runnlng computer simulation 
code called the HAAP Signal Generator (KSG) . The KSG code uses the 
HAAP code as its basis for calculating the plant response but in­
cludes modules to simulate real-time plant data transfer. For 
Instance, in one KARS Installstion, plant data is captured by the 
plant computer every 30 seconds but only transmitted outside of the 
plant (for instance to the Emergency Response Center) every 5 
minutes . The KSG software was configured to simulate this plant 
data transfer method. In addition to using simulated plant data, 
KARS has been tested in a very limited scope by using actual plant 
data. The actual plant data utilization was limited to steady state 
analyses . 

The HSG code uses the same code as MARS does (HAAP) for per­
forming the plant accident response calculations. However, MARS 
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only uses those variables genera ted by HSG which are r ead ily ava il­
able in t he plant. Tbe HSG software is used for the majority of the 
KARS testing s ince it is very fast running and models a ll of the 
important accident phenomena . In the future more testing i 5 planned 
which will use actual plant data under acc ident conditions in addi­
tion to using other large computer codes to generate the s imula ted 
plant data . 

Tbe computer systems KARS has currently been Insta lled on 
inc lude 386 PCs and VAX workstations. In the 386 PC KARS configura­
tion, t he generation of the plant dats (via t he HSG) wa s performed 
on an IBH mainframe and then via network was transferred to the KARS 
PC . For th i s MARS installation, the use of the IBM mainframe for 
the MSC best represents the actual KARS installation s ince real 
plant data 1s currently r eceived and maintained on the IBM 
ma1nframe . Thus, r eal plant data can be r ead1ly substitu ted for 
that generated by HSG . In the VAX workstation environment, severa l 
workstations were networked together, with each compute r performing 
aseparate function (MSC, KARS tracker, KARS predictor 1 , etc.) 

Tbe KARS software has been tested for seve ral accident 
scenari os inc luding Station Blackout, Loss of All Injection and 
Small LOCAs . For each of these example s cenarios, the KARS so f twa r e 
can dete r mine t he probable cause of the accident . In addition, for 
the Small LOCA scenario, the MARS correction logic can s uccessfully 
determine an approximate LOCA break size and location based upon t he 
avai lab le plant data. 

Inc luded as Figure 4 is a plot of primary system pressure 
versus time for a BWR Loss of All Inject10n scenario . Tbe figur e 
has several curves plotted. The first curve ( the so lid 1ine) repre ­
sents t he plant da ta (MSG genera ted) provided as input to t he KARS 
tracker . Tbe rema ining curves, as noted in the plot l egend , repre­
sent MARS initialization and start of tracking intervals at severa l 
different times during the acc ident progression . The key event 
t imes from t he simulated plant data (MSG) are: 

Core Uncovery occurs at: 
Start of Co re Melt starts at; 
Vessel Failure Qccurs at: 

1600 seconds, 
4000 seconds , 
6700 second. 

As illustrated by the plot, MARS can be successfully ini tialized and 
perform tracking during the various accide nt progression time inter­
vals. 

Inc luded as Figure 5 is a plot of the primary system pre ssur e 
response for a PWR Small LOCA scenario. Tbe primary intent of t h is 
plot i s to illustrate that KARS can be initialized and a l so deter­
mine an approximate LOCA size and I ocation, based upon t he limited 
set of plant d~ta . The LDCA area and location we r e not input to 
KARS but rather were determined based upon t he interpretation of the 
limited set of plant data. 
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4. Summary 

The MARS software can provide those responsible for managing a 
nuclear plant accident wich much nee4ed insights to ehe current and 
future status of their plant based upon the current and evolving on· 
line plant data. The MARS software can be used to educate and train 
the accident management personnel and also serve as an accident 
management tool . 
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SUMMARY of SESSION IV 

The session focused on the applicability of techniques in the domain of severe 

accidents. The subject treated can be splil in Ihree main categories: 

semantical*l concepts 

integrated applications 

operational tools. 

These categories will be delined and discussed in the lollowing. 

The success 01 expert systems in other fields (Iike medicine, etc.) is largely due to the 

lact that large amounts 01 data have been galhered and represented as a 

homogeneous sets of "rulesM thaI can be stored and retrieved in and by using modern 

computers. However, the intelligent selection, Le. the systems analysis that has 10 be 

performed implicitly or explicitly, deterrnines the structure 01 the resulting expert 

system. Thus, this structure varies from domain 10 domain, trom ane application 10 

another; with regard 10 nuclear power: trom ane plant over 10 another. 

Nevertheless, these structures are essentially semantical concepts, i.9. the attempt 10 

describe implications in the problem domain. 

Once such a semantical concept exists, it can be used to implement a special case 

(application). The way is to put the data lor the application together and write a 

program to execute the concepts based on the data. However. as many changes, 

experiments, tests and lurther enhancements must be envisaged, so·called "shells" 

that represent the semantical concepts are programmed in which the data can be 

"litted in". Such an approach is called an integrated application. One drawback, 

however, 01 today's integrated applications is that they require general concepts such 

as rules 01 the lorm "IF turbine is tripped THEN reactor will be tripped", which restricts 

the expressive power 01 such systems [you can only model (describe) what the 

concept yieldslj. This implies that integrated applications can only be successfully 

used when the concepts already match the requirements completely . 

• ) Semantics is the branch of linguistic research concerned w~h studying changes in meaning of words. 
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Many problems in many domains do not require very sophisticated inferences as the 

integrating element is the human being. Therelore conclusions are being drawn by the 

human and not by some eoncep!. Here, the human must be supported by an array of 

tools (the sophistieation of which may vary). Even though in the eyes 01 the "artifieial 

inlelligentsia" these tools are not lully accepted, they can be 01 great help especially in 

situations where Ihe domain lends 10 break apart and can no langer be reviewed as a 

single entity with the conelusion that truly artilieial intelligenee strategies do not apply 

any more and become useless. 

The presentation made by Dr. Sergio Guarro (Advaneed System Concepts 

Associates, USA) elearly falls into the semantieal coneepts category. He deseribes the 

outline of AMAS (Aeeident Management Advisor System). The system is intended to 

have three levels: 

Parameter State Identification Filter, 

Plant State Identilieation Module and 

Management Action Decision Support Module, 

Each of these levels use specific concepts. While level one strongly relies on the 

so·called Logie Flow Graph Methodology (LFM) to track key parameter interaction and 

eonsisteney, level two relers to Aecident Progression Trees (APT) and Bayesian Beliel 

Networks (BBN), The top level assoeiates plant conditions with aceident eonsequence 

minimization schemes. The system is in the conceptual phase. A working prototype is 

to be developed in the seeond phase, 

Also in th is eategory was the paper presented by Mr, Paul Miliar (AEA Teehnology, 

UK) about a system ealled TOPS (Total Plant Surveillance), The TOPS coneept is 

also hierarchical and roughly divided in two sections at Ihe second level, monitoring 

and diagnosis. Diagnosis provides on level Ihree incipient fault detection, full fault 

deteetion and identilieation, post·lault status, and post-Iault behavior prediction, The 

plant monitor uses an observer based on a mathematical model of the process. In 

essence, measured dala are compared to eomputed (model-inlerred) data, 

Oiagnostics are performed on several plant levels and plant areas such that the 

computation-intensive parts are preferred on the lower level in a distributed 
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environment (Le. in parallel). In this way it is also claimed that real time operation of 

TOPS can be achieved. The system is currently under development. 

The paper presented by Professor Rainer Hampei (TH Zitlau, Germany), titled 

"Model-based Correction Aigorithms", described model-based measuring methods, 

which .could be used tor the reconstruction of non·directly measurable variables and 

therefore may contribute 10 the diagnosis of the camplete system state, the realization 

of state controllers, or fault detection. The results of the methods and algorithms 

developed for the ease of the hydrostatic level measurement on horizontal steam 

generators have been compared with experiment data on pilot plants and ATHLET 

calculations. Such methods are expected to be used in the future, after further 

qualification, on power reactors. 

A more general paper on the use of Artificial Intelligence (AI) for operator support 

systems was presented by Or. Michel de Vlaminck (Tractebel, Belgium). It described 

OPA (Operator Advisor), which is an expert system of the category "integrated 

applications" . OPA's main advantages are: 

on-line access to a flexible and adaptable knowledge base, 

post-accident monitoring of operator acUons, 

priority listing of all needed actions and 

the availability of background information. 

The system heavily relies on rules in the classical sense. However, the system has 

capability 10 reaet 10 events and has elements 10 treat time-dependent aeltons. 

Presently, the system is implemented on a Symbolic LlSP-machine, though chances 

are, the system will be available on regular workstations in the near future. The 

system is used in the reactor operator training center. 

To satisfy the third category listed in the beginning Mr, James Raines (Fauske & 

Associates, USA) gave a presentation on MARS (MAAP Accident Response System) . 

This system uses the Modular Accident Analysis Program (MAAP) code to calculate 

the nyclear plant thermal-hydraulics and fission product response under accident 

conditions. MARS uses on-Une data fram plant instrumentation 10 initialize MAAP any 

time during the accident. 
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MARS then is able to perlorm a variety 01 lunctions. Among them are: 

diagnosis of evenl and evolution of accident sequence, 

tracking plant behavior and operator actions as weil as their impact. ensuring 

consistency of simulation, 

performing rool cause analysis and near-term predictions. 

MARS operates much laster than real-time. A typical set 01 computation times was 

given lor a lorty-hour scenario ranging Irom about one hour (on a 486 pe) to seven 

minutes on an optimized HP workstation. 

A very lively discussion was 90in9 on at the end of the session, focussing on subjects 

like: 

• ·What Is necessary for the operator 10 infer Ihe plant status during a severe 

accident?" 

• "Is no information better than incomplete cr erroneous information?-

• "How can such artificially intelligent systems be validated?" 

• "Is il not most important 10 avoid information over1oad?" 

Whilst most of these issues were discussed rather controversially. the opinion was 

ralher unanimous thaI if a severe accident happened at all it would not quite match 

any 01 the predicted scenarios. 

Validation of AI systems is important. Bad information is worse than no information. 

With bad inlormation, plant staff may try to do something based on it, and could make 

things worse. If the plant staft know that they have no good information Ihey can make 

attempts to remedy thaI. Thus, AI systems should produce validated "goOO" 

information or indicate that no good deduclions can be made. A participant suggested 

that the lurther the accident proceeds. the simpler should be the analytical attempts to 

analyze and understand it . This appears very consistent with the validation limitations 

ler severe accidents. 

Some participants were extremely worried about the use 01 computers in carrying out 

high-complexi ty inferences du ring a severe accident as the impression prevailed that 
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this may eventually discard the operator. However, the general consensus was that 

the last decision-making will always be human responsibility; only the degree of 

support (and its necessary complexity) that such approaches may yield was divisive. 
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