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Monte Carlo and Deterministic Transport Calculations

The energy dependence of the neutron flux density averaged over the transverse section of the
moderator was determined for several positions inside the polyethylene moderator. The
results are calculated for 5 positions and are given in Fig. 4. These calculations give a
maximum thermal peak neutron flux density for the midpoint position in the moderator
(Fig. 4, solid line labeled 5).
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Figure 4. Energy dependence of the neutron flux density averaged over several transverse
sections of the polyethylene moderator. The numbers correspond to sectional surfaces are
shown (see also Fig. 1).
Moreover, the moderator neutron current density spectra, separated into two parts, transmitted
and backscattered, through the different sectional surfaces of the polyethylene moderator were
calculated with the MCNP and are presented in a low-energy group representation in Fig. 5.
The greatest thermal peak neutron current density of about 80 neutrons per cm 2 per second in
an energy range between 0,01 eV and 0,1 eV is produced in the middle of the moderator and
is approximately of the same value for forward and backscattering.
Finally, in order to investigate the differences between the two neutron transport codes and of
the cross-section data, the calculations of the moderator neutron current were performed also
with the Monte Carlo Code MORSE, a subprogram of the HERMES [3] code systeR, used
for the neutron and gamrima transport below 20MeV. For these calculations a special group
data library. the MARSBIB [6] (developed in Kernforschungsanlage Julich), was used. The
results of both codes were compared over the whole energy range and an excellent agreement
was observed as shown in Fig. 6 for the spectra of the neutron current density averaged over
the sectional surface 4 for energies greater than 10 keV.
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FOREWORb
The International Conference Nuclear Energy in Central Europe '99 was held in
Portoro2, Slovenia, from 6 th to 9th September 1999. This was the sixth international meeting
entitled "Nuclear Energy in Central Europe" and organized by Nuclear Society of Slovenia.
The event had already been recognized as a traditional yearly meeting of European nuclear
professionals in which several hundred experts participated since the year 1993.
The meeting in Portoro2 aimed to connect the Central European nuclear community just
before entering the third millennium. This is the region of Europe, where new nuclear power
plants are still being put into operation (Mochovce, Cernavoda). This was the reason for the
slogan printed also on the cover of these Proceedings: Expanding nuclear capacity in the
region.
Special attention was devoted to the exchange of operational experiences between Central
European nuclear power plants. 147 participants from 18 countries attended the conference
and 109 papers were presented in two parallel sessions and a poster session. Introductory
speech was given by Pat Upson, president of the European Nuclear Society. Each of the three
working days started with plenary session intended for invited lectures.
The conference has also hosted the meeting Neutron Imaging Methods to Detect
Defects in Materials, which was organized in the frame of the project EC COST 524, and
the meeting of the European Neutron Radiography W'orking Group.
Call for papers for the conference was issued at the end of the year 1998. Papers were
collected by May 1999. Program Committee held a meeting in June and determined the final
program of the conference. Due to the very large number of submitted papers the conference
was run with two sessions in parallel and with additional poster session.
Award was given for the best contribution prepared by first author aged no more than 32
years. An international award committee has reviewed papers and awarded Ms. Elke Pichl
(Austria) for presenting the paper `Siemens Argonaut-Reactor Graz: A Method to Determine
the Burn-up of Fuel Elements".
During the conference every paper was peer-reviewed by at least two reviewers. Finally, after
the conference, authors had to submit final, camera-ready papers, which are printed in these
Proceedings. Final number of printed papers is exactly 100.
Due to the large number of papers these Proceedings are printed in two volumes. Volume I is
thicker, containing almost 700 pages, while Volume 2 contains about 110 pages and is
entirely devoted to the embedded meeting Neutron Imaging Methods to Detect Defects in
Materials. Table of Contents and Index of Authors are identical in both volumes.

Dr. Andrej Stritar
Program Committee Chairman
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ASSURING NUCLEAR ENERGY'S FUTURE THROUGH
INTERNATIONAL CO-OPERATION
Dr. Pat Upson
President of the European Nuclear Society

The Nuclear Society of Slovenia is to be congratulated on having chosen as this conference's
primary objective, "The fostering of regional co-operation between professionals from
utilities, regulatory bodies, research and educational institutions". The choice reflects a clear
appreciation of the need for all in the nuclear community to share hard-won experience and
know-how if the industry is to operate safely, compete effectively and firmly establish itself as
a key supplier of electricity in the years ahead.
I would like to project this theme onto a broader canvas and touch upon some of the cooperative programmes, international developments and trends which I believe will go some
way towards determining the future of our technology.
At a recent international meeting in Vienna hosted by the IAEA and co-sponsored by the EC
and the Nuclear Energy Agency of the OECD, representatives of Western institutions agreed
that substantial progress had been made towards ensuring the continued safe operation of
nuclear installations in Eastern Europe while stressing that much remained to be done and that
international support must continue.
In a final report, there was special mention of successful efforts being made to strengthen the
independence and technical competence of the nuclear regulatory authorities, but a reminder
of the need for Governments to ensure that the same authorities have the financial resources
and the powers of enforcement to fully carry out their missions.
The meeting also concluded that sound progress was being made on operational safety, though
significant additional input was required to produce an effective safety culture. Also, while
design safety improvements are in place in all the countries concerned, valuable time and
effort in pursuing them could be saved by stepping up the exchange of information on the
engineering solutions and implementation of the safety modifications among those involved.
Looking ahead, Carol Kessler, senior co-ordinator for nuclear safety at the US Department of
State and Chair-woman of the meeting, told the audience that the focus of operating
organisations must now turn to producing safety analyses of the kind nuclear plant operating
licences in the West are based on. These would show where to focus resources now for safety
improvements on the basis of a specific plants strengths and weaknesses.
To give some indication of the international support being provided, the EC alone under its
Phare and Tacis programmes have contributed about 800m Euro since 1991. They have
recently begun to provide hardware after years of exhaustive studies, and bilateral and EBRD
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funding for safety upgrades. Total committed Western assistance stood at 1.8 billion Euro in
February - only a quarter has so far been spent - while 700m Euro has not yet been committed.
The assistance programmes have not been implemented without difficulty. At the Vienna
meeting, speakers from recipient countries criticised the programmes operated by the EBRD,
and more particularly the EC, for their excessive slowness and inefficiency. From the Western
standpoint, it can be said that lack of resources in the East, political and economic instability
in certain countries and, till fairly recently, the virtual absence of civil liability legislation - a
factor which for some time deterred equipment suppliers from fulfilling a vital role - have
hindered progress.
Whatever the shortcomings in programme implementation, nothing can detract from the
encouraging progress made in this complex global undertaking.

Commercial
Over more recent years, work in the East has been pursued against a background of
burgeoning change in the West, change brought about by liberalisation of electricity markets
in the EU and the transformation of the economic, technical and industrial scene.
Deregulation has overturned historical models for the power generation sector and set down a
framework within which individual member states have to introduce competition in this area.
That competition means that the customer, and especially industrial customers, will no longer
be bound to their own power utility. We now live in a buyer's market in which the most
successful power company will be the one offering the lowest rates and a service package
tailored specifically to the customer's needs. In Western Europe, which has a surplus
generating capacity of 35,000 MW, only the company with the lowest generating costs can be
the price leader.
Market liberalisation, coupled with improvements in the performance and efficiency of other
forms of generation - aid gas in particular - present the nuclear industry with a serious
commercial challenge. That challenge is currently being met in EU member states and
elsewhere by extending the lives of existing plants on which capital costs have largely been
depreciated. Uprating programmes, equipment upgrades, and steam turbine replacement are
just some of the measures being taken to enhance competitiveness and at the same time ensure
that the majority of units involved operate for 40 or 50 years.
If nuclear energy is to establish itself globally over the long-term, the industry must meet the
needs of an increasingly demanding market by developing new and innovative technology.
Recognising this need, Europe's power generators have fixed the performance levels they
expect of future reactors with regard to economic competitiveness, operating characteristics,
plant safety and radiological protection. These requirements, known as EUR - European
Utility Requirement for LWR nuclear power plants - have been described within the European
Commission as an important turning point in the history of nuclear power.
All major European and American reactor builders are now developing advanced LWR's
which meet the criteria defined in the EUR. Of these the French/German European
Pressurised Water Reactor (EPR) best exemplifies cross-border collaboration.
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It was in 1989 that Framatom and Siemens took the decision to co-operate on the design of a
nuclear island that could meet the future needs of power utilities, Nuclear Power International,
their joint subsidiary, was formed a year later, while another landmark was reached in 1992
when EDF and leading German utilities joined the co-operative venture, and the project
received the backing of the safety authorities of the two countries.
The cost target of the 1750 MW plant is defined in the European utility requirement. It calls
for a generating cost advantage of 15 percent over current plants for baseload operation. The
preliminary evaluation shows that the cost could be close to the lowest value expected of
combined cycle plants, even taking account of their potential for greater efficiency.
From the early beginnings of the project, the safety authorities of both countries pursued a
programme of co-operation embracing all aspects of technological development, safety
assessment and regulatory matters unprecedented in the nuclear field.
The emergence of common safety requirements for the EPR is expected to lead to wider
harmonisation of safety practices in France and Germany. It is also seen as an important step
towards a common safety approach in Europe and beyond.
In my address I have touched upon two very different, high-profile projects - safety in Eastern
Europe and the Franco/German reactor - which clearly show what can be achieved through
international collaboration. Success in these very different areas will greatly enhance the
prospects for nuclear energy as a long-term source of electrical power. However, unblemished
safety records and superior plant performance may not on their own be enough to secure a
future for our technology, for without public and political support there is little prospect that
the authorisations needed to construct and operate new facilities will be forthcoming.

Public Information
The need to restore public confidence in nuclear energy in parallel with the development of
new technologies and infrastructures that will enable the industry to compete places a heavy
responsibility on the shoulders on the communicators.
Over the years, information specialists across the international spectrum have invested
substantial resources, energy and skill into gaining the level of public acceptance enjoyed
prior to TMI. It has been an uphill struggle, not helped of course by the subsequent accident at
Chernobvl. Al] too often, however, efforts have been hindered by the industry's lack of
transparency, the release of poor quality information to the wrong audience and worst of all,
public relations blunders committed by operators of nuclear facilities. The discovery of
radioactive contamination of flasks used for the transportation of irradiated fuel between
countries, and the sheer inadequacy of the response to media interest, perfectly illustrates the
tendency to "shoot ourselves in the foot". It is a tendency which must be removed if the
positive messages about nuclear are to come to the fore.
Whether addressing public concerns, or promoting the industry's case, all involved must
demonstrate an awareness that there are no national borders in nuclear operations, and commit
themselves to the task with the same vigour, imagination and collective spirit as has been
shown in post-Chernobyl Eastern Europe and in the development of the EPR.
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Evidence that the nuclear industries of the West are moving in the right direction is seen in:
*

the merger last Spring of the information committees of the European Nuclear Society and
the European Atomic Forum (Foratom), a move that will eliminate duplication, make
more effective use of specialist skills, and lead to the creation of a common agenda in
support of a European communications programme;

*

the continuing success of the annual PIME (public information materials exchange)
workshop, a major international forum which facilitates the sharing of information and
experience between PR specialists worldwide (Ljubljana will host PIME 2000 next
February);

*

the coming together of major representative bodies - the Uranium Institute, Foratom, ENS
- in Kyoto and Buenos Aires to spell out, as a team, the environmental benefits of nuclear.

An important feature of the Kyoto and Buenos Aires initiative was the positive impact made
by representatives of the Young Generation Network, a movement set up by ENS in 1995 to
ensure that invaluable experience and know-how acquired over decades by an aging
workforce is not lost to the industry. In the space of less than five years, the YGN has become
established in 17 countries, including Slovenia.
I believe the YGN has a part to play in future public information programmes, and that they
are well placed to assist in another area crucial to the future well-being of the industry: nuclear
education.

Education
The decline in the number of educational establishments offering courses in nuclear
technology, particularly in Europe, causes concern. Aside from the fact that this will
ultimately choke off the flow of gifted physicists and engineers the industry needs, the trend is
probably an indication that university entrants no longer see nuclear technology as a long term
career prospect. The latter further underlines the need for the industry to launch stimulating
new projects, typified by the advanced LWRs, to mobilise interest among the young.
To clarify the position, ENS, in co-operation with its member societies, corporate members
and sister institutions worldwide, is to review nuclear education facilities to determine
whether the European experience is unique, and if so, why. Also, as a positive independent
measure, the Society will seek to organise a series of summer schools at universities and
colleges with a nuclear tradition.

Conclusion
I have managed to reach the end of my address without appealing for the continued use of
nuclear energy on the grounds that, unlike its main competitors, it produces no C0 2 and must,
therefore, be an essential component in the global effort to meet the emission targets set in
Kyoto. Though an important argument, it cannot on its own restore the fortunes of the
industry. We have to face the fact that success will depend on our ability to compete by
keeping construction and operating costs down, operate plants safely over time, win the
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confidence of the public, and attract the young people needed to take over from the industry's
founding generation. We need to make sure this is followed not just in Western Europe, but
by stimulating international co-operation and transfer of best practices, we can assure this
happens across the whole of the European nuclear industry. The agenda for this meeting gives
you the opportunity to contribute towards those goals.
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Mochovee NPP Unit 1&2 Completion Project
Jaroslav Hlolubec
Mochovee Nuclear Power Plant
Slovakia

1. MOCHOVCE NPP HISTORY
History of Mochovce NPP is quite long and reflects political changes that happened in Europe in the end of
80'ties. The plant site was chosen in south-west of Slovakia in the frame of Nuclear Industry Development Plan
adopted by former Czechoslovak government in 70'ties. In that time was decided to build in Mochovce four
VVER440/213 units together with other NPP's (Dukovany, Temelin, Kecerovee).
The construction was delayed just in the start when Czechoslovak regulatory Authority required to build the plant
seismically resistant. That presented to recalculate whole design and moving the site in distance about 2 km.
From the beginning was foreseen to implement programmable control system, designed by Russian and
Czechoslovak institutes. Manufacturing and tests of the system were problematic due to level of computing
systems in Eastern Europe in that time. Finally, the idea of using own Russian-Czechoslovak system had to be
left and new l&C system of Siemens production was chosen. This fact again presented an important delay,
because of new l&C part of the plant design preparation.
Main Milestones of Mochovce NPP construction
1978 Decision of former Czechoslovak government to start construction four VVER 440/213 units
Start of the detailed geological survey
Start of the pre-design activities
1980 Decision of the former Czechoslovak regulatory authority about seismic design. This decision lead to
change of the site about 2 km on monolithic andesite ground
Start of the digging works that included cutting a part of hill -first important delay in construction
1984 Lay down of the concrete plate of the reactor of unit I- real start the construction of unit 1 and 2
1985 Start of construction of unit 3 and 4
1989 First time was officially published, that the design of 1&C system (foreseen as programmable) is not
applicable in NPP- second important delay
Tender for new l&C system
1990 Signed contract with Siemens for design and supply of I&C system
1991 Beginning of problems with financing. Slow down of construction activities.
1993 Total interruption of the construction. Start of the negotiation with EdF, BAG and EBRD about
financing - third andmost important delay of construction
Application of conservation programme
1995 Close before signing contract with EdF and EBRD Slovak government refused whole project.
In the September of this year was confirmed new conditions for completion of unit 1 and 2
1996 Restarted construction of unit ] and 2 by detailed revision of all civil structures and mechanical,
electrical and control systems in January
Signed contracts with suppliers in April
Signed contracts for credits in May
1997 Start of commissioning of unit l in August
The most complicated problem appeared in 1991 which concerned seriously financing of the construction. It
caused total interruption of construction and conservation of the plant in 1993 (It is necessary to point out, that
whole construction from the start was financec by credits. No money from state budget was received.) In this
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year started work on project of financing of unit l&2 completion with the participation of EdF, Bayernwerk AG
and EBRD (in early phase BAG left this project). EBRD was willing to provided credits under condition, that the
plant would be own by western company (EdF). Probably this condition together with requirements of immediate
electricity price increasing about 30% and shut-down of Vi NPP in Bohunice lead to refusing this project by
Slovak Government in February, 1995. In the September of this year was established new organisation of the
'Mochovce Unit 1&2 Completion Project'.

2. STATUS OF THE PLANT BEFORE COMPLETION
Before decision of completion of Mochovee NPP was necessary to assess two very important aspects:
*
*

is the project of the plant able to fulfil the safety requirements to be considered in the end of XX century?
are the technical conditions of installation after conservation period adequate?

Concerning safety and reliability of VVER 440 type reactor there are near 100 reactor/years of experience in
former Czechoslovakia. This experience confirms some positive safety features in comparison with western
PWR. Most important could be considered following:
* High coefficient RCS coolant volume/power
* Fuel conservative project
* Conservative coolant pressures and temperatures
* Small reactor core without danger of xenon power oscillations
* High number of primary circuit loops
* Large departure to nucleate boiling ratio
* Large SG water inventory
These features cause that the operation is convenient for environment from point of view of radiological impact
(low coolant activity due to high coefficient RCS coolant volume/power). Also accident scenarios are developed
slower and give more time for operators decision and interventions.
Since the beginning of 1990's, Mochovce NPP was submitted to several international audits with the aim to
assess the safety level. First such an evaluation was done by Siemens in the frame of l&C replacement contract,
when was prepared study 'Increasing of Safety Level of Mochovce NPP Design on European Level'. In 1993
after EdF and BAG audit started preparation of 'Safety Improvement Report' document (SIR) that was issued for
public comment after near two years of NPP Mochovce and EdF experts work. SIR contained identification of
safety concerns and basic proposals for their solution. SIR was also evaluated on request of EBRD by experts of
RISKAUDIT (consortium of French IPSN and German GRS) in 1994 (Tl'he evaluation last near all year). The
measures proposed in the SIR were also assessed by IAEA in May 1994.
The conclusions of all safety evaluations were that all safety concerns could be solved. The positive safety design
features of VVER 440 reactor including 200 % redundancy of safety system trains were confirmed. Identified
weaknesses were basically related to plant resistance against external hazards, which were not considered in the
design (It was due to valid standards in USSR in the time of design development). All such findings were
included in 'Safety Improving Programme'.
One of the decisive conditions allowing the completion of Mochovee NPP project was the conservation of the
technical condition of the installations during the standstill period from 1993 to 1996. Therefore an exceptional
care was dedicated to the conservation and the surveillance of equipment condition and their components.
The first important inspection was performed from September 1993 to April 1994 under EDF supervision. A
selected amount of equipment was deeply inspected during these controls targeting the main circulation pipe,
including isolating valves, main coolant pumps, SGs, primary circuit make-up system, decontamination and
ventilation systems. The conclusions led to the observation that the condition of the majority of equipment was
suitable and no irreversible damage was discovered.
After the settlement of the chart organisation of the completion works project, EMO asked the prime contractor
Skoda Praha to proceed with a general inspection of all the erected and supplied equipment of Units 1 and 2.
This inspection was performed for both units from January 1996 to June 1997. The checking of the existing
documentation was also included in this task.
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The result of the final report regarding the performance of the inspection concludes to the need of certain scope
corrective actions, including the replacement of some components within the framework of completion works of
Units I and 2 and before the start of individual equipment tests. But the good technical condition of important
equipment was confirmed.

3. ORGANISATION OF TIHE COMPILETION WORKS OF MOCIOVCE NPP-UNITS 1 AND 2
The aim of the Slovak government regarding the completion works of Units I and 2 of Mochovce NPP began to
be fulfilled in September 1995 with the defnritiont of the completion works organisation, the settlement of the
responsibilities of the different organisations and of the relationshlips between them.
Mhoeia vee Unit 1&2 comipletionproject orgainisatioii

SLOVAK GOVERNMENT
CREDITS WARRANTOR

j

SE
OWNER & DEBTOR

~~*4A~~~t~~r~~.

SE- E4MO0

(
CONSTRUCTOR

~ '4grjg
ptgmmmeOPERATOR

:

5-

r

sn

egndvr<

soriginal

Ihe position of ti-c

fi-E
:

0RSf

COltractors

l

O

_____Contlaors

Geneoal Designyr ( nergoproickt Praha) as well as the prnme contractof s for the Civil

E7ngineerinig workls (Illydrostav

Bratislava) ancl for the Equipment part (Skoda Prfaha) has been kept in the

fiaiewosk of thc ncwor
ogaisation
oc)
in ordeh

maintain the original warrafties for liie engineerilg and thc

realisation of the construction. In adcition, nevAco
structu-es hrtve been integtated

the project in charge of the

following tasks:
*
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EUCOM (Framatorne and Siemens Consortium) in charge of tlie main safety measLur es part,
Russian organisations under Atomenctrgoexport in charge of the solution of a part of the safety measures and
providing services in the field of cngineering and commissioning of Russian special systems (reactor
protection systems, in-core instrumentation),
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*
*

EDF as consultant for engineering activities related to the project management and the preparation of the
future operation,
VUJE as technical assistant for the realisation of safety measures and as the leader in charge of whole
commissioning process under subcontract Skoda Praha.

Contract negotiations started in October 1995 and the signature of the contracts with the main suppliers took
place in April 1996. In May 1996, the Slovak government gave its warranty for the loans and SE signed loan
agreements for the financing of the completion of the project. A QA programme approved by Regulatory body
UJD was elaborated for the completion works project of Units 1 and 2.
Sources of financing the Mochovce unit 1&2 completion project are shown in the chart. 36 % come from banks
in Slovak Republic (VUB), 32 % from Czech Republic (Ceskd spotitetna, Komercni banka) and 32 % together
come from Russia (governmental credit of Russian Federation), France (Societe Generale) and Germany
(Kreditanstalt fur Wideraufbau). All credits except Russian one are commercial credits with state warranty.

Sourcesforfinancing of Mochovee unit l&2 completion project
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R*95 million USD
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___________________________
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Russian Federation
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Russian Federation
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1:>

-

~~~~~~Kreditanstalt fuir W .

4. SAFETY IMPROVEMENT PROGRAM ME
As indicated previously the most important part of Mochovce 1&2 completion project is Safety improvement
programme. The work on safety improvement Safety improvement programme of Mochovce NPP elaborated in
1995 was the logical continuation of common N PP and EDF activity in that area.
Detailed technical specifications of safety measures (TSSI) were prepared based on assessment ofconclusions
and recommendations included in following documents:
*

Safety Issues and their ranking for NPI` WWER 440/213 (generic document issued by IAEA for all NPIP
with this type of reactor in 1995)
* Evaluation of the Mochovce NPP Safety Improvements, Riskaudit Report N0 16 (final report of the
safety level assessment performed during 1994 by RISKAIJDIT - joint venture organisation between IPSN
and GRS)
* Safety Improvement of Mochovce NPP Project Review Mission (final report of IAEA mission performed
in Mochovce in May 1994)
From point of view of methodology and formal structure of specifications of the safety measures the document
Safety Issues and their ranking for NPP WWER 440/213 was adopted. That means 87 areas of safety
concerns were defined in Mochovce NPP safety upgrading programme.
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Safety issues defined in Safety improvement programme in comparison with IAEA

Components integrity

1

Systems

2

4

1

23

I&C

2

Electrical power supply

2

Containment

3

Internal hazards

2

External hazards

I

3

2

22

15

43

Accident analysis
Operation
Total

8

42

The safety issues are ranked by [ACA in tour categories, but no one issue was ranked in category IV,
Category I
issues in Category I reflect departure from recognised international practices. It may be appropriate to address them as a
part of actions to resolve higher priority issues.
Category II
Issues in Category It are of safety concern. Defence in depth is degraded. Action is required to resolve the issue.
Category III Issues in Category PIIare of high safety concern. Defence in depth is insufficient. Immediate corrective action is

Category 1V

necessary. Interim measures might also he necessary.
Issues in Category IV are of the highest safety concern Defence in depth is unacceptable. Immediate action is required
to overcome the issue. Compensatory measures have to be established until the safety problems are resolved.

The methodology of the safety upgrading prcgramme is deterministic and based on ,defence in depth" principle
according INSAG 3, but probabilistic safety assessment is also included into safety upgrading programme. PSA
study was split in several steps, before start tip was carried out so called 'small PSA' using modified Bohunice
V2 model with the aim to evaluate pre-modiftcation status and contribution of different safety measures to
decrease CD3F.
Technical specifications of safety tneasures have been the basic documentation for the contracts negotiation with
the contractors responsible for solutions of different he safety issues. EUCOMI (consortium FRANMATOMESIEMENS), •;KODA
Praha, ENERGOPROIIEKT
Praha.,
Russian organisations
(with ATOMENERGOEXPORT as the leader), VUJ1E and Westinghouse
are the organisations selected for the
implementation of safety measures (SM). Six of them are addressed directly by SE - EMO and they were solved
by our own capacities (safety issues in area 'Operation').
Participation of different contractors on safety upgrading programme

SKODA

VUJE
6%

EGP
5

SE
RUSE1RG
6%
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For implementation of the safety measures were prepared special QA procedures and implementation itself was
divided in three phases. During first phase, analyses and studies were provided according TSSM. When results
confirmed necessity of design change, conceptual proposal was prepared. In second phase, design modification
was confirmed by general designer and design documentation was issued. Third phase means final
implementation of modifications and commissioning tests of modified systems.

Safety improvements implementation process
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Safety upgrading programme is conceived as long tenn with the aim reaching at the moment of the NPP start-up
the safety level corresponding to the international standard included in IAEA Safety Guidelines. It's clear, that
priority was given to SMs ranked in category Ill and 11. In the case, when safety measure was not fully
implemented before start-up of the unit 1, compensatory measures were adopted (for example, before start-up
was not finished re-routing pipelines of emergency feed-water system. As compensatory measure was adopted
possibility to feed steam-generators out side of reactor bundling using special fire truck. After evaluation of this
solution by PSA method, was decided to keep this measure for all life-time, even re-routing of emergency feedwater system pipelines is being finished now). The results of implementation of safety measures before star-up.
evaluated also by PSA study, confirmed, that the safety goal decreasing of CDF to 10 5,are met.
The hardware modification will be basically finished during first refuelling outage of unit 1 in this autumn. It is
foreseen to do so in such way, that the status of unit lafter outage and unit 2 before commercial operation (the
beginning is scheduled in January 2000) is identical. I the next future, safety upgrading will be focused on Severe
Accident Management and PSA level 2.
During implementation of Safety upgrading programme were confirmed the positive safety features of this type
of reactor. This statement is based on results of new set of accident analyses calculations performed by EUCOM
and recent results of PSA study level 1, that includes external hazards and human errors evaluation. But the key
results was, that the functionality of containment with bubble-condenser system was fully confirmed, not only by
thermo-hydraulic and mechanical calculations, but also by experiments.
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5. COMMISSIONING AND LICENSING
According to Slovak legislation, commissioning process is split in several phases.
*

'non-active' part of commissioning (without fuel), that include
* 'cold' hydraulic test - the parameters of reactor coolant system are below brittle fracture temperature
of pressure vessel
* 'hot' hydraulic test - the parameters of reactor coolant system are gradually increased to the nominal
values. Into the reactor are loaded dummy assemblies. Main aim of this test is measurement of
hydraulic characteristics of the core and reactor coolant pumps. Pressure and strength test of reactor
coolant system are carried out also.

*

'active' part of commissioning (starting from first fuel assembly loading)
* 'physical' tests - this phase include fuel loading, first criticality, and tests on low power up to 2% of
nominal reactor power
* 'power' tests - tests on different levels of reactor power up to 100% of nominal reactor power

Key document for licensing process is Pre-operational Safety Analyses Report (POSAR). The whole conception
is issued from the US NRC RG 1.70, and, for the accidental analyses constituting a part of this report, the IAEA
document 'Guidelines for Accident Analysis for VVER Nuclear Power Plants' is used taking into account the
Slovak legislation in force. Concerning whole process of licensing, the system is similar to most European
countries. What is specific in Slovakia, that during commissioning. after each phase, inspection of Regulatory
Authority was carried out, test results and readiness of the plant for further phases of commissioning was
checked. Only in case of satisfactory results, the permission to continue of commissioning was issued (for
example, during 'power' phase of unit Icomissionig was such inspection organised after finishing of tests on each
power level - 15, 25, 55... % ofnominal reactor powver).
Commissioning of unit I confirmed safety features considered in the design and brought some positive results.
The most important is leakage flow-rate of containment. The value of 2% during 24 hours by maximum design
pressure 250 kPa is the best result in amount of operated VVER 440/213 reactors. This value should be
understand from point of view of different design in comparison with western full pressure containment. Due to
passive spraying and condensation of steam in bubble tower, the pressure in containment is after approximately
1/2 hour under atmospheric pressure.
The recent official containment test of unit 2 confinned very good quality of construction, when the value 1,8 %
was reached.
Simplified time-schedule of unit I comynissioning process
YEAR

1997

MOTH

1998

I

Ix;- Ill

11 v
V11 VI

'/

VilIIX

Cold hydra-est.m_

Inspection
Hot hhydro-tiesft; mL
In hsection.IL3 l f0t7 l
Physical tests.
Power tests
144 hour frail running_
Te most imporant milestones of unit I start-up
21.08.97
_

31.09.97
05.11.97
_

'Cold' overall hydraulic test start up (during test were maximum temperature in RCS
< 1100 C, pressure < 0,5 MPa)
End of cold overall hydraulic test, beginning of large revision of RCS, realisation of
pre-service inspections and safety measures implementation
Preliminary containment leak-tightness test. Measured values (using approximate
method) 1,7 % pressure losses during 24 hour by over-pressure 50 kPa
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23.01.98

07.07.98
09.07.98

Start of 'hot' overall hydraulic test, the parameters in RCS correspond to the normal
power operation. In reactor were loaded dummy assemblies
End of 'hot' overall hydraulic test, beginning of revision of RCS. Implementation of
safety measures
Official containment leak-tightness test. Measured 2 % pressure losses during 24 hour
bv over-pressure 150 kPa
Start of 'active' part of commissioning (physical tests). First fuel assembly loaded into
reactor
First criticality
Start of power phase of commissioning
First connection of turbo-generator no. 1 to the electrical power grid, reactor power
15%, load of turbo-generator - 30 mw
First connection of turbo-generator no. 2 to the electrical power grid
Reactor power 25 % of normal power

15.07.98
17.07.98
30.07-07.08.98

Reactor power 30 % of normal power
Reactor power 55 % of normal power
Revision of unit 1 after 55 % power level

17.08.98

Reactor power 75 % of normal power

25.08.98

Reactor power 90 % of normal power

28.08.98

100 % of normal power

07.-13.10.98

144 hours trail running

15.10.98

Signed Take-owner Protocol

28.10.98

Issued license for unit 1 operation by Slovak Regulatory Authority fJD

_____________

21.02.98
24.-25.02.98
27.04.98
09.06.98
24.06.98
04.07.98

Simplified time-schedule of unit 2 commixsioning process
YEAR

1999

cid
COCdrtUSIt
li'ectio n.
:<\7ue
Ph ica~l'>'
tests'SN'o
Po~wer Steipsts'' -. ' i
-144 hourtrail runrlrino

__

__l___

_
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6. CONCLUSION
Unit I is from October 1998 in operation, close before first refuelling outage. Start of commercial operation for
unit 2 is scheduled in January 2000. Plant staff has learned lessons from operation of unit 1 but this is different
story of NPP Mochovce. After years of problems all employees take a resolve to operate the plant with maximum
safety and reliability. It only remain to hope that very early will be issued positive decision about future of units 3
and 4.
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ABSTRACT - Only two organizations are actively producing standards which are used in
neutron radiology (NR): the American Society of Testing and Materials (ASTM) and the
International Organization for Standardization (ISO). Six ASTM standards exist that address
the neutron radiography method. Two of the ASTM standards have been extensively used
world-wide. ISO has a working group which is developing three standards that also address
the neutron radiography method. Two of these are currently making their way through the
ISO approval system. No ASTM or ISO standards exist for the neutron radioscopic method.
Future ASTM standards will address the neutron radioscopic method and neutron radiologic
system characterization. It is expected that similar efforts will be undertaken in ISO. Given
the relatively small community providing neutron radiologic services, international cooperation
and the need for ISO standards will most likely continue to grow.
1. Introduction
Images made with neutrons have been used in a wide variety of nondestructive testing
(NDT) industrial and research applications since the early 1960's. There are numerous articles
and handbooks reviewing the technique of the making radiographic images using neutrons.
[1,Z2,,4] While several sources of neutrons are available, the most common source is a nonpower research reactor. The limited number of facilities available, coupled with the high cost
of reactor operation relative to other nondestructive techniques such as x-ray radiography, has
limited the applications and users of neutron radiography. Thus, alternative NDT methods are
often used, even when the alterative technique yields less information.
Neutron radiography creates an image which looks like an x-ray radiograph, but the
differences between neutron and x-ray interaction mechanisms produce images which may
contain completely different information. While x-ray attenuation is directly dependent on
atomic number, neutrons are efficiently attenuated by only a few specific elements. This is
because x rays interact with the electron cloud of an atom, the more electrons, the greater the
attenuation. Neutrons, on the other hand, interact with the nucleus and this interaction is
highly dependent on nuclear mass and structure. Boron-10 and gadolinium are good
attenuators of thermal neutrons due to their large absorption cross sections whereas hydrogen
is a good attenuator by virtue of its large scattering cross section. As a result, organic
materials and water are clearly imaged neutron radiographs because of their high hydrogen
content, while many structural materials, such as aluminumn, are essentially transparent.
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By 1969 it was recognized that some standardization was necessary in the neutron
radiography field. Since that time more than thirty-seven (37) papers have been presented on
neutron radiography system or beam characterization at the six world conferences on neutron
radiography. Additionally, twenty-nine (29) papers have been presented on this subject at the
first three international topical meetings. Haskins has presented two reviews of neutron
radiography standards in the United States and a later paper by Newacheck and Tsukimura
updates these earlier papers. [5,6,71 Domanus, Brenizer, and Brenizer and Berger have also
presented reviews of neutron radiology standards. [8,9,10] The American Society of Testing
and Materials (ASTM) is the principal group within the United States concerned with
developing standards concerning the neutron imaging methods. ASTM standards addressing
nondestructive testing are in the most current version of [ I 1]. Personnel qualification of
neutron radiographers is under the control of the American Society of Nondestructive Testing
(ASNT). Work on developing standards for neutron radiography began in 1971 and the first
ASTM standard directly dealing with neutron radiography was published in 1975. By 1981,
two additional neutron radiography standards had been published. Although these standards
have undergone revision, the basic concepts have remained unchanged. Now a total of six
ASTM neutron radiography standards have been approved.
The reference to neutron imaging as radiography resulted from its similarity to the xray radiographic technique. The development of electronic imaging systems in the mid-1970's
began a new field, first referred to as real-time neutron radiography. Most commonly, the
neutron attenuation intensity pattern impinges on a scintillating phosphor which after
intensification, is viewed with a video camera. The typical frame rates were sufficiently fast to
permit observation of dynamic motion without blurring, hence the name real-time.
By the mid-1980's, the ASTM E7.0.1 Radiology (x and gamma) method and E7.05
Radiology (neutron) method subcommittees recognized the need to more clearly define the
term real-time radiography. The terms, radiology, radioscopy, and radiography, have been
defined and can be found in the ASTM Standard Terminology for Nondestructive
Examinations (E 1316). Radiography is now used to describe techniques which produce a
permanent visible image on a recording medium, usually film. Radioscopy is used to refer to
techniques which use electronic production of a radiological image that very closely follows
the changes in the image with respect to time. Radiology is defined as the science and
application of penetrating radiations. Work is now underway to define the method of forming
x-ray and neutron imaging with imaging plates.
Neutron imaging methods are a valuable NDT tool. Neutron radiography continues to
be used to examine a wide variety of objects ranging from jet engine turbine blades to spent
nuclear fuel. Examination of advanced materials, especially composites and detection of
corrosion in light metals, such as aluminum and titanium, are two examples of new
applications. One area for potential growth of the NR NDT methods is in neutron imaging
with non-reactor sources. With new applications and systems, the need for uniform standards
for system characterization and NDT radiologic practice will grow.
2. Current Neutron Radiologic Standards
Two groups, ASTM and the International Organization for Standardization, ISO, are
active in producing standards which are used in neutron radiologic ("R) NDT activities. In
ASTM Comrmittee E-7 Nondestructive Testing, Subcommittee E07.05 Radiology (Neutron

18

Internalional Conference Nuclear k-Ener^3 in (Central luro/pt "A9)

Invited Lectures

Method) is responsible for six standards, all of which address neutron radiography. This is
understandable, since most commercial neutron radiology applications to date have employed
either direct or indirect neutron radiography, specifically with thermal neutrons. Neutron
radiology standards are also being developed at the international level. In addition,
L'Association Franvaise de Normalisation (AFNOR) and the Euratom Neutron Radiography
Working Group (NRWG) have produced standards addressing neutron radiography.[_2 ,81
ISO appointed a working group, ISO/TC 135/SC 5/WG 4 'Thermal Neutron Radiography," in
April, 1988. Representatives from over fifteen countries have participated in the working
group as either members or observers. The working group has met on nine occasions to
discuss and draft three work items. At the present time, no ASTM or ISO standards currently
exist for neutron radioscopy.
The ASTM Standard Practice for Thermal Neutron Radiography of Materials (E 748)
provides a good introduction to the neutron radiographic technique. This document was
intended to be somewhat tutorial in nature, describing common thermal neutron radiographic
practice and required facilities and equipment. A description of neutron sources, beam filters,
and collimators is presented, along with a list of background references. The use of
conversion screens and film cassettes for both the direct and indirect imaging methods are
discussed in detail. The standard also addresses the materials and general applications for
which the neutron radiographic technique is appropriate. ASTM E 748 was submitted by the
United States to ISO, and it was accepted as Work Item 5.5 "Non-destructive testing;
Thermal neutron radiographic testing; General Principles." After modification, it was balloted
under SC 5 in 1991. It is now designated CD 11537.
The ASTM Standard Method for Determining Image Quality in Direct Thermal
Neutron Radiographic Testing (E 545) is widely used by neutron radiography practitioners
both in the United States and in other countries. This standard is used to determine the
relative overall quality of the neutron radiographic images produced. It is not intended to be
used for controlling the acceptability of quality of materials and components. The judgement
of the radiograph's quality is based upon the evaluation of images obtained from two different
indicators that are exposed simultaneously with or under exactly the same conditions as those
used to examine a test object. Recent changes to E545 moved the fabrication details for the
indicators to separate documents. E 545 now contains only the method for use and analysis of
the resulting images of the indicators.
The first device, the beam purity indicator (BPI), is used to obtain a quantitative
determination of radiographic quality. Fabrication of the device is straightforward and is
detailed in the ASTM Standard Practice for Fabrication of Neutron Radiographic Beam Purity
Indicators (E 2003). It consists of a TFE-fluorocarbon block, containing two boron nitride
disks, two lead disks, and two cadmium wires. The second device, the sensitivity indicator
(SI), is used to qualitatively determine the sensitivity of detail visible on the neutron
radiograph. Details of its fabrication are detailed in the ASTM Standard Practice for
Fabrication of Neutron Radiographic Sensitivity Indicators (E 2023). The device is made
from acrylic, aluminum, and lead components. Solid aluminum shims are used to create lowdensity gaps in the Sl's radiographic image. Holes in acrylic shims also create low-density
areas on the film image.
A qualitative determination of a facility's neutron beam can be obtained from a visual
inspection of the BPI's radiographic image. Densitometric measurements taken at specified
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locations on the BPL's image are used to calculate the radiographic contrast, low-energy
photon and pair-production contributions to the image, the image unsharpness, and
information on the film and processing quality. A specific procedure for the densitometric
measurements and calculations is given in the standard. Visual inspection of the SI's image is
used to determine the smallest gaps and the number consecutive holes detected. Subjective
information regarding the level of detrimental gamma photon exposure is also available. The
information obtained from the BPI and SI radiographic image is then used to determine a
Neutron Radiographic Category for the facility. The BPI yields quantitative information
concerning neutron beam and imaging system parameters. It can also be used as a daily check
on consistency of radiographic quality. Likewise, the SI can be used as a check on sensitivity.
The ASTM E 545 was submitted by the United States to ISO and it was adopted as
the first draft for Work Item 5.7 "Non-destructive testing; Thermal neutron radiographic
testing; Determination of image quality." This draft was not immediately accepted by
Working Group (WG) 4 due to disagreements between the round robin test results of the
Euratom Neutron Radiography Working Group (NRWG) and those obtained in U.S. round
robin tests. [ 13,14] Discussions between A.STM E 7.05 subcommittee and NRWG (now the
European NRWG, ENRWG) representatives led to an understanding of the differences. The
different test results were caused by inconsistencies in SI device fabrication. After these were
rectified, similar test results were obtained by both groups. Several alternative image quality
devices were considered by WG 4. At this time, the members of ISO WG 4 still have
numerous questions about the SI device, especially the conversion of the dimensions to SI
units, so no draft has been prepared.
The ASTM Standard Method for Determining the LID Ratio of Neutron Radiography
Beams (E 803) is also widely used by neutron radiography practitioners. It provides an
experimental technique to determine the ratio of the effective collimator length (L) to effective
collimator entrance aperture diameter (D). This is different than the simple ratio of the
physical collimator length and aperture diameter, since neutrons scattered off both the
collimator and shielding walls affects the L/1D ratio.
The E 803 method involves examining the radiographic image of a no umbra device to
determine the point where the umbral shadow disappears. The device consists of an U-shaped
aluminum channel with a series of parallel V groves at specified intervals along its length.
Each grove contains a thin cadmium wire of a known diameter. The device is placed on the
film cassette at a 450 angle. A single device will allow determination of LID ratios up to 150;
higher L/D values can be measured by adding a second similar device to the first.
The L/1) ratio is evaluated using the following procedure. A radiograph of the no
umbra device is made such that the background density is approximately 2.5. The film is then
analyzed using one of three alternate methods. In the first, a visual analysis is used to
determine where the no umbral shadow disappears. The ratio of the rod position with zero
umbral shadow width to the rod diameter is equal to the effective LID ratio. The second
alternate method involves the use of a microdensitometer to determine the zero umbral
shadow location. This method should only be used with LID ratios up to several hundred. A
third alternative method requires the use of a microdensitometer to examine the individual
umbral shadow waveforms to determine the width of two different umbral shadows.
Subsequent calculations using these values yields the LID ratio. The third method is useful in
determining both high and low L/D ratios.
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ISO TC 135\SC 5\WG 4 Work Item 5.6 "Non-destructive testing; Thermal neutron
radiographic testing; Determination of Beam L/D ratio' has been reviewed and rewritten
several times since the original submission of ASTM E 803 by the United States as a working
draft. Several alternative L/D measurement methods and devices were considered. [15,16]
The general consensus of the working group is that the ASTM E 803 no umbra device and
method would be put forward and is being balloted as CD 12721.
ASTM Standard Test Method for Neutron Radiographic Dimensional Measurements
(E 1496) provides a technique for extracting quantitative dimensional information on an object
from its neutron radiograph. The technique is based on the identification of changes in film
density caused by material changes where a discontinuity in film density exists. The standard
was based on extremum slope dimensioning method developed by Harms and his colleagues.
[ 17] The test method assumes that the user will have access to a systems that permits
measuring film density accurately with high spatial resolution. A typical system will include a
traveling-stage microdensitometer. The edge coordinate of a discontinuity is determined to be
the location where the slope of the density is at a maximum. This technique is particularly
relevant to determining diameters of spent nuclear fuel, gap sizes in contact-circuit
mechanisms of shielded components, and prescribed spacings between distinct materials.
3. Future Neutron Radiologic Standards
The ASTM E 545 (with E 2003 and E 2023), E 748 and E 803 standards will continue
to be used for the foreseeable future. These standards are under periodic review and are
revised to reflect both improvements in the procedures, methods, and devices used, as well as
to correct incomplete, inaccurate, or outdated data. New ASTM standards currently being
drafted include a standard on neutron radioscopic practice, and several methods for
determining parameters used for neutron radiologic system characterization.
A standardized approach for characterizing radiographic and radioscopic systems is
desirable and will aid in the interpretation of NR images and will permit an intercomparison of
images obtained using different facilities. This concept is not new. For example, an approach
for characterization was described by Bayon and Laporte in 1983. [18] The characterization
should take into consideration both reactor or other neutron sources. Parameters such as
beam divergence, beam uniformity, beam area, beam orientation, neutron energy spectrum,
image system performance, dimensional calibration (and uniformity), and contrast sensitivity
are all important in understanding and interpreting NPR images. Most of these parameters are
not addressed in the existing standards. Several characterization devices and parameters, such
as the cadmium ratio, modulation transfer functions (MTF), neutron flux, neutron-to-gamma
ratio, resolution, and the values measured using the current ASTM BP1 and SI devices are
often used or referred to when describing an NPR facility or system, but they are not
determined or used in a standardized manner.
ASTM Subcommittee E07.05 and the ISO TC 135/SC 5/ WG 4 have considered
several proposals for system characterization. The general consensus in both groups is that

radiographic and radioscopic systems are too complex to adequately characterize with a single
parameter or device. The favored approach is one which will involve the establishment of
standard methods for the measurement of many of the beam, imaging, and facility parameters

mentioned above, coupled with a guide for interpreting each parameter's overall impact on an
NR image. Standardization of measurement and interpretation is important since some of the
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parameters are interrelated. For example, values obtained for the cadmium ratio can be
affected by beam filters and neutron energy spectrum.
Many existing standards can be utilized. Standards, such as the ASTM Standard
Method for Determining Neutron Flux, Fluence, and Spectra by Radioactivation Techniques
(E 261), are well established but are not currently used in describingNR system
characteristics 19] The BPI and SI devices work well for radiography but these need to either
be revised or alternatives developed for use with radioscopic systems. Some standard devices
and techniques used in gamma and x-ray radiology can possibly be adapted for NR
characterization. However, for many of the desirable characterization parameters, relevant or
existing standards simply do not exist. A logical approach would be to establish a priority for
each of the characterization parameters, develop a method for measuring the parameter,
proceed to round robin testing of the method, and then proceed to draft and approve a
standard method. After a sufficient number standard methods have been adopted, a overall
system characterization document can be established.
New devices are continually being proposed by various NR groups. Both the ASTM
E07.05 and ISO/TC 135/SC 5/WG 4 try to evaluate the proposed method or device. For
example, at recent ISO/TC 135/SC 5/WG 4 and ASTM E7.05 meetings, several new standard
methods and devices for measuring characterization parameters were discussed. [20,21 ]
Those with strong technical documentation or experimental support or those endorsed by
national or international groups should be evaluated by round robin testing. Some proposals
have been accepted in E07.05 for consensus review and approval, some have been rejected,
and several are still under investigation. Many will eventually become ASTM or ISO
standards.
4. Conclusions
The international demand for NR NDT services is already in place and will most likely
continue to grow. Given the relatively small number of facilities providing neutron radiologic
NDT services, comparison of services offered and the quality of services delivered will
become increasingly competitive. Standardization of the terms and parameters used to specify
the characteristics and capabilities of a facility's NR system is important for several reasons:
I. Standardization provides a basis for prospective customers to make a judgement of which
facility is best suited to their particular NDT needs. Using the facility best suited to the
project's needs yields success and increases the number of future applications for NR methods.
2. Standardization provides a common language among the customers and practitioners of the
NR method. This is very important as it serves to provide a clear picture of the NR NDT
method to potential customers and also aids in the establishment of agreements for
international NR services.
3. Standardization provides a method to monitor the performance of an NR system over time
and provides a means to evaluate changes made in system components and their effect of the
change on an NR image.
The development of standards for neutron radiography is well underway. However, additional
standards are needed for characterizing the components in the entire imaging system. As new
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methods using devices, such as radioscopy and imaging plates, mature and are adopted for
commercial quality control and inspection, new standards will be needed to identify standard
methods and practices.
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Nuclear Legislation with EU
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Slovenian Nuclear Safety Administration
Vojkova 69, 1113 Ljublj11an1a
Slovenia

1.

Introduictioni

Slovenia is a member of the first group of candidate countries which started the accession
negotiations with the European Union (EU). These countries are Poland, Czech Republic,
Hungary, Estonia, Cyprus and Slovenia. In 1998 Slovenia began extensive work to align the
domestic legislation with the legislation of the European Union (so called "acquis
communautauire" - or abbreviated acquis). In the nuclear area, the Euratom Treaty of 1957 is

one of the fundamental documents, which laid down the corner stone of the modern EU.
The Euratom Treaty itself and the EU legislation derived from the requirements of this treaty
form the framework which defines the activities of the EU member states in the field of
radiation protection, research, safeguards, supply of nuclear materials, external relations and
peaceful uses of nuclear energy. This framework is equally important for the candidate
countries which would like to become an EU member state, because they will have to adopt
the legislation which shall be in compliance with EU acquis. 'The efforts of Slovenia, as the
candidate country, in the broad nuclear field, can be split into the following:
-

set up a National Plan for the Adoption of the Acquis (NPAA),
prepare the concept for the National Position Paper,
take part in the multilateral (EU and all candidate countries of the first group) and
bilateral (EU and Slovenia) screenings of legislation,
participate in the meetings of the Subcommittee EU - Slovenia for environment,
energy and regional development.

The National Plan for the Adoption of the Acquis comprises the tasks, which shall be
implemented before the accession of Slovenia to EU, the foreseen manpower needed to
implement these tasks and the financial means, which shall be allocated from the Slovenian
budget to finance the activities of the state and other institutions related to the accession to

EU.
In February 1999 Ell ratified the Association Agreement with Slovenia, which shall
strengthen the relations and allow Slovenia to take part in the process of European integration.

Article 81 of the Association Agreement is devoted solely to nuclear safety.
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2.

Existing nuclear legal system in Slovenia

The framework of Slovenian legal system is constituted from the federal law of former SFRY
on protection against ionising radiation and special measures in use of nuclear energy, which
was issued in 1984. The secondary legislation in the form of eleven regulations related to
radiation safety and four on nuclear safety and safeguards has been passed in the second half
of the 80s. There is still in use also the Slovenian law on radiation protection and safety
measures in nuclear installations of 1980 There are two additional laws containing some
provisions related to nuclear field:
law on the protection against natural and other accidents (issued in 1994), which is
related to emergency preparedness,
law on transport of dangerous goods (federal law of former SFRY of 1990) which
comprises articles on transport of radioactive substances.
Import and export control is regulated by the: Decree on the Export and Import of Specific
Goods (OJ RS 75/95 as modified in 1999). In addition, third party liability is covered by
Acts
Act of 21 st November 1984 on Radiation Protection and the Safe Use of Nuclear Energy
Act on Radiation Protection and Safety Measures for Nuclear Installations
Act on the Protection against Natural and Other Accidents
Act on Trnsporl of D)angerous Goods

Secondary legislation
Regulation ZI on places, methods and frequencies of radiation monitoring of air, soil, water,
foodstuffs and feedingstuffs (OJ SFRY 40/86)
Regulation Z2 on the methods, scope and sampling fi-equencies ftr off-site radiation
monitoring of nuclear installations (OG SFRY 51/86)
Regulation Z5 on professional qualifications, health requirements and examination of persons
who allowed to work with sources of ionizing radiation (03 SFRY 40/86)
Regulation Z6 on dose limits for population and persons working with radiation sources, on
measuring of the occupational exposure and on radiation monitoring of workplaces (OJ SFRY
3 1/86)
Regulation Z7 on the conditions for the use of sources of ionizing radiation in medicine (OJ
SFRY 40/86)
Regulation Z8 on the terms under which drinking water, foodstuffs and objects for general use
containing radioactive materials exceeding the prescribed limits of activity may be placed on
the market (OJ SFRY 23/86)
Regulation Z9 on the maximnumn limits for radioactive contamination of the environment and
on decontamination (OJ SFRY 8/86)
Regulation Z10 on the method of maintaining records of sources of ionizing radiation and
exposure of the population and workers (OJ SFRY 40/86)
Regulation KI on the trade and use of feedingstuffs and raw materials for the production of
fodder, which contain radioactive materials exceeding the prescribed limits of activity (OJ
SFRY 6/88)
Export and Import
Decree on the Export and Import of Specific Goods (OJ RS 75/95)
Table: List of existing nuclear legislation in 'Slovenia directly relevant to acquis
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two laws on liability and insurance of liability ( OJ SFRY 22/78 and 34/79 and OJ SRS
12/80 respectively) and a decree establishing amounts of liability and compulsory insurance
(OJ RS 84/98)

3.

Screenings and Preparation of New Legislation

To facilitate the process of adopting the acquis the European Commission prepared lists of
documents for different areas and handed them over to the candidate countries. The task of
candidate countries was to carefully review these documents and to find out, if their domestic
legislation matches the requirements of the EU acquis. This task could have been done as the
>>gap analysis<< to determine the missing items in the Slovenian legislation or in the form of
>tables of concordancee: to review each piece of EU legislation article by article and for each
article indicate, if it is comprised in domestic legislation, and if not, how it will be transposed.
For each area the documents were split into two lists:
list A comprises binding documents such as:
*
directives (which shall be completely transposed into domestic legislation and
the member states are obliged to report to the Commission, how the
transposition was implemented),
*
regulations (these documents shall be only translated and are used directly as
they are - i.e. are enforced in all member states without exemptions and
without any changes or modifications of the text),
*
decisions (they usually refer to specific utility or specific country).
list B comprises less important documents. which express the position of the
Commission or the Council:
*
*

recommendations,
resolutions.

Another interesting item is the concept of moving targets(( This expression means that in the
updated national legislation the future changes or amendments of EU legislation shall be
foreseen. The candidate countries shall prepare such legislation to anticipate the EU acquis at
the foreseen date of accession.
The activities related to the accession of Slovenia to EU in the area of nuclear legislation are
carried out in different national working groups. The main part of activities is in two working
groups: "Energy" and "Environment", but there are some topics, which are covered in other
groups, like control of dual-use materials in the group x'External Reaiois<(, research in
reactor physics, nuclear engineering and fusion in the group >)Science and Technology<<. The
acquis related to "Energy" covers mostly nuclear energy and nuclear safety, and in the
"Environment" group the area of radiation protection and transport of radioactive substances
including radioactive waste is covered.
For the harmonisation of Slovenian legislation with the EU acquis the negotiations between
Slovenia and European Commission are very important. The negotiating process could be
presented in the following steps:
multilateral and bilateral screenings;
review of the reports from the screenings in the working group and preparation of the
draft position paper
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the EU performs the expert evaluation of the negotiating position and the Draft
Common Position Paper is produced, which reflects the position of the EU about the
draft position paper
Slovenia shall through the exploratory talks, activities in the working group, opinion
of the negotiating group and under the assistance of the Office for European Affairs
produce Position Paper which shall be adopted by the Government of RS and the
Parliament of RS,
On the other hand the EU Enlargement Working Group shall prepare EU Common
Positio i,

Then the negotiations will take place at the COREPER deputies meetings and
COREPER ministers meetilg.

The process outlined above in fact determines to which extent the requirements of the EU
acquis shall be transposed in Slovenian legislation, i.e. if there will be any deviations or
exemptions for Slovenia for a certain period of time after accession of Slovenia to EU.
3. 1

Eatery

In the field of nuclear energy there are no E U directives, which shall be transposed to our
legislation. The followiig paragraphs of the area of "energy and nuclear safety" describe the
Slovenian position with respect to the EU acquis:
a)

Nuclear Fuels Su )ly:
Slovenia has signed no agreement, which prescribes the
commercial terms for the purchase of nuclear fuels on foreign market. Materials for
nuclear fuels and services are purchased on the free market. Slovenia shall strive for,
that all long term contracts, which Slovenia has agreed with any party for the supply of
natural or enriched uranium before the accession to EU, should not be terminated (Art.
105 of the Euratom Treaty). Slovenia shall at the accession to the EU report all such
contracts to the Commission.

b)

Safeguar s: Slovenia shall agree with the EU and IAEA the INFCIRC/193 type of
Agreement (i. e. Agreement between the Non-nuclear Weapon States and the
International Atomic Energy Agency) on implementation of Article Ill (1) and (4) of
the Treaty on the non-proliferation of nuclear weapons) and shall allow the EU
safeguards inspectors to carry out their duties and establish such a reporting system to
comply with the EU requirements.

c)

External Relations: Slovenia is willing to comply with all international agreements in
power in EU and shall accede to them effectively with the accession to EU. Slovenia
shall review all existing bilateral and multilateral agreements between Slovenia and
third countries related to the peaceful use of nuclear energy to determine, if these
agreements should be suspended after the accession of Slovenia to EU.

d)

Investments and Joint Undertakings: Slovenia has not shown the interest for Euratom
loans yet, neither it is at present interested in the participation in Joint Undertakings.
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3.2

Etii'irioiiiiie,,

The pieces of legislation which shcould be addressed and transposed to Sloveniani legislation in
the framework of "Environmienit" working group comprise mostly the toplics related to broad
area of "radiation protection". 'This area is organised in five sections:
a)

Protection aaainst the dancers of ionizing adiat

oPllon

workers and

patients:

The directives 96/29/EURATOM , 90/641/EURATONI, 97/43/EURATOM
shall be transposed in the new Law on Radiation Protection and Nuclear
Safety, and in the several revised regulations onl close limits, workers
qualification, medical fitness, dose records for domestic and outside workers,
contamination of workplaces and environment, protection of' palients

Relevant EU documents:
96/29/EURATOM Council Directive of 13 May 1996 laying dowsn basic safet stanidarids for the health
protection of tie general p)irblic arid workers against tiredingers of ionizing 1-;idiatiioii
90/641/EURATOM Cooncil Direclive of 4 Decemnber 1990() oi tire operational protcctioit of outside
workers exposed to the risk of ionizing radiation during tieir activities in coiiirolled itcais
97/43/EURATOM Council Directive of 30 nire 1997 on liealth protection of inidi\iditals against the
dangerous of ion izi rig radiaitioit in relat ion to rnedical exposure a i(l rcl)pealing Directive
84/466/EURATOM

b)

Contaminated food and feedstuff control:
Slovenia shall translate and adopt in the Slovenian legal systern 4 "postChernobyl" regulations and 3 sleeping "post-nuclear accident" regulations with
the effective date of accession.

Relevant EU documents:
87/3954/EURATOM Comicil Regtiatiol of 22 December 1987 laying doniui:nnirur penirirted levels
of radioaclive coriranninnatioan of foodstuffs ard of feedintgstuffs following a iincle:ji
otiher case of radiological einergericy

accident or any

89/2218/EURATOM Council Regulation of 18 Jult- 1989 ainending Regulalion X7/13954/EURATOM
layinig down ritaxininiriii perniitted levels of radioactive conrtamiinationr of foodsittlfs arid of feedingstufis
following a nuclear accident or arty otlier case of radiological emergency
891944/EURATOM Comnimission Regulation of 12 April 1989 laying down mia~ximiuimii permitted levels
of radioactive contaminaliont in mitior foodstuffs following a nuclear acciderit or anyt other case of
radiiological emergeircy
89/2219/EEC Council Regulationt of 18 July 19S9 on the special conditions for e'xponinrg foodstuffs and
feeditngstiurs followig aI niciear accident or any oilier case of ra)diological enitcateores

International(ConferenceNuclear Energy in (ent.ral Europe '99

29

Invited Lectures

90/770/EURATOM Comnmtissiont Regulatiota of 29 Match I[99o( laying down
perirutted levels
1iaxtata
of radioactive contamination of feedinigstiilYs following a nuclear accident or ansy oiher case of
radiological cnuergeicy
90/737/EEC Council Regilaltioit of 22 March 1990 on tIe conditions governing inports of agricultural
products originating in tlhird countries followving the accident at the Chernobyl nuiclear power-station
9516S[/EC Council Regulation of 28 March 1995 etxiending Council Regulalion 737/90 on the
conditions goxerntitg impl)oris of agricultural products origina (ing in titird countrics following the
aaccidett at thc Clernlobyl tutclear powecr-stat iott

94/3(t34/EC Comnmission Reglation of 13 Dcceibcr 1994 estaibiisliig a list of piolicts excluded from
the applicalioi of Council Regulation 737/90 on hliecotditiots governing impilpoits of agricultural
products originating in third countries following tilc accident at the Chernobyl zuclcar- power-station

c)

Transport of Radioactive Goods and Waste
-

No

Slovenia shall adopt standard documnent which was prescribed by the Decision
93/552/Euratom.

Possibly this document

will be added

as the

annex to the

regulation on the transport of radwaste.
-

Slovenia shall transpose the directive Directive 92/3 Eutratoti

to Slovenian

legislation (the right to return the radwaste to country of origin, communication of
information between the countries,

equal conditions for the transit as for the domestic

shi pments)

Relevant documents:

Council Directive 92/3 Etratoin of 3 Febmary 1992 ott the supervision attd control of shipment of
radioactive waste between Metuber States anid itti.o aud omit of the Comatummtnitv.
Cottncil Regulation (Etiritotii) No. 1493/93 of S Jute 1993 ott shipittemits of radioactive substances
between Memiber Sates.
Conmmission Decision No 93/552/Etiratoilt of I Oclober 1993 establishing the statd;rd document for
t(le supervision and control of slipimetts of radioactive waste refered to it Council Directive
92/.,/FEuritotii.
d)

Exchane

of Inforiationi

and

informing~ the Public

in

Case

of a

Radiological

Emergency:
-

There is no sinilar

legislation,

therefore

document as 98/618/Euratom Directive

Slovenia

shall

fully

transpose

the

in the Slovenian

Directive

on Public
Information to domestic legislation. Public information activities will be co-ordinated
between the Administration

for

Civil

Protection

and

the

Nuclear

Safety

Administration.
In the area of exchange of information in the event of radiolog~ical emergency,
Slovenia has in force a(reements based on 87/600/Euratome with Hungary, Austria

-

and Croatia and similar agreemnent with Italy is to be concluded soon, after Italy
finishes domestic procedure.

Preparatiotis to connect

to ECURIE

system and to

interconnect early warning systems with neighbouring countries are utnmderway
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Relevant documents:
98/618/EURATOM Council Directive of 27 Novcniber 1989 on inforlling tile gnciarl public about the
hcalthi protection measures to be applied and steps to be taken in tile event of a radiological emergency
87/600IEURATOM Cotuicil Decision of 14 Decemibcr 1987 onl Coiiitintutit~y arningemenis for the early
exchange of informnation in thic C\ ci of a radiological ciicrgenicy

4.

Final remarks

Agenda 2000 assessed that Slovenia ))has not yet adhered to or fully inmpleented all the
relevant international regimes in these field, inter alia Nuclear Suppliers Guidelines, IAEA
extended reporting and accession to the Nuclear Energy Agency of the OECD, but has a fullscope safeguards agreement in force with the IAEA. No major ditficulties in applying
Community legislation in these areas are however expected. Specific attention should be
given to the operation safety of the Nuclear Power Plant. The independence of the safety
authority should be supported(( . Furthermore Agenda 2000 concluded that 5>no major
difficulties are foreseen for compliance with EURATOM provisions, bitt Slovenia should
adhere to, or implement fully, certain international nuclear agreenients. Nuclear safety
standards should be handled appropriately and longer term solutions tor nuclear waste would
have to be found.<(
Report of the Panel of the High Level Advisors on Nuclear Safety in Central and Eastern
Europe and in the New Independent States (van den Broek report of August 1 98) stated that
Slovenia ))operates a pressurised water reactor of Western design at 1Krilko. It is a US built
plant and therefore well known and in the main is operated to Western standards. The only
possible problem of which the panel is aware is the concern over seismic caplability of the
plant. It would be prudent to establish the nature of the concern and of the need for any future
actions.<<

Report of Western European Nuclear Association on Nuclear Safety in EU Applicant
Countries of March 1999 addresses specific items related to regulatory bodly in Sovenia,
asking for its further strengthenling in terms of manpower, financial resources and
independence and additional co-ordination with Croatia on emerpency management. It
concludes that there are no major concerns in the area of operational safety, NPl-l Krgko is a
Western designed facility similar to others operating in USA and Europe , the safety compares
well with NPPs in operation in Western European countries and the site organisation staff
numbers, qualification and training are similar to western NPPs. A few issues, Ior- instance the
seismic characterisation of the site, remained to be fully addressed.
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This EU position gave us initial guidance where to focus our attention f'or smnooth adherence
process.
In the meantime Slovenia updated import export regulations to cover the so called Trigger list
items and applied for membership to Zangger Committee, as the first step, and prepared dual
use export control law, which is now in parliamentary procedure, and which is the
prerequisite for NSG membership. Additional protocol to the safegiards agreement was
signed in October 1998 and is in the procedure for ratification.
With respect to accession to Nuclear Energy Agency of the OECD, Slovenia applied for full
OECD membership in June 1996, and is waiting for its consideration in O ECD governing
bodies. In parallel official initiative to accede to the Paris convention on nuclear liability was
submitted to the OECD Secretariat in the beginning of 1999.
Operation safety is under constant regulatory scrutiny and subject to different international
reviews.
The independence, manpower and financial status of the Safety authority will be enhanced in
the new law.
Longer term solutions for nuclear waste are being studied with additional elforts, but actual
results are unfortunately similar to those of several EU countries. Neveltheless, strategy for
high level waste and strategy for decommissioning of nuclear power planit has been approved
by the Government, and fund for decommissioning expenses established by the law.
With respect to seismic issues, the complete Probabilistic Safety Analysis including external
events (also seismic), as requested by SNSA., was finished and reviewed The results showed
sufficient margin in the plant design. To further reduce uncertainties with respect to seismic
inputs, additional field investigations are carried out and will be. through the PHARE
projects, concluded in the year 2000.
The most important task to be completed before the end of this year is to prepare the position
paper to define the Slovenian position in the negotiating process with the EU. Main
caracteristics will be that the EU acquis will be transposed into the Slovenian legislation by
the end of 2002.
The first task in the preparation of new legislation is to finalize the draft of the new law on
radiation and nuclear safety in 1999 to be adopted through the parliamentary pr ocedure in the
first quarter of 2001. Simultaneously with this preparation of secondary leuislationi takes place
and will be adopted by the end of 2001. In 2002 this legislation shall comic into force to
become fully operational by the end of 2002.
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KRSKO MODERNIZATION
PROJECT
STATUS REPORT
ROZMAN STANE

SCOPE OF PRESENTATION
* PROJECT SCOPE
* MAJOR ACTIVITIES COMPLETED
* PROJECT STATUS
*

KEY ISSUES AND FUTURE ACTIVITIES
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PROJECT SCOPE
* Supply of 2 steam generators
* Replacement activities and associated
modifications for replacement and power
increase
* Analyses necessary for SG replacement and
power increase + ICCM
* Supply and installation of plant specific
simulator

PROJECT SCOPE (cont.)
* Other activities:
ri MPB and SIM buildings
-Transport of 2 SG's
mLicensing
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MAJOR ACTIVITIES COMPLETED

August 1999

Biding process and
contracting
Simulator Building

September 1999

Supply of two Steam

September 1999

Generators
Building for storage of
Steam Generators

1996 - 1997

PROJECT STATUS
Supply of two Steam Generators
Replacement
steam
generators
were
designed,
manufactured,
tested
and
transported in accordance with contract
schedule in 32 months
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PROJECT STATUS (Cont.)
Supply of two Steam Generators
* Contractor:
Consortium Siemens - Fraiatome
* Subcontractors:
* JSW, Japan:
Forgings
* SANDVIK, Sweden:
Tubing
* CLI, France:

:

Plates

* Witzenmann, Germany:
v Bruder - Keller, France:
* Mechanic Center, Germany:
* OME, Italy:
* NES, USA:
* ANSALDO, Italy:

Expansion joints
Peerless Vanes
Primary Separators
Studs, Nuts and Washers
Nozzle Dams
primary heads, midle and upper shells, feed
rings, shrouds, grids, secondary head with
transport fixtures
* ENSA, Spain:
Drilling of tubesheets, steam restrictors, final
assembly of replacement steam generators,
hydro testing, preservice inspections.
* Europe-Lloyd & Felbermayr: Transportation

PROJECT STATUS
SGR - Steam Generator Replacement
* All major subcontracts (rigging, handling
piping, insulation etc.) are being signed
* Major plant walkdown has been
performed in outage 1999
* Some preparation works have been
performed during outage 1999 (RCS
Clamping, Polar Crane modification,..)
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PROJECT STATUS (cont.)
SGR - Steam Generator Replacement
* Detailed Design packages for system
and equipment modifications completed
* Detailed outage 2000 scheduling in
progress
* Development of "Return to Service
Inspection and Testing" program is in
progress
* Detailed construction and installation
packages are under development

PROJECT STATUS (cont.)
SGR - Steam Generator Replacement
Major Temporary modification
* Outside Lifting
* Polar Crane modification
* Access Building

InternationalConference Nuclear Energ-y in CentralEurope '99

PROJECT STATUS
SGR - Steam Generator Replacement
Major Permanent modification
*
*
*
*

Removal of old SG
Installation of new SG
Main FW system modification
Other systems modification (BD,
AF, MS, CY, HD)

PROJECT STATUS
SIM - Full Scope Simulator
* Factory Acceptance Testing of current plant
configuration is in progress and nearly
completed
* Simulator installation is scheduled to start
early November
* Simulator modification due to SG
replacement and associated plant
modification will follow site acceptance
testing of current configuration
* Training program preparation is in progress
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PROJECT STATUS
SIM

-

Full Scope Simulator
Factory Acceptance Testing

PROJECT STATUS
(Analysis for SG replacement and power
increase)
* Operating window and parameters are
defined and verified
* Analysis for verification of new
operating conditions are mainly
completed and reviewed
* Mechanical review and evaluations are
initiated and under review
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PROJECT STATUS (Cont.)
(Analysis for SG replacement and power
increase)
* System verifications and assessments is
in progress
* Revisions to plant documents (PLS, TS,,
USAR) are initiated

PROJECT STATUS
(Licensing)
Analysis for SG replacement and power
increase

* Additional nuclear safety authority from
Belgium is engaged to provide overall review
of analysis and its results
* The objectives of such review is to verify
that safety analysis methods and results are
similar to those used in other members of
European Community having NPP's
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PROJECT STATUS (Cont.)
Assessment of plant safety before
and after modernization
* Integrated assessment of plant safety
based on PSA model is completed
* Preliminary results indicates that safety
status of the plant will be enhanced
after modernization project completion
compared to the current status

PROJECT STATUS
Nuclear Licensing
* Licensing process for design and manufacturing of
new SG's is completed. 4 authorised institutions
were involved
* In addition to SG design documentation review
there were 24 visits to designer and manufacturers
* In addition to that there were performed laboratory
tests and examinations of different parts and
materials of new SG's
* Preliminary reports indicate that SG are designed
and manufactured in accordance with regulatory
and high industry standards
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PROJECT STATUS (Cont.)
Nuclear Licensing
* Licensing process for the simulator is
successfully in progress
* Licensing process for activities to be
performed during the replacement will be
a part of outage licensing process
expanded for the SC, replacement and
modification activities

PROJECT STATUS
Non Nuclear Licensing
* Licensing process for SG replacement and
temporary activities is defined as NPP
reconstruction and will be processed
accordingly
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Simplified flow path for
Licensing Process
Project Announcement to Regulatory Body
Application for formal initiation of licensing process with project description and specifcabon subm
Stepby steprev~ew
of project
documentation
andsafelyanalysisfromAuthornzed
Insiaution
andregulatory
body

Incorporation
andresolution
ofcommentsfromrviest processandapprovatracceptance
of reporls

Formnal
application
torapproval
of proposed
changesandassociated
safetyanalysislevaluations

Final regulatorybodyreview
andapproval
ofprjecl andsaftiy anali

Irnplemeott

PROJECT STATUS - FINANCING

Basic Data On Credit Facilities
Loan Amount:

130,0 mio DEM

Bank Consortium:

Helaba Landesbank HessenThuringen, Kreditanstalt fur
Wiederaufbau and Bayerische
Landesbank

Loan Availability:

until December 30, 2001

Repayment Schedule:

20 equal consecutive semiannual
instalments, the first installment to
be repayed 6 months after the date
of the last disbursement.
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PROJECT STATUS

FINANCING (Cont.)

Financial Sources for Modernization Project
v 000
i..
Planed
1Ttl779

° a.nSource

1998

737141
m-

Planed peryear
1999
2000
sV7M~~k
5

mDEM

2001
>

KEY ISSUES FOR PROJECT
SUCCESS
* Early involvement in the design and
planning phases of the project by the key
plant organizations and personnel
* Teamwork and open communication
established early and continuously
throughout the project between the
diverse organisations inside NEK and the
contractors
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KEY ISSUES FOR PROJECT
SUCCESS (Cont.)
* Implementations of lessons learned from
past SGR's by both NEK and main
contractors
* Commitment to safety and ALARA
* Use of experienced contractors and
subcontractors

KEY ISSUES FOR PROJECT
SUCCESS (Cont.)
* Management support from within the
participating companies
* The everybody's goal to complete the
project in a
* safe
* quality and
sefficient manner
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FUTU RE ACTIVITIES
* Follow overall project with attention to:
iEquality of the work
minterfaces between different projects
mcontrol and follow project schedule
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The Integrated Code System CASCADE-3D
for Advanced Core Design and Safety Analysis

A. NEUFER Tand A. VAN DE VELDE
Siemzens AG /KWU, P.O.Box 32 20, D - 91050 Erlangen, Germany

ABSTRACT
The new program system CASCADE-31D (Core Analysis & Safety Codes for Advanced Design
Evaluation) links some of Siemens advanced code packages for in-core fuel management and accident analysis: SAV95, PANBOX/COBRA and RELAP5. Consequently by using CASCADE-3D the
potential of modem fuel assemblies and in-core fuel management strategies can be much better utilized because safety margins which had been reduced due to conservative methods are now predicted
more accurately. By this innovative code system the customers can now take full advantage of the recent progress in fuel assembly design and in-core fuel management.

INTRODUCTION
The tremendous progress made in computer hardware and software technology - demonstrated e.g. by continuously increasing processing speeds - nowadays enables large code systems to be directly coupled. This permits the integration of different areas of analysis such as
reactor physics, thermal hydraulics and plant dynamics, with the overall aim of significantly
increasing simulation accuracy by eliminating conservatism at code interfaces.
The new program system CASCADE-3-D (Core Analysis & Safety Codes for Advanced Design Evaluation) links some of Siemens advanced code packages for in-core fuel management
and accident analysis: SAV95, PANBOX/COBRA and RELAP5. Consequently by using
CASCADE-3D, the potential of modem fuel assemblies and in-core fuel management strategies can be much better utilized because safety margins, which had been reduced due to conservative methods, are now predicted more accurately. In developing CASCADE-3D, the extension of the application range and the improvement of the prediction accuracy were of primary importance.
Some examples are:
- analysis of all types of PWRs
- description of MOX fuel assemblies with increased plutonium content
- improvement of the user interface
- consistency between in-core fuel management and accident analysis
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In this paper, we give an overview of the whole system (Figure 1), with emphasis on the new
features and components. We illustrate the capabilities of CASCADE-3D with typical validation and application results. The paper is dealing with (i) the in-core fuel management system
in general, (ii) the new automated loading pattern optimization code, and (iii) the accident
analysis code system.

PWR
Nuclear Core Design

PWR
Safety Analysis

SAV95

RIP/C

Standard Design
Procedure

RELAP5/
PANBOXlCoBRA

J
.

FOXS (CASMO)
PRISM/PRIMO

PANBOX/COBRA

PINPOW

RELAP5

Figure 1: The main components of the CASCADE-3D integrated code system

IN-CORE FUEL MANAGEMENT WITH SAV95
The code system SAV (German acronym Standard-Auslegungs-Verfahren: standard design
procedure) includes all the Siemens codes necessary for full scope in-core fuel management.
The newest version is called SAV95. The development of the SAV system always followed
the basic principle to implement state of the art physical and mathematical models. The decisive breakthrough - with respect to efficiency and accuracy - was achieved with the introduction of advanced nodal methods to solve the multigroup diffusion equations. These nodal
methods nowadays represent the worldwide standard.
Main Components
Modern fuel assembly and core neutron-physics design require highly flexible, robust and reliable tools. The main components of SAV95 are the spectral code system FOXS, the reactor
code PRISM and the post-processing code PINPOW. These components interact in a robust
and efficient way thanks to the automated information transfer between the codes.
FOXS - with the standard lattice code CASM0 as central module - is a versatile tool for
neutronic fuel assembly (FA) design. The utilized basic cross section library is well suited for
tihe description of present and future uranium and MOX fuel assemblies. Main tasks of FOXS
are providing data for FA and reflectors to the reactor codes PRISM and PANBOX, as well as
describing repaired or reconstituted FAs. The provided data are essentially microscopic cross
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sections, assembly discontinuity factors and heterogeneous form functions; they result from
multigroup 2-dimensional transport calculations.
PRISM, the reactor code, is based on a fast running steady-state flux solver. This state-of-theart module combines the accuracy of advanced nodal methods with the efficiency gained by
the application of multi-level techniques and the use of vectorization capabilities. It handles
intra-nodal spatial variations of cross sections and uses discontinuity factors, which enables a
more accurate treatment of asymmetric FAs in one node per assembly representation.
Another important feature of PRISM is the continuous representation of the microscopic cross
sections, which covers all possible combinations of thermal-hydraulic parameters in stationary
reactor states. The standard nuclide chain consists of 16 heavy fuel nuclides, 3 burnable absorber nuclides and 5 fission product nuclides.
For an accurate and efficient determination of pinwise power, exposure, fluxes and detector
signals, the full 3-D interpolation and modulation scheme is directly integrated into the core
simulator.
Based on the 3-D pinwise solution provided by PRISM, the evaluation code PINPOW determines key safety parameters, such as local departure from nucleate boiling ratio (DNBR) and
pinwise waterside clad corrosion data. Additional central functionalities of PINPOW are the
generation of process computer data for various reactor types and the support of automated
report generation.
The consistency between in-core fuel management and accident analysis is achieved on the
one hand by using the same steady-state flux solver and pin reconstruction modules in both
reactor codes PRISM and PANBOX. On the other hand, both codes are directly provided by
the same input information in terms of cross section libraries, fuel assembly form functions as
well as reactor data, geometry and fuel particle number densities.
Validation

The validation of SAV95 is based essentially on the comparison of calculations with measured data coming from critical experiments, and with startup physics and core follow measurements from commercial reactors. Benchmarking calculations complete the scope of validation.
We present in this paper two examples of validation results which illustrate the extended
range of applicability of our code system:

Parameter
Measurement
HZP critical boron concentration [ppm]
2206
ARO HZP moderator temperature coefficient [pcm/IF] -1.66
Bank B worth [pcm]
1109
Bank D worth [pcm]
1074
Bank C worth [pcm]
948
Bank A worth [pcm]
244
Bank SC worth [pcm]
299
Bank SB worth [pcm]
996
Bank SA worth [pcm]
842
Table 1: C/M Comparison for a Westinghouse reactor
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Calculation
2198
-1.98
1135
1069
925
222
288
1018
830
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In the first example we compare calculation and measurement results for a typical Westinghouse reactor operated in long cycles for which the FA inventory is characterized by high initial U-235 enrichments - i.e. up to 4.95 w/o IJ-235 - and high numbers of Gd-poisoned fuel
rods - i.e. up to 24 rods per FA with up to 8 w/o Gd 2O3 concentration. Table l illustrates the
prediction capability of SAV95: calculation and measurement results are compared for typical
startup physics test data.
Another example of the prediction capability of SAV95 is given for a typical Siemens reactor
in the frame of a recent measurement campaign at end-of-cycle. In Table 2, we report the differences between measurement and calculation results for boron equivalents of control rod
(CR) worth.

Parameter
CR worth for Nettobank *)
CR worth for Nettobank *)
CR worth for DI-bank sequence

*) Nettobank=AR1

minus CR-Quartet

Moderator temperature ['C] Meas.-Calc. [ppm B,,at]
5
_
+6
123
+27
53
+3
_

Table 2: C/M Comparison for a Siemens reactor
The validation of the system also includes many comparisons of calculated and measured
pinwise power distributions from critical experiments (Babcock & Willcox, KRITZ facility
and Plutonium Recycle Critical Facility).

Application Range
The extended data base for the SAV95 validation leads to the following very wide range of
qualified application:
Fuel designs:
- UO2 fuel without and with burnable absorbers (Gd or B) of Siemens, Framatome, ABB,
CE and Westinghouse design
- MOX fuel of Siemens, Framatome, and Westinghouse design
Core designs:
-

Siemens, Framatome, CE and Westinghouse core designs with core size ranging from 121
FA up to 217 FA and FA lattices ranging from 14x14 to 18x18 design
Initial cores with boion glass absorber assemblies

-

Core loading strategies:
-

out-in, part low leakage and full low leakage loading patterns (with and without Gd)

-

6 to 20 months cycle lengths

-

U0 2 FA: U235 enrichments ranging up to 5.0 w/o U235
MOX FA: Pu-fiss contents ranging up to 5.0 w/o Pu-fiss
UO2 /Gd FA: Gd concentrations up to 10 w/o Gd 20 3
Average fuel assembly bumups ranging up to 60 MWd/kg HM
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PRIMO: Evolutionary Algorithms to Optimize Loading Patterns
There has been a significant trend in recent years for light water reactor core designs to become increasingly complex with more and more heterogeneity being introduced into the core.
The basic goal is to optimize core loading designs in terms of fuel cycle costs while observing
the growing number of complicated constraints on core operation and maintaining the required safety margins. Consequently there is an increased interest in automated fuel management optimization methods and tools in the industry.
PRIMO - a new component of CASCADE.-3D - is a powerful tool for automated loading
patteni (LP) optimization [ 1]. This new code is based on Evolutionary Algorithms (EA) which
have proved to be robust optimization methods for complex engineering tasks. Rather than
searching from one solution to the next one, EA search from one generation of trial solutions
to another one, according to the well-known principle of the biological evolution - survival of
the fittest. By means of an appropriate coding of the decision variables, a LP on the engineering side corresponds to a chromnosome which defines an individual on the biology side. The
basic mechanisms of nnutation and selection can then be translated from biology to engineering to perform FA shuffling operations towards an optimized LP.
Loading patterns of good qualities correspond to individuals with a high fitness, a crucial issue in the selection process. It is essential to have an appropriate mathematical representation
of the quality, according to the various optimization criteria and their associated constraints
given by the reload designer. A suitable definition of the quality, i.e. of the fitness, leads to the
convergence of the process towards an optimum. In PRIMO the optimization goals and constraints are gathered in an objective function. Criteria like BOC boron concentration, cycle
length, number of fresh FA and local power peaking factors can be combined in a weighted
form. Unacceptable LPs in terms of violated constraints are not merely rejected but assigned
with penalty terms added to the objective function.
The objective function parameters are calculated on the basis of standard core simulations
with the design code PRISM which is coupled to PRIMO in a modular way. This is a key
feature of the system with respect to the acceptance of the optimized solution. It represents a
decisive advantage against optimization methods using simplified models for the core cycle
simulations.
The PRISM calculations represent the most time consuming part of the whole optimization
process. Therefore reload expert knowledge in form of heuristic rules has been implemented
into the code to improve significantly the search speed of the EA. Moreover EA are particularly suitable for parallel computing on workstation clusters and/or multiprocessor systems.
PRIMO is fully integrated in RELOGS, the standard SAV95 graphical user interface for reload optimization support. The required additional input preparation effort is negligible so that
PRIMO can be routinely started and comfortably combined with human optimization.
According to users' feedback the utilization of PRIMO improves the quality of the reload design procedure. Presently, the code is used either as raw optimizer, e.g. to explore different
kinds of reload strategy, or as fine optimizer, e.g. to optimize FA positions with regard to burnup gradients. In other cases the PRIMO solutions stimulate new ideas and are used as intermediate steps towards optimized LPs.
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POWERTRAXTM: On-line Core Monitoring System for PWR Cores
The CASCADE-3D code system links the Siemens on-line core monitoring system POWERTRAXT™and the 3-D steady-state core simulator PRISM. This yields a consistent methodology between nuclear core design and online core monitoring.
The POWERTRAXTM software package is a comprehensive advanced on-line power distribution monitoring and operations support system for PWRs. The system uses on-line plant computer data as well as measured reaction rates obtained with the incore detector system to update the 3-D neutronic core model PRISM which is used to perform the monitoring calculations and the operation support calculations. POWERTRAXrM uses a graphical menu driven
interface for performing the many calculations necessary to support reactor operations. Examples of these support calculations include processing flux trace files, performing the excore-toincore axial flux difference (AFD) calibration calculations, determining shutdown boron concentrations, determining startup estimated critical conditions, developping operating strategies
for maneuvering through anticipated power changes and displaying precalculated startup and
operations data.

ACCIDENT ANALYSIS WITH RELAPS AND PANBOX/COBRA
Due to the enhanced integration of the code packages used in core design and safety analysis a
new extended code system is available for consistent analyses of the reactor core and the entire nuclear power plant.
Problems or failures can occur in the thermal-hydraulics system, the instrumentation and control system or in the reactor core. Therefore the interaction between the reactor core and the
power plant is of uppermost importance, for example in reactivity transients which can result
in fast power excursions and finally fuel rod failure.
The linking of the best-estimate plant simulation code RELAP5 and of the three-dimensional
core transient program PANBOX/COBRA - R/P/C in short - enables the simulation and
analysis of complex postulated accident sequences (e.g., rod ejection, steam line break,
ATWS and boron dilution), which are characterized by a significant change in the power distribution in the reactor core, and by interaction between core and plant.
General Features of the Coupling
The coupling of PANBOX to RELAP5 has been performed via the general Siemens RELAP5-interface package EUMOD in an explicit way. This means that PANBOX is called
once at the end of every RELAP5 time step, without iterating between the solutions of both
codes. For all problems analyzed so far, this coupling procedure has proven to be stable.
Thus, R/P/C has the capabilities of RELAP5 with added ability to calculate space-time kinetics with PAN]30X and thermal margins with COBRA: Plant transients and postulated accident scenarios may now be calculated realistically using a 3-D neutron-kinetics model. In order to save computing time, one-dimensional or point kinetics models may also be activated
in an adaptive algorithm, using parameters generated automatically from the 3-D solution and
cross section database.
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Validation and Application of RIP/C
The ongoing program to validate the RIP/C code system includes the calculation of international benchmarks. For example, the RIP/C results for the LWR "rod ejection" benchmarks
[2,3] and the PWR "uncontrolled rods withdrawal" benchmarks at zero power [4] compare favorably with the reference solutions obtained by using finer meshes in space and time. Furthermore we are currently participating in the NEA main steam line break benchmark [5].
The current scope of validation is successfully completed by comparisons with measurements
for a rod drop event and for a pump shaft break event.
Though the experience with coupled systems like RIP/C is still limited, in comparison with
the extensive use of the standalone codes RELAP5 and PANBOX, it could already be demonstrated that the application of coupled codes can reduce uncertainties in the analysis of, e.g.,
boron dilution accidents and cool-down transients with strongly negative moderator temperature coefficients. RIP/C was successfully used for both these types of accidents.
Benefits of Coupled Analyses
As an example of RIP/C application we consider in this paper a generic steam line break
(SLB) analysis. Conservatively bounding initial and boundary conditions are taken into account for the neutronics and thermal-hydraulics, e.g. a bounding negative moderator temperature coefficient and a conservative delay for the actuation of main steam line isolation
valves. Tab. 3 presents the comparison between the uncoupled and the coupled SLB analysis.
It illustrates the superiority of the coupled analysis in terms of reduction of conservative assumptions.
The results of our coupled SLB analyses demonstrate that the design limits for minimum
DNBR and maximum fuel centerline temperature are observed with large margins, taking into
account the conservatively bounding nuclear parameters. The consequences for the cycle specific safety evaluation are that no SLB specific nuclear key safety parameters (NKSP) need to
be verified. Only the general NKSP, e.g. shutdown margin and reactivity coefficients, must be
verified.

Uncoupled analysis
Coolant temperature at maximum 133.7 OC
power during transient
Boron concentration at maximum 0 ppm
power during transient
Maximum nonnalized reactor power 21
_

Coupled analysis
160 `C
90 ppm
0.6 %

Table 3: Coupled and uncoupled Steam Line Break Analysis
PROGRAM SYSTEM FOR HEXAGONAL FUEL LATTICES
Most of the CASCADE-3D components for in-core fuel management and accident analysis
are also available in a hexagonal geometry option and can be applied to the analysis of
VVER-type reactors. The neutronics are based on nodal expansion methods as for the Carte-
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sian geometry and the tlhermal-lhydraulics modules are identical. In particular, the neutron kinetics code HEXTIME has the same structure as 1'ANBOX and uses the parallel and/or open
channel methods as implemented in COBRA. The coupling of HEXTIME to the system transient code RELAP5 is achieved via the same general interface code package as in R/P/C. So
VVER-type nuclear power plant transients and postulated accident scenarios can be simulated
with a 3-D neutron kinetics model.
Similar verification and validation procedures are used as for the western type PWR systems.
As an example, the results of a boron dilution transient analysis are presented in [61. The results obtained demonstrate that the coupled code system is appropriate for the analysis of
complex plant transients.

CONCLUSIONS
CASCADE-3D is a consistent and comprehensive design tool for the analysis of plant behavior under both normal and off-normal operating conditions. CASCADE-3D belongs to the
long tradition of well proven Siemens design tools which have continuously been upgraded
according to the design needs. The basic design principles observed throughout is to map
physics accurately in computations. This extensively benchmarked first principles approach
leads to high prediction quality - and therefore to qualified application - for a large variety of
plants, loading patterns and fuel types. 13y this innovative code system the customers can now
take full advantage of the recent progress in fuel assembly design and in-core fuel management.

REFERENCES
[1 Van de Velde, A., Axmann, J.K. and Bolloni, H. -W., "Recent Issues in Automated Fuel Management Optimization With Adaptive Evolutionary Algorithms", to appear in proc. of M&C'99, Madrid
[2] Finnemann, H., Bauer, H., Galati, A., Martinelli, R., "Results of LWR Core Transients Benchmarks", NEA/NSC/DOC(93)25, October 1993.
[33 Jackson, C.J., Finnemann, H., ,,Verification of the Coupled RELAP5/PANBOX System with the
NEACRP LWR Core Transient Benchmark", International Conference on Mathematics and Computations, Reactor Physics, and Environmental Analyses, Portland, Oregon, April 30-May 4, 1995.
[4] Fraikin. R., "PWR Benchmark on Uncontrolled Rods Withdrawal at Zero Power",
NSC/DOC(96)20, December 1996.

NEA/

[51 Ivanov, K., Beam, T., Baratta, A., Irani, A., Trikouros, N., "PWR MSLB Benchmark - Final
Specifications", NEA/NSC(DOC(97)15, Nuclear Energy Agency, October 1997.
[6] Knoll, A., B6er, R., Finnemann, H., Van de Velde, A., "Coupled Neutronics-Thernalhydraulics
Code Systems RELAP5/PANBOX and RELAP5/HEXTIME for Integrated Safety Analysis", International Conference on the Physics of Nuclear Science and Technology - Long Island, October 5-8,
1998.

56

International Conference Nuclear Energv in Central P^'.,nf

'(

Nuclear Energy in Central Europe '99

AIIII Iii11111111
li ii111111
S10200008

Portoro2, Slovenia, 6 to 9 September, 1999

DEFINITION OF PSEUDO FISSION PRODUCT DATA
FOR REACTOR CALCULATIONS
A.Trkov, D.L. Aldama
Institute "Jozef Stefan", Jamova 39, Ljubljana, Slovenia
Andrj .Trkov(ij S.si

Abstract
In the WIMS-D library the important fission products are treated explicitly. The remaining
ones are lumped into a single pseudo fission product. The methods and the criteria for defining
the pseudo fission product data are described. The data based on ENDF/B-VI and JEF-2.2
evaluated nuclear data files are processed and the WIMS-D library is updated accordingly.
Some preliminary results of the NEAIOECD Plutonium Recycling Benchmark are presented.

1. Introduction
The nuclear fission process in the fuel of a nuclear reactor core causes accumulation of
fission products. Some of them influence the nuclear properties of the core very strongly and
must be treated explicitly. Others - although individually unimportant - have a cumulative
effect, which can not be neglected. Usually they are lumped into a "pseudo fission product".
The problem of preparing pseudo fission product data is addressed in connection with
the WIMS-D Library Update Project (WLUP) [1], which is going on at the International
Atomic Energy Agency (IAEA). In the earlier stages of the project the data processing
methods for the fuel, moderator and structural materials were established and optimilsed. The
burnup chains were revised and the data for the minor actinides and fission products were
recalculated. The partly updated library was validated on a number of benchmark test cases to
prove that generating a WIMS-D library from first principles is possible and that the results of
calculations are at least as good as with the original adjusted data set. One of the last tasks left
to be done is the replacement of the pseudo fission product data, which is described in this
work.

2. Fission Product Selection Criteria
There is no unique way to define the nuclear properties of a pseudo fission product.
First it is necessary to identify nuclides that need to be treated explicitly. To separate out the
important fission products a set of criteria was developed, based on the analytical equations
that govern the build-up and decay of the nuclides. The analytical derivation of the expressions
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for these criteria is beyond the scope of this work. They are described in the WLUP support
documentation [2] for the AVRFPY code. The definitions and the criteria are the following:
*

Short-lived nuclides are those which satisfy the condition:

*

*

where up is the capture cross section [barns] and Hp is the half-life [days]. The scaling
constant comes from converting barns to cm2 and days to seconds. Parameter e
represents the fraction of neutrons removed by absorption. Assuming the flux level ( of
the order 1013 n.cni-2s-' and choosing e=0.002, the condition to define short lived nuclides
is cpH < 1600 [barn.days]. These nuclides can be lumped with their daughter products.
Nearly stable nuclides are those which satisfy the condition;
UA[ ->1.16x10'9. In 2 /(c ().
Parameterc is the fraction by which radioactive decay affects the equilibrium concentration.
Using the same assumptions as before, the condition to define nearly stable nuclides is
upHp,> 4x108 [barn.days]. The decay products of such nuclides are ignored.
Highly absorbing fission products are those, which satisfy the criterion:

*

where y,, is the fission yield and T is the fuel residence time in the core. Parameter c
represents the fraction of the capture reactions compared to the fission reactions during
fuel irradiation. Using c-0.0001 and T of 1000 days, highly absorbing nuclides are
identified by the condition ypup > 0.25 [barns]. All such nuclides must be treated explicitly.
Highly absorbing capture products are those which satisfy the criterion:

afl <I 1. 16xl0'9 . c In 2 / d>,

2 /((PT),

rpp c>1.16x10'9.

7popa, > [1.16x10'9 ]2. 6 E /( tp

I

)2,

where a, is the capture product absorption crcss section. Using the same assumptions as
before, the condition defining highly absorbing capture products is ypoo > 400 [barns2].
All such nuclides must be treated explicitly
The code AVRFPY was written, taking the above criteria into account. The fission product
yields and decay evaluated nuclear data files were processed. The information on the thermal
cross sections, resonance integrals and fission spectrum averaged cross sections was read from
the INTER output [3] for simplicity. The AVRFPY code produced effective fission product
cumulative yields, subtracting the yields of the precursors to avoid double counting.
We identified 45 important fission product nuclides for the major fissile nuclides 235U,
based mainly on the above criteria. They are listed in Table 1. A full list of
candidate fission product was obtained using the condition for the highly absorbing fission
[barns]. Altogether, 131 nuclides were identified. Excluding
products relaxed to y,,,(T >
the explicitly represented ones, there were 86 nuclides lumped into the "pseudo fission
product". Practically ail of these were found to be stable or nearly stable, therefore there was
no need to define a decaying pseudo fission product separately.
238U, 2 39 Pu,

lo-8

Table 1: Explicitly represented fission products.
3

K
Kr

109Ag

33

Cs

147
154

58

SM1
Gd

95Mo

39Tc

'01 Ru '0Ru

113Cd

"'In

12 'm

` 4 Cs

13 Cs

145

49

`Sm

15

'5Gd

'6

.

7

Sm
Gd

e 1271

135I

43Nd 145 Nd'" 7 Pm
1.51
12
' Sm
SM1m 'Ism

110

11
51

Gd

ARh

' Rhh

131Xe

npd ' 07 pd '08 Pd

1

134xe

8
'7PmpP1 4 ap
152
Eu
Eu

151

135Xe

136Xe

149 pm
153

154

Eu

Eu

15.5

Eu

158G

HGd

Inlernaiional Conference Nuclear Energy in Central liurc" '99

Reactor Physics

Table 2: Fission product nuclides lumped together into a pseudo fission product.
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3. Pseudo Fission Product Data Processing
The cross section data for all pseudo fission product components were processed into
multigroup constants with the NJOY code [4]. The same weighting spectrum was applied as
for other nuclides.
The pseudo fission product multigroup constants were calculated by a weighted
average of the constants of the constituents. The weights can be chosen in several ways. Some
authors use calculated relative nuclide number densities. In this case the weights depend on
reactor type, fuel, operating history, cooling time, etc. Besides, there is no guarantee that
including a pseudo fission product in a decay chain would result in a correct burnup
dependence of its concentration. We chose as weights the cumulative yields, corrected for the
precursors where necessary to avoid double counting of the nuclides. The required yields were
calculated with the AVRFPY code.
The yields depend on the parent fissile nucleus. Pseudo fission products were prepared
by averaging the cross sections based on the yields of 235 j, 238 j and 39Pu, respectively. The
differences between the pseudo fission product cross sections, which are compared in the top
part of Figure 1, were found smaller than originally anticipated. It was therefore decided to
define a single pseudo fission product for all fissile nuclides by taking the average of the
pseudo fission product cross sections of 233[J, 2 IA{U and 239 .,1/ in the ratio 54%, 8% and 38%,
respectively. The influence of the basic evaluated nuclear data is also quite small. The cross
sections based on ENDF/B-VI and JFT-2.2 data are compared in the bottom part of Figure 1.
For comparison the data from the original WIMS-D library are also shown. They are not
directly comparable to the cross sections calculated in this work, but they illustrate the rather
simple treatment of the pseudo fission product data, which is basically 1/vt, with a nearly
constant resonant part and an adjusted fission yield to match the observed reactivity changes.

4. Benchmark Calculations
The data can be validated by comparing the results of calculations to reference
benchmark results. Suitable benchmarks to validate the data rigorously in absolute terms are
not available, but the "Physics of Plutonium Recycling" benchmark [5] contains useful
information on the reactivity loss as a function of burnup for MOX fuel lattices.
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WIMS-D Library Update Project
Lumped Pseudo Fission Product

-Pseudo Pu-239
2

--

1o~.

4

10ZI F.III110

lO1

14

0
_

_''

____''''''I

_-

___

v10U)

8

o

~

4

~

~

upe

suoFsso

rdc

~~~~ ~ ~ ~ ~ ~~~~~~~-

L.~
c-)
0-C-

a~~~~~~~~~Eeg

a

(

10

-2

F 2

102
_____

____
____

For
ompriso

60

100
____

____

thcrssD

2
102
Energy

4104

6
106

(CV)

Lecibnrary Udthe

Prignloj
96`ectDlbrr

lnternLupedPsud
aFstional
Pfrodct~cerng~n',f~ijlm~V

reas

Reactor Physics

WWIMS-D Libbrary Update Proc ject
PhysICs Of Pu Recycling

Cl

15

TTI11c11111

11

1'1'

,

t

,

1JFF 2 2
O Re£. Case A
Maximum Difference
0.0000%
at X= 0.000+0

._ _
--

,X

-

50~
-

/

/

10.5
B0z

0

10

20
Burup

40

30
(10

50

M'Wd/tU)

WIMS-D Library Update Project
Physics of Pu Recycling

_
25

20
O

1_

12%

10

t

_

zSJEF

tA

t

_

O

~~~~~~~Ref.

5
-.

1.02

2.2
Cas~e B
Maximum Difference
0. 0000%
at->C=-.004

1.00

_

_ _ -

_

-

_

_

_

._

_

_

09B
0.95
O

It0

20

Bu~p

an

40

50

( 10- MWd/tU)

Figure 2: Comparison of the reactivity decrement between the reference results and the
calculation with an updated WIMS-D library for the Physics of Plutonium Recycling
Benchmark. Case A represents MOX fuel containing highly degraded plutonium.
Case B contains normal PWR recycled plutonium.
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Two cases are considered: Case A contains degraded plutonium with a high 24 2Pu content and
Case B with normal PWR recycled plutonium. The benchmark presents a severe test case since
lattice codes are usually better adapted for conventional uranium fuels.
There are no experimental data available. The reference results for the reactivity loss
are the average of 8 sets of independent calculations for Case A and 9 sets for Case B. Since
many of the codes were extensively validated for calculations of MOX fuels, the average
results provides a reasonable reference value.
The WIMS-D model was developed for the benchmark. The reactivity loss with burnup
was calculated using an updated WIMS-D library, based on JEF-2.2 data. The results are
presented in Figure 2. For normal recycled PWR plutonium of Case B the results lie within one
standard deviation of the reference average values. There is no significant trend in the
calculated reactivity compared to the reference, which indicates that the pseudo fission product
data are represented adequately. For the highly degraded plutonium of Case A, the discrepancy
is larger. This is not too surprising since the WIMS-D library format restricts the possibilities
to accurately account for the self-shielding in 2 421,u. The results are nevertheless acceptable.
Additional information can be obtained by comparing the reaction rates and the isotopic
composition, but the analysis of this kind is outside the scope of the present work.

Conclusions
A consistent group constants data set for lattice calculations representative of lumped
fission product was prepared. Preliminary tests with the updated libraries including pseudo
fission product cross sections provide evidence, that the integral reactivity effects are
reasonably represented. Further testing of updated libraries is in progress.
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Radiation Dose Rates in the Vicinity of the NPP Krsko
Spent Fuel Pool
Mile Bate, Dubravko Pevec, Kregimir Trontl
Faculty of Electrical Engineering and Computing
Department of Applied Physics
University of Zagreb
Unska 3, 10000 Zagreb, Croatia

ABSTRA CT - Our recent analysis showed thatfrom the crilicality standpoint of view it is possible to increase
capacity of the NPP Krgko spentfuel pool by reracking to accommodate spentfuel assembliesfor plant lifetime.
The reracking will also effect the radiation dose rates in the vicinity of the NPP Krsko spent fuel pool. In this
paper we have investigatedthe radiologicalimpact of reracking using S4S sequences of the SCALE code system.
Gamma and neutron dose rates are calculated at different positions close to the spent fuel pool surface for
current andrerackedspentfuel pool configuration. A comparison of the calculateddose ratesand the dose limit
in 10 CFR 20 for the restrictedwork area has been performed.

1. Introduction
Extension of the NPP Krsko lifetime up to 40 years, which is becoming a reality,
opened a problem of the spent fuel assemblies' management. The existing NPP Krsko spent
fuel pool with 828 positions for spent fuel assemblies is not capable of handling all the spent
fuel assemblies for the extended Nl'P Krsko lifetime. Therefore, many analyses had been
carried out to investigate possibilities for management of the complete set of spent fuel
assemblies for the extended NPP lifetime in the existing spent fuel pool. Among others
(consolidation, double tiering) reracking of the spent fuel pool proved to be economically and
technically the best solution. Our recent analyses111 showed that from the criticality standpoint
of view it is possible to increase the capacity of the spent fuel pool of the NPP Krgko by
reracking to accommodate the spent fuel assemblies for plant lifetime.
The total number of spent fuel assemblies for the plant lifetime has been estimated
taking into account:
* the current number of the spent fulel assemblies in the spent fuel pool,
* that 36 spent fuel assemblies will be discharged at the end of each subsequent cycle for
the uprated conditions of NPP Kr~sko,
* that 121 spent fuel assemblies will be discharged at the end of the last NPP Krgko cycle.
For 40 years lifetime of the NPP Krsko we have obtained the total number of 1527 spent fuel
assemblies accumulated in the spent fluel pool.
The reracking of the spent fuel pool will also effect the radiation dose rates in the
vicinity of the NPP Krsko spent fuel pool. In this paper we have investigated the radiological
impact of reracking using SAS sequences of the SCALE code system.
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Calculational tools to determine the radiation dose rates of the NPP Krgko spent fuel
pool are described in Section 2. The model description of the spent fuel pool for radiation
dose rate calculation is given in Section 3. Results of analysis are presented in Section 4.
Summary and conclusions are given Section 5.

2. Calculational Tools
The SCALE code system121 is a multifunctional computer system developed at Oak
Ridge National Laboratory, and it is used for the complete analyses of the nuclear facilities.
Shielding analysis sequences (SAS) are part of the SCALE system, and SAS4 performs a
three dimensional Monte Carlo shielding analysis using an automated biasing procedure.
Biasing parameters required by the Monte Carlo calculation are generated from results of an
one-dimensional adjoint discrete-ordinates calculation. SAS4 performs resonance selfshielding treatment with either BONAMJ-S or NITAWL-S functional modules and cell
weighting with the XSDRNPM-S functional module. Then it carries out adjoint discreteordinates and Monte Carlo calculations, respectively, with the XSDRNPM-S and MORSESGC/S functional modules.
The calculation of the radioactive inventory in the spent fuel was performed with the
computer code ORIGEN2-PC[ 3 ]. ORIGEN is a point depletion code that solves the equations
of radioactive isotope growth and decay for a large number of isotopes (approximately 1000)
with arbitrary coupling. The code uses matrix exponential method to solve a large system of
coupled, linear, first-order ordinary differential equations with constant coefficients. The
general nature of the matrix exponential method permits the treatment of complex decay and
transmutation schemes.
The SCALE 27-group burnup library containing ENDF/B-IV (actinides) and
ENDF/B-V (fission products) data has been used for all calculations.

3. Model description
Gamma and neutron dose rates are calculated at different positions close to the spent
fuel pool surface for current and reracked spent fuel pool configuration. In our calculation we
have taken into account the actual burnup of the spent fuel 14 1 which is already in the spent fuel
pool and for the rest of the spent fuel we have assumed the burnup structure similar to
discharge burnup of the current cycle.
The existing spent fuel pool and the reracked spent fuel pool were treated in a similar
manner. A simple model of spent fuel pool homogenized in radial direction was assumed.
Since our efforts were concentrated on the axial neutron and gamma dose rates, special
attention has been given to modeling of the axial direction of the spent fuel pool. The three
major separate zones were modeled in axial direction. The lowest zone is fuel zone containing
homogenized fuel, clad, water and rack material. The medium zone is a fuel assembly
hardware zone containing homogenized fuel assembly hardware and water. The upper zone is
a thick layer of water (7 m). The spent fuel pool model in axial direction is given in Figure 1.
The radiation source is placed in the fuel zone where it is homogeneously distributed
in radial direction with the typical PWR axial profile.
The simplified model of the existing NPP Krsko spent fuel pool is depicted in Figure
2. The simplified model of the reracked NPP Krsko spent fuel pool is depicted in Figure 3.
The neutron and gamma source spectrum have been calculated using ORIGEN2-PC
code, taking into account the actual burnup of the existing assemblies, and assuming the
64
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burnup of 42000 MWd/tU for the remaining 1057 elements (4.3 w/o enrichment). The
cooling time has been ranged from 40 years for the first assemblies that entered the pool in
the year 1983 down to 6.25 days for 121 assemblies that will be discharged from the core in
the year 2023. Total gamma and neutron source spectra for the reracked spent fuel pool are
given in Table 1 and Table 2.
Table 2 Gamma source spectrum
Gr.
1
2
3
4

Table 1 Neutron source spectrum
Gr.
1
2
3
4
5
6
7
8

Group limits

Source

(MeV)

(neutrons/s)

Source
(photons/s)
1.23.108
5.80 108
2.96.109
7.37.109

7.51.1014

3.93 109
4.69.1010
5.24.1010
2.83.1010
3.78. 1010
4.12. 100°
8.06109
0.00
2.19.1011

6.434-20.000
3.000-6.434
11.850-3 000
1.400-1.850
0.900-1.400
0.400-1.400
0.100-1.400
1011-0. 100
TOTAL

Group limits
(MeV)
8.000-10.000
6.500-8.000
5.000-8.000
4.000-5.000

5
6
7
8
9
10
11
12
13
14
15
16
17
18

_3.000-4.000

2.500-3.000
2.000-2.500
1.660-2.000
1.330-1.660
1.000-1.330
0.800-1.000
0.600-0.800
0.400-0.800
0.300-0.400
0.200-0.300
0.100-0.200
0.050-0.100
0.010-0.050
TOTAL

_7_51_____

8.68.1016
1.26. 1017
6.40 1016
2.84.1018
6.29 101'
1.77 .108
1.13.1019
5.89. 1018
2.12. 1018
3.29.1018
6.77 10t
4.73. 108
1.25 10'9
5.21.1019

Spent fuel isotope concentration has also been calculated via ORIGEN2-PC code, but
only the most important uranium and plutonium isotopes have been used (Table 3).
Table 3 Average concentrations of uranium and plutonium isotopes in fuel pellet
Isotopes
Concentration

U-235
0.95

U-236
0.44

w/o

w/o

U-238
98.61
w/o

Pu-239
Pu-240
0.0438
0.0199
g/cm3 __g/cm3

Pu-241
0.0101

g/cm 3

The neutron and gamma source spectra calculations for the existing spent fuel pool
were performed in a similar manner, taking into account the actual burnup of the existing
assemblies, and assuming the burnup of 42000 MWd/tU for the remaining 358 elements (4.3
w/o enrichment). The cooling time has been ranged from 23 years for the first assemblies that
entered the pool in the year 1983 down to 6.25 days for 36 assemblies that are supposed to
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enter the pool in the year 2006. The total neutron and gamma sources for existing spent fuel
pool are 1.240 1011 neutrons/s and 1.796-1019 photonsls, respectively.
Since neutron and gamma source, as 'well as actinides isotope concentrations have
been averaged over all fuel assemblies, five detector positions covering one quarter of the
pool have been chosen. All detectors have been placed on the surface of the water. Their
geometrical locations for the existing and reracked pool are depicted in Figure 2. and Figure
3, respectively.

4. Results of the calculations
Calculation of radiation dose rates at the surfaces of the spent fuel pool in a simple
model were performed using SAS4 sequence of the SCALE-4.4 code package. The gamma
dose rates calculated for existing spent fuel pool and for reracked spent fuel pool are
presented in Table 4. The neutron dose rates calculations showed that neutron dose rates on
the water surface are negligible compared to gamma dose rates and therefore they are not
presented.
The obtained dose rates are compared to dose limit in 10 CFR 20 for the restricted
work area1 5 ]. The comparison of our results with prescribed limits for restricted work area
revealed that dose rates for the existing spent fuel pool as well as for the reracked spent fuel
pool are significantly below the current limits for the restricted work area 16 1 (25 ptSv/h). Our
analysis showed that radiation dose rates at the surface of the spent fuel pool would not
change significantly by reracking. The dose rates at the top of the pool are practically
negligible due to the thick layer of water above the stored spent fuel.

Table 4 Gamma dose rates at the surface of existing and reracked spent fuel pool
Detector

A
B
c
D
E

_

Existing spent fuel pool
Dose rate
Standard
(pSv/h)
deviation
0.4426
11.2%
0.1498
9.2%
0.0786
12.6%
0.4013
12.3%
= 0.4129
7.6%

Reracked spent fuel pool
Dose rate
Standard
(pSv/h)
deviation
0.4830
22.0%
0.1375
31-7%
0.0545
8.5%
0.4018
8.9%
0.4434
18.5%

5. Summary and conclusions
Calculation of radiation dose rates at the surfaces of the spent fuel pool in a simple
model were performed using SAS4 sequence of the SCALE-4.4 code package. The neutron
dose rates at the spent fuel pool surface are negligible compared to gamma dose rates. The
obtained dose rates are compared to dose limit in 10 CFR 20 for the restricted work area. The
comparison of our results with prescribed limits for restricted work area revealed that dose
rates for the existing spent fuel pool as well as for the reracked spent fuel pool are
significantly bellow the current limits for the restricted work area161. Our analysis showed that
radiation dose rates at the surface of the spent fuel pool would not change significantly by
reracking. The dominant contribution to the radiation dose rates at the surface of the pool is
due to the radioactivity in the water.
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Power feedback effects in the LEM code
M. Kromar
Jozef Stefan Institute
Jamova 39, Ljubljana, Slovenia
E-mail: mar/an.kromar )ijs..si

ABSTRACT - The nodal diffusion code LEM has been extended with the power
feedback option. Thermohydraulic and neutronic coupling is covered with the
IReactivity Coefficient Method. Presented are results of the code testing. Verification
is done on the typical non-uprated and uprated NPP Krsko reload cycles. Results
show that the code fulfill objectives arisingin the process of reactor core analysis.

1. Introduction
LEM (Laplace Eigenfunction nodal Method) [1,2,3] has been found to be very
accurate and efficient method for the solution of the 2 and 3-dimensional multigroup
neutron diffusion problems in rectangular geometry. It has been used for static design
calculation of the PWR cores, performed with the CORD-2 package [4] as an
alternative tool to the GNOMER [5] diffusion code. To assure verification capability
of the LEM code in all design calculations, it has been recently extended with the
possibility to cover power feedback effects.
Thermohydraulic and neutronic coupling is covered with the Reactivity Coefficient
Method [6,7] which proved to be sufficiently accurate. Macroscopic neutron cross
sections are modified on a nodal basis to take into account reactivity changes due to
the following effects:
•
*
*
*

Moderator temperature,
Fuel temperature,
Boron concentration,
Xenon.

Apart from a correction to the neutron cross section affecting the reactivity, the effect
of the different infinite medium neutron spectrum and leakage are taken into account
as well.
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2. Verification of the power feedback model
Accuracy and reliability of the LEM code in dynamic calculations is tested with the
simulation of power operations. Starting with a Hot Zero Power (HZP) no Xe cross
sections, Hot Full Power (HiFP) core conditions are simulated. A typical non-uprated
and uprated reload cycles of the NPP Krsko were selected. Results of calculations
(marked as LEM) are compared with results based on the standard sequence of
calculation with the CORD-2 package (marked as CORD-2).
Comparison of the critical boron concentrations for the Beginning, Middle and End Of
Cycle (BOC, MOC, EOC) conditions is shown in Table 1. Maximal difference is 15
ppm and lie well within standard 50 ppm review criteria.
Maximum and average difference in assembly power for the BOC, MOC and EOC can
be found in Table 2. Maximum errors are less then 1.5% and average difference is less
than 0.8 %. Assemblywise HFP power and error distributions are presented in Figures
l (non-uprated cycle) and 2 (uprated cycle).
Table 1: Comparison of the I-IFP critical boron concentrations at the BOC, MOC and
EOC for the non-uprated and uprated cycle.
Nonuprated
CORD-2
[ppm]

LEM
[ppm]

1339
653
49

1337
657
55

BOC
MOC
EOC

Uprated
DIFF. CORD-2
[ppm] _[ppm]
-2
+4
+6

1358
848
60

LEM
[ppm]

DIFF.
[ppm]

1343
840
53

-15
-8
-7

Table 2. Maximal and average difference in assembly power for the BOC, MOC and
EFOC (non-uprated, uprated cycle).
Nonuprated

BOC
MOC
EOC

70

Uprated

EPMAX

E PAVE

[%/]

[%]

[%]

[%h]

0.47
0.68
0.96

0.27
0.36
0.50

1.26
1.30
1.48

0.62
0.68
0.78

E

PMAX

E PAVE
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CORD-2

1.0950
1.0991
0.41

LEM
DIFF.[%]

0.9616

1.1620
1.1665

0.19

0.45

1.2998
1.3041
0.43

1.0702
1.0725
0.23

1.0991
1.1016
0.25

0.9154
0.9159
0.05

1.0904
1.0926
0.22

1.3359
1.3389
0.30

1.0845
1.0846
0.01

1.2801
1.2813
0.12

1.2921
1.2927
0.06

1.2329
1.2304
-0.25

1.1402
1.1370
-0.32

1.0006
0.9994
-0.12

0.9597

0.4035
0.3988
-0.47

]

0.3265
0.3224
-0.41

1.1297
1.1300
0.03
|
|

1.1436
1.1437
0.01

0.4593
0.4563
-0.30

0.4307!
0.4275
-0.32

J

Figure 1: Comparison of the assemblywise power at the BOC, non-uprated cycle.
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.

1.0011
1.0101
0.90

CORD-2

LEM
. DIFF. [%]

1.2778

1.1516

1.2904
1.26

1.1595

0.9880
0.9937
0.57

1.3481
1.3553
0.72

1.1636
1.1691
0.55

1.2871
1.2955
0.84

0.9909
0.9949
0.40

1.2974
1.3024
0.50

1.2875
1.2886
0.11

1.3107
1.3133
0.26

1.2781
1.2791
0.10

1.2119
1.2083

1.1216
1.1170

0.4905
0.4861

-0.36

-0.46

-0.44

1.1264
1.1186
-0.78

1.1232
1.1170
-0.62

0.6233
0.6184
-0.49

0.3737
0.3692
-0.45

0.4496
0.4438
-0.58

0.3720
0.3660
-0.60

0.79

1
l

|

j

Figure 2: Comparison of the assemblywise power at the BOC, uprated cycle.
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3. Conclusion
Power feedback modeling in the LEM code was found to be sufficiently accurate for
the design calculations. Results of the I{ZP - HFP simulation on the NPP Krsko nonuprated and uprated cycles show that the maximal assembly power errors are less than
1.5 %. Error in critical Boron concentration is less than 15 ppm. It is estimated that the
accuracy of the code is 2 % in power distributions and 20 ppm in critical Boron
concentrations
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ABSTRACT - The shielding ability and other properties of new high performance neutron shielding materials
from the KRAFTON series have been recently published. A comparison of the published experimental and

MCNP results for the two materials of the KRAFTON series, with our own calculations has been done. Two
control modules of the SCALE-4.4 code system have been used, one of them based on one dimensional
radiation transport analysis (SASl) and other based on the three dimensional Monte Carlo method (SAS3). The
comparison of the calculated neutron dose equivalent rates shows a good agreement between experimental and

calculated results for the KRAFTON-N2 material. Our results indicate that the N2-M-N2 sandwich type is
approximately 10% inferior as neutron shield to the KRAFTON-N2 material. All values of neutron dose
equivalent obtained by SASI are approximately 25% lower in comparison with the SAS3 results, which
indicates proportions of discrepancies introduced by one-dimensional geometry approximation.

1. Introduction
Recently, a number of new high performance neutron shielding materials have been
developed, including the KRAFTON series of materials"" 2", like KRAFTON-XP3,
KRAFTON-N5, KRAFTON-N2 and KRAFTON-N2-Mannan-KRAFTON-N2 sandwich type
material. The last two have been the subject of a study presented by K. Ueki et al 21. The
study included experimental measurements and Monte Carlo MCNP 13 1 calculations of the
neutron shielding ability of the mentioned materials as well as some other shielding materials.
Our intention was to compare their experimental and calculational results (MCNP4 with our
own results obtained using two control modules of the SCALE-4.4 code system : one of
them (SASI) based on one dimensional radiation transport analysis and the other one (SAS3)
based on the Monte Carlo method.
SAS3 control module performs shielding analysis executing several functional modules:
BONAMI - to correct cross sections with Bondarenko self-shielding factors, NITAWL - to
perform resonance self-shielding correction and MORSE-SGC - the SCALE version of the
MORSE family of Monte Carlo programs for super-group cross-section storage and particle
tracking. Since MORSE-SGC runs in a "fully coupled" mode for neutron-gamma problems,
one should expect calculational results to be comparable to the MCNP calculations.
SASI control module uses the Material Information Processor to enable simplified input
material specification and automate the cross-section processing. The Bondarenko factor
method and the Nordheim integral treatment perform resonance self-shielding. The
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XSDRNPM-S module produces cell weighted cross sections prior to simulation of the
radiation through a slab, sphere or cylindrical shield model. The XSDOSE functional module
uses the surface flux from XSDERNPM-S to generate dose rates at points on, or at some
distance from the shield.
The results of SAS3 and SASI calculations were compared to the experimental results and
MCNP calculational results. Both codes, when applied for shielding problems, have some
advantages over MCNP code, the primary one being speed of the calculation and simplicity
from the user's point of view. Therefore, a good correspondence of the SAS3 and SASI
results with the experimental as well as MCNP results would additionally stimulate their use.

2. Shielding materials
KRAFTON-N2 is a kind of soft ceramics produced by solidifying high hydrogen contained
alloy and hydroxides, such as titanium-, aluminum- and lithium-hydroxide, as fast neutron
shield, besides boron and gadolinium oxides as thermal neutron shield, with epoxy and
thermal setting resin. As shown in Table 1, the KRAFTON-N2 compound contains 15
elements. The weight percent of hydrogen and lithium is 6.3 w/o. However, the content of
hydrogen and lithium in KRAFTON-N2 is less than half of that in polyethylene (14.4 w/o).
Mannan slab is produced by dissolving the Mannan into the water of approximately 70 'C
and gelatinized by adding sodium carbonate water solution. The chemical formula of the
Mannan is C 63H 104 0 5 1 and the weight percentage of hydrogen is 6.45% as shown in Table 1.
The Mannan was used as a core between the KRAFTON-N2 slabs in the neutron shielding
experiments. A sandwiched slab was made of 1.1 cm thick KRAFTON-N2, 3.3 cm thick
Mannan and 1.1 cm thick KRAFTON-N2 (N2-M-N2). The horizontal cross section of the
N2-M-N2 shield is depicted in Figure 1. All the materials used in the experiment are
summarized in Table 1.

Mannan 550x550x33 (mm)
Krafton-N2 600X600x55 (mm)
Figure 1. The horizontal cross section of N2-M-N2 shield

3. Experiment
The schematic arrangement of shielding material, neutron source, collimator and detector
location, used for measuring the neutron shielding ability of the KRAFTON-N2 and
N2-Mannan-N2, is depicted in Figure 2. Cf25 2 was used as the neutron source. The intensity
of that source was 4.05-107 neutrons/second. The source was contained in the collimator of
paraffin with a 450-irradiation cone. The energy spectrum of Cf252 is approximated using:
N(E) = 0.3732. eo sE . sinh( 2.0.E)
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where E is the neutron energy in MeV.
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Figure 2. Schematic arrangement of source, shield and detector. The value Tis varying
parameter of a shielding material. Dimensions are all in centimeters.

Table 1 Chemical composition of materials (in w/o)
Element
Hydrogen
Carbon
Boron
Nitrogen
Oxygen
Magnesium
Aluminum.
Silicon
Sodium
Potassium
Sulfur
Nickel
Iron
Barium
Gadolinium
Lithium

Paraffin
.(p=0.93 f/cm3) ..
14.86
85.14
--

Polyethylene
p - 0.92 gcm 3 )
14.4
85.6
-

KRAFTON-N2
(
l1 70 /cm3)
4.21
24.07
7.12
0.60
28.38
6.16
3.70
0.46
0.52

-

0.43

-

-

4.98
6.75
4.32
3.04
1.82

-

-

Mannan
1.0 /cm3 )
6.45
39.93
-

52.47
-

1.15
-

-

Shielding materials were set between the collimator (paraffin) and the neutron dosimeter. The
thickness of the shield was increased toward the source. Accordingly, the distance between
the rear surface of a shield and the center of the dosimeter was fixed at 20.0 cm. The neutron
dosimeter with a polyethylene cylinder had a 21 cm radius and 23 cm in height. The location
IniernaitonalConference Nuclear Encrgy in CentralEurope '99

77

Reactor Physics

of the effective center to detect neutrons was uncertain, but it was assumed that the center
was 5 cm inside the dosimeter cylinder.

4. SAS3 (Monte Carlo) calculations
The Monte Carlo calculations were carried out by SAS3 code, which uses discrete (group)
neutron energy spectrum representation. Therefore, it was necessary to collapse the source
continuous neutron energy spectrum represented by Eq. (1) into 27 energy groups. Since the
contribution of energies in the source below the 9kth group is negligible, we have used only the
first nine groups (100 eV-20 MeV). SAS3 performs flux and dose rate calculation at the point
detector location, which should be taken into account when discussing the results,
considering the fact that the MCNP calculations were made by simulating the actual
cylindrical neutron dosimeter.
Results of the SAS3 calculation for KRAFTON-N2 shield are presented in Table 2 and
Figure 3. as well as the experimental and MCNP results. The comparison of the calculated
neutron dose equivalent rates with experimental ones is given for both SAS3 and MCNP
codes, in the last two columns of Table 2. A good agreement between experimental and
calculated results of both codes is evident. The SAS3 results of the neutron dose equivalent
rate for KRAFTON-N2 and N2-M-N2 sandwich type shields are depicted in Fig. 4. The
results show the N2-M-N2 sandwich type to be approximately 10% inferior as neutron shield
to the KRAFTON-N2 shield. A lower density of Mannan, lower hydrogen atom density and
the absence of the prominent neutron absorber in Mannan, are the reason for that.

Table 2 Comparison of neutron dose equivalent rates between experiment, SAS3, and MCNP
calculation for the KRAFTON-N2 shield.
Thickness (cm)

Dose Equivalent Rate (IISvh-')
Experiment

78

0

524.6

SAS3
Calculation
509.83±5.00

5

290.9

299.85±5.34

MCNIP
Calculation
491.9+12.8
293.2±9.35

10

151.7

160.77+3.94

148.6±5.1

1.06

0.98

15
20

81.1
41.6

85.48±2.80
40.00±1.76

81.0±3.3
43 2+1.75

1.05
0.96

1.00
1.04

25

22.2

22.81±1.21

22.0±0.95

1.03

0.99

30
35

12.0

11.41±0.54

11.1±0.4

0.95

0.93

40

6.6
3.8

6.34±0.31
3.80±0.20

5.37±0.23
3.19±0.13

0.96
1.00

0.89
0.84

45

2.1

2.12±0.14

1.76±0.09

1.01

0.84

50

1.1

1.02±0.08

1.06±0.06

0.93

0.96

C/E
(SAS3)
0.97

C/E
(MCNP)
0.94

1.03

1.01
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Figure 3. Experimental, SAS3 and MCNP neutron dose equivalent rates for
KRAFTON-N2
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Figure 4. SAS3 neutron dose equivalent rates for KRAFTON-N2 and N2-M-N2 sandwich
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5. SASi calculations
One should expect SAS 1 calculated neutron dose equivalent rates for the described
experimental arrangement to be lower than the experimental one. Being a one-dimensional
discrete ordinate code, XSDRNPM-S takes into account only neutrons emitted initially
towards detector. In that direction, because of the irradiation cone, there is empty space. That
means that the paraffin collimator in one dimensional transport calculation does not play any
role at all. In reality, it is a "secondary source" of neutrons due to a scattering of the source
neutrons in it. All values of neutron dose equivalent rates obtained by SASi are roughly 25%
lower in comparison with the SAS3 results, which is presented in Figure 5. In order to test the
assumed reason for the lower SASI calculated dose rates; an additional SAS3 calculation
without paraffin collimator was made. The obtained results were close to the SASi ones,
which confirmed our assumption.

-SASI
-SAS3
100
0

-

00
0~~~~~~~~~~~~~~~~~

0

10

20

30

40

Thickness of Shielding Material (cm)

Figure 5. SASI1 and SAS3 calculated dose equivalent rates for KRAFTON-~N2

6. Conclusion
A series of simple geometry neutron transport (shielding) experimental results, as well as the
MCNP Monte Carlo calculations for the two recently developed neutron shield materials,
were used as a benchmark, in order to validate two control modules of the SCALE-4.4 code
package. The Monte Carlo calculations of neutron dose equivalent rates at the detector
location were carried out by SAS3 control module. The comparison of the calculated neutron
dose equivalent rates with experimental ones for both SAS3 and MCNP codes has shown a
good agreement between experimental and calculated results for the KiRAFTON-N2 material.
The results have shown that N2-M-N2 sandwich is approximately 10% inferior as neutron
shield to the KRAFTON-N2 shield. A lower density of Mannan, lower hydrogen atom
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density and the absence of the prominent neutron absorber in Mannan, are the reasons for
that. One-dimensional discrete ordinates calculation was performed using the SASI control
module. All values of neutron dose equivalent obtained by SASI were approximately 25%
lower in comparison with the SAS3 results. The reason for this discrepancy was proven to be
the inability to model neutron scattering in the collimator in the one dimensional transport
calculation.
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The Energy Released by Neutron Capture in Thermal Reactors
Andreja Pergic, Andrej Trkov
Reactor Physics Division, JoWef Stefan Institute, Slovenia

Abstract
Apart from the energy released in the fission process and from fission product decay, some
energy is released following neutron capture in different reactor materials. This energy depends
on the composition of the reactor and on the neutron balance. In the article we give the calculated
contribution from capture to the energy released per fission for some common thermal reactor
fuels. A typical PWR fuel (fresh and burnt) and TRIGA research reactor fuel (fresh and burnt)
were considered.

1. Introduction
The fission of nuclide i of Z protons and (A-Z) neutrons by a neutron of incident energy W, may
be presented as

ZXi

+ n-f-W

/v V+
X, + X, + in + y +±,n-

+W ±W,W
W + W, + W +±W

(1)

where subscripts L and H denote light and heavy stable fission products respectively. vi is the
number of prompt and delayed neutrons together, y represents photon, /3 means beta particles and
v represents antineutrinos. W. and Wa, are the kinetic energy of fission fragments. W1, Wr, W13
and W- are the kinetic energy of the neutrons, photons, beta particles and antineutrinos,
respectively. All the energies are referred to the laboratory system.
The kinetic energy of the fission fragments and of the neutrons is dissipated as heat. Prompt
gamma emission accompanies the fission and the other sources of gamma arise from the
radioactivity of the fission products. The energies associated with the gamma and beta emissions
are also dissipated as heat, whereas the antineutrino energy is lost from the reactor. The energy
released per fission of nuclide i is usually defined excluding the kinetic energy contribution of the
incident neutron and the energy carried away by antineutrinos:

WfSS J=W +W
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The energy contributions from fission process Wfji,, for some nuclides are displayed in Table I.
The old values by James [1,2] are compared to the more recent data from the ENDF/B-VI
evaluated nuclear data library [3].

Table 1: The recommended values for the energy released per fission.

Nuclide i

[MeV
U-233
Pa-233
U-234
U-235
U-236
U-237
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

_

l

191.0
189.8
191.8
193.7
194.5
196.4
198.1
196.4
197.4
199.9
199.5
202.0
201 6
_2022/

Am-242
Am-243

131

[MeVI

190.0±0.5
/
188.9 ± 1.0
-192.9 ± 0.5
191.4+0.9
/
193.9±0.8
193.6 ± 1.0
196.9 ± 0.8
/
196.9 1.0
200.3 ±0.8
200.0 _1.9

Am-241

The useful energy per fission Wj
1

Wfsi

Wftsi j11, 121

0

202.3

/
603_

must include the contribution from the kinetic energy of the

incident neutrons W,,i and the energy contribution from the decay of the capture products

Wf-.113 = Wf., +±0C,44W,

Q).,
(3)

The average kinetic energy of the incident neutron was calculated using the fission reaction rate
for weighting. In energy group form it was calculated as:
6') __
'U

W,~

69
69

?(4)

where Eg is the average neutron energy in group g.

84

International(.'onfeirence Nlclear En-1rgV in (.entrap E'urope '99

Reactor Physics

In a criticalreactor, one neutron is needed to continue the chain reactor. All the other neutrons
are captured in the core, reflector or shielding. Per every fission event in nuclide i there are ( v;-1)
capture events. Examples of thermal and resonance neutron captures are given for radioactive
capture (ny), (n, a) and (np) reactions. Several fast neutron reactions with particle emissions are
noted also.
Beside the energy released in the fission process directly and from fission product decay some
energy is released following neutron capture in reactor material. This energy depends on the
composition of the reactor material and on the neutron balance in the fission process. The average
energy released per capture due to the decay of the capture products is given by

N

Q

J='=
N(5

(5)

where n, is the number density of nuclicle j, actj is the average capture cross-section of nuclidej
and q1 is the energy released in capture reaction of nuclidej. The total capture contribution
to
the energy released per fission in nuclide i is therefore
QC,!

Qci =(v

-

I)Q

(6)

In [1] it was stated that for a wide range of thermal neutron reactors a single value of 6. 1 + 0. 3
MeV could be used for the mean energy released per neutron capture Q. The main objective of
our work was to verify this energy contribution to the total fission energy from the neutron
capture for some common thermal reactor fuels.
Two different cases of fuels were considered. The first one is the typical PWR fuel. The
second one is a standard TRIGA fuel with 12 wt % of 20 % enriched uranium [4] Calculations
were made for fresh and for partly burnt fuel, in both cases.

2. Calculation of the capture contribution to the energy released in fission
We used equation (5) to calculate average energy released per capture Q in reactor fuel and
hence the total capture contribution QC, to the energy, released per fission in nuclide i, given by
equation (6). The components appearing in the equations were obtained as follows:
*

the cross-sections needed for Q and v, calculations were obtained from an updated WIMS-D
cross section library based on ENDF1/B-VI nuclear data [3]. In the library the neutron
absorption microscopic cross sections ( JraJ ), fission microscopic cross sections ( af ) and
also product vruf were given in 69 energy groups approximation. The group neutron
spectrum (Dgwas a typical average PWR spectrum given in 69 energy groups approximation.
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The same spectrum was recommended to average the cross sections for thermal research
reactor applications [5].

*

we calculated average capture microycopic cross sctio for isotope j from absorption and
fission nuclear data from the following equation:
69

(7)

69

U, j

Y"Dx
g al

*

the average neutron yield per fission was given by
69

V1CT9C(
I
69()
g-l

*

to calculate the average energy released per capture Q), the detailed number density data were
needed. In our case the isotopic composition for both type of burnt fuel n1 was calculated
using a neutronics code WIMSD5B [6]. The calculated number densities are shown in Table
II.

*

the neutron capture reaction on+A X, ->A+1 X, +q, was considered in our calculations. The
capture energy qj of isotopej was calculated through the mass defect equation

(9)

qz [MeV]=93 1.5 MeV(mtu]-mj[u]-m,,[u] ).

where mn [u] = 1.0086654 represents mass of neutron expressed in mass unit. mj[ul and mi[u]
are masses of isotopes before and after neutron capture reaction expressed in mass unit. Data
for masses of isotopes needed for calculations were taken from the table of nuclides [7].

3. Results of calculations
The calculations of capture energy contributions of different reactor fuels are presented and
discussed through the comparison with the results of Jamnes [1,2]. The calculations were made
separately for TRIGA fuel and for PWR fuel.
The calculated capture energies of isotopes typical for burnt fuel composition and their average
capture cross sections were calculated first. They are collected in Table Ill.
Isotope number density composition of standard TRIGA fuel was calculated with the program
WIMSD5B in the case of fresh fuel and burnt fuel (Table 11). The fuel burn up 4529 MWd/tU
was proposed in number density calculation. Fresh fuel was irradiated at constant power 5 kW
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Table II: Isotope compositions for fresh and for partly burnt fuel. The calculations were made
with the program WIMSD5B using the new, updated WIMSD cross section library.

TRIGA fuel
Fresh

Isotope

_ _lcm-']

Burnt (b) {Burnt (c) Burnt (d)
11
W
[blcm1!b-1-b
1 cmLb [b-t cm l [brcm
0.045
0.045
0.045
0.045
_
.
3. lE-07
3.9E-06
4.0E-05
4.OE-05
6.2E-05
4.0E-05
4.OE-05
6.2E-05
3.6E-06
_
3.6E-05
6.OE-05
3.6E-05
3. IE-0_5
1.7E-06 _
_
iS-OS
2.OE-05
2.7E-05
3.OE-05
1.5E-05
1.5E-05
6.3E-07
_
5.4E-06
5.4E-06
1.2E-05
1.7E-06
1.6E-05
1.6E-05
2.2E-05
3.9E-06
4.OE-05
4.OE-05
6. IE-05
4.7E-06
4. IE-06
7.9E-07
L.OE-05
3.OE-06
1.7E-05
1.7E-05
2.7E-05
3.4E-06
3. IE-05
3. E-05
4.4E-05
2.3E-05
3.4E-05
2.3E-05
2.3E-06)

Mo-95

Tc-99

.

Fresh

7.2E-07

_______._

5.4E-07
6.2E-07

Sm-150
Sm-152
Eu-153
U-234
U-235
U-236
U-238
Np-237
Pu-239
Pu-240
Pu-241

PWR fuel

fBurnt

0-16
Kr-83

Rh-101
Rh-103
Pd-105
Pd-108
Xe-131
Cs-133
Cs-134
Cs-135
Nd-143
Nd-145
Pm-147
Sm-147

|

__

IOE-OS_
L

l.OE-05

1.7E-05

7.6E-06

7.6E-06
4.3E-04
I.OE-04
2.1E-02

7.6E-06
2.2E-04
1.3E-04
2. l E-02

3.3E-07

1.2E-07
3.7E-04

_

3.OE-04.
I-E-O5
1.4E-03
1.IE-0

1.5E-03
_

_

7.6E-06
9.9E-04
0.022

_5.5E-06

4.2E-07

Pui-242

__
-

=__

4.3E-04
1IOE-04
2.13E-02

_____

1.5E-04

1.5E-04

].6E-04

3.7E-05
3 OE-OS
7. IE-06

3.7E-05

5.3E-05
4.9E-05

2.3E-05
7. IF-06

-2.2E-05

(a)burn up 4529 MWd/tU
(b) burn

up 30000 MWd/tlJ
(')burn up 30000 MWd/tU
(d) burn up 50000 MWd/tU

±

5 years cooling time of the fuel
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Table III: The neutron capture energies for some typical isotopes found in burnt fuel. The values
for the average capture cross sections are also given.

A

qj

0-16
Mo-95
Tc-99
Rh-101
Rh-103
Pd-105
Pd-108
Xe-131
Cs-133
Cs-134
Cs-135
Nd-143
Nd-145
Sm-150
U-233

16
95
99
101
103
105
108
131
133
134
135
143
145
150
233

[MeV]
4.3
9.0
6.2
7.1
7.1
9.9
6.2
9.0
6.2
9.0
9.0
8.1
8.1
5.3
5.3

Pa-233

233

7.1

Isotope

J

isotope |

1

|

]MeVI

[barns]

U-234
U-2,35
U-2.36
U-237
U-2.38
237
Np.239
u-238
Pu-238-m
Pu-240
Pu-241
Pu-242
Am-241
Am-242
Am-243
1.74E+04
=

0.003
5
13
4
0.2
6
9
38
15
17
3
38
12
21
5.23E+03

A

l
[barns]
1.09E+04
3 98E+03
1.88EE+03
1.25E+04
1.89E+02
6.27E+03
2.65E+03
5.86E+03
8.48E+03
2.04E+04
3 OOE+03
6.80E+02
7.06E+03
1.48E±04
9.31 E+03

5.3
6.2
6.2
5.3
6.2
6.2
7.1
5.3
5.3
5.3
7.1
5.3
7.1
6.2
6.2

234
235
236
237
238
237
239
238
238
240
241
242
241
242
243
__

until the defined burn up was achieved. Only the calculated values of isotope concentration more
than 10-7 barn-'cm-' were taken into account. The mean energy released per capture was
calculated on the basis of'calculated isotope number density and the capture energies of isotopes.
The results of calculations are collected in Table IV. The difference between the calculated result
and the value recommended by James was less than 2 % for fresh and for burnt fuel.
The same calculation scheme was used in the case of PWR fuel calculations. The isotope
number density was determined for fresh, 30000 MWd/tU and 50000 M4Wd!tU burnt fuel. For
30000 MWd/tU burnt fuel, the case with the cooling time of five years was proposed also. The
results of calculated PWR fuel isotope compositions are tabulated in Table 11 Oniv the isotopes
with number densities greater than 10-6 barn-'cm- 1 were considered in the calculations.
Larger differences between calculated total capture energy and to reference value of James
were observed in the case of PWR fuel (Table IV). The differences increase with burn up of fuel
and it is not sensitive to the cooling time of burnt fuel. The relative deviate of calculation results
is less than 3%.
To calculate the values of effecctive capture energy for some important actinides in reactor fuel the
equation (6) was applied. The average yields of fission neutrons from equation (8) were
calculated first. The reference value of average capture energy 6.1 MeV was used to estimate the
total effective neutron capture energy contribution of selected isotope. The results of calculations
together with the references are presented in Table V. The agreement is satisfactory.
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Table IV: Calculated Q for fresh and for partly burnt fulel. Relative differences between
calculated and the reference value 6.1 MeV [1] are given-

Type of fuel
Burn up
____________I_[MWd/tIl
0

TRIGA

4'529

o
PWR
.___________

(a)

|

Calculated Q Relative dill.
MeV]
_
(%
6.21
1.8
6.18
1.3
1.6
6.20

30___

5.98

30000(b)

5.96

50000

5.92

-2.0

--

-2.3
-3.0

without cooling time of fuiel

(b)five years cooling time of fuel

The values of effective energy released per fission Wfiss.,, including capture product decay energy
Q,.i and average kinetic energy of the incident neutron Wn,, for some actinides are also presented
in Table V.

Table V: The values of effective energy released per fission Wfis,, including calculated capture
product decay energy Qc,1 and average kinetic energy of the incident neutron Wi,.

Nuclide i

A

v.

calculated

W,,,

lMeVI
9.1±0.4

MeVI
9.1

[MeVI

Wfi

U-233

233

=.__
2.50

Pa-233
U-234
U-235
U-236
U-237

233
234
235
236
237

2.65
2.59
2.44
2.54
2.53

/
10.3±0.8
8.8±0.4
10.4±0.6
/

10.1
9.7
8.8
9.4
9.4

0.02
3.1
1.8
0.01
1.7
0.7

U-238
Np-237

238
237
238
239

2.79
2.95
2.96
2.87

11.1±0.4
11.5±0.6
11.6±0.6

10.9
11.9
11.9
11.4

3.1
1.9
0.5
0.008

212.l
210.2
209.8
211.3

240

3.07

13.5±0.8

12.7

18

214.0

241

2.95

12.1±0.5

11.9

0.006

213.9

242

3.14

13.1±1.4

13.1

2.2

216.9

241
242
243

3.34
3.26
3.70

/
/
/

14.2
13.8
16.5

0.8
0.001
2.0

217.0
216.1
222

Piu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242
Am-243

=

[1,21
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203 0
203.3
202.5
205. 6
204.5
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4. Conclusions
The mean energy released per neutron capture for thermal reactor applications was recalculated
from the basic data. Results of calculations showed that the value 6.1 ± 0.3 MeV which is
recommended by James, may be used reliably. The differences between calculations and
reference are less than 0.2 MeV in the cases of PWR and TRIGA fresh fuel compositions. For
burnt fuel the discrepancy is larger but still less then 0.3 MeV. From the calculated capture
energy contribution, kinetic energy of the incident neutrons and the energy released per fission
read from the ENDF/B-VI evaluated nuclear data file, the total useful energy released per fission
was also calculated for some actinides.
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Analysis of TRIGA Reactor Thermal Power Calibration Method
Tomaz Zagar, Matjaz Ravnilk, and Andreja Pcrsi
Institute "Joielf Stefan", Jamova 39, Ljubljana, Slovenia

Abstract Analysis of thermal power calibration method of the nuclear instrumentation of the TRIGA reactor in
Ljubljana is described. Thermal power calibration was performed at different power levels and at different
conditions. Different heat loss processes from the reactor pool to the surrounding are considered. It is shown that
the use of proper calorimetric calibration procedure and the use of heat loss corrections improve the accuracy of
the measurement. To correct the position of the control rods, perturbation factors are introduced. It is shown that
the use of the perturbation factors enables power readings from nuclear instrumentation with accuracy better than
without corrections.

1. Introduction
The methods for determining fuel element burnup have recently become interesting because of
activities related to the shipment of highly enriched fuel elements back to the United States for final
disposal before 2009. The most common and practical method for determining fuel element bumup in
research reactors is reactor calculation [1]. Other methods, e.g. gamma scanning, are normally too
complicated for determining burnup of hundreds of fuel elements in a relatively short time. However,
experience has shown that bumup calculations become complicated and biased with uncertainties if a
long period of reactor operation (e.g. several decades) must be reproduced. Besides this, accuracy of
calculated bumup is always limited with accuracy of reactor power calibration. The bumup calculation
is based on calculated power density distribution, which is usually expressed in terms of power
released per fuel element Pj and normalised to the reactor power Q [2]:

Q

N

E

A.
NE

p = ER X |
j~~l

JET (E, E) x

(E, r)dEdV; Bl(t) = JfPdt,

(I)

j~~l ,V,

where N is number of fuel elements in the core and ER is normalisation factor, proportional to
fission energy.
It is obvious that reactor thermal power calibration is very important for precise fuel element
burnup calculation. Calculated fuel element bumup is linearly dependent on the thermal reactor power.
The reactor power level may be determined from measured absolute thermal flux distribution across
the core in the horizontal and vertical planes. Flux distributions are measured with activation of
cadmium covered and bare foils irradiated by the steady reactor power. But it should be realised that
this method is time consuming and not accurate [3]. This method is practical only for zero power
reactors and is in practice very seldom performed for other reactors (e.g. for TRIGA reactor in
Ljubljana absolute thermal flux distribution was not performed since reactor reconstruction in 1991).
In case of power reactors and research reactors in which a temperature rise across the core is produced
and measured then a heat balance method is the most common and accurate method of determining the
power output of the core.
The heat balance method or the calorimetric method is accurate, but impractical method for
monitoring the instantaneous reactor power level, particularly during transients. The power is usually
monitored by one or more nuclear detectors, which are calibrated by the calorimetric method.
Unfortunately, the response of a single nuclear detector is sensitive to the changes in the core
configuration, particularly to the control rod position. This is especially important in research reactors,
which do not have distributed absorbers for reactivity control and the normal mode of maintaining
criticality is by insertion of the control rods.
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The purpose of this paper is to analyse the accuracy of the calorimetric reactor power calibration
method and to analyse the influence of control rod position on nuclear detector reading for TRIGA
reactors. Reactor power in research reactors is usually calibrated with an accuracy of 10%. The results
presented herein show that the correction can be as large as 30%.

2. Calorimetric Power Calibration
The heat balance method (calorimetric method) for reactor power level determination proposed
by the reactor manufacturer (GA ) is performed according to the following procedure:
*
Pool water, concrete and air temperature should be equal.
*
Operate the reactor at constant power with primary cooling system switched off.
*
Record the temperature rise of the pool water.
*
Determine the temperature-rise rate (A7TAt).
*
Calculate the reactor power as a function of temperatare-rise rate.
According to procedure described above, reactor power Q depends only on temperature-rise
rate:
Q=KKAT
K(2)
At
where K is the experimentally determined heat capacity constant. This value is usually given by
GA. Heat capacity constant for the TRIGA in Ljubljana is 19.05 kWh/K. Examples of temperaturerise rate measurements during calorimetric power calibration are presented in Figure 1.
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2.1. Reactor Pool lleat Capacity Constant
Reactor pool heat capacity constant can be calculated as well. In the first approximation wve can
assume that the reactor pool temperature is constant throughout the pool and neglect all heat losses
from the pool. We can approximate the reactor pool as an insulated "poinit" system. We can treat
reactor pool as insulated when water temperature is equal to air and concrete temperatures. So the
reactor heat capacity K can be simply calculated from wet pool volume V,,,:
ItGA

9

stands for `General Atomnic".
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K= p=V. cV,
(3)
where p is the water density and c, is the water specific hear capacity. The comparison of
calculated and measured heat capacity constants for two similar TRIGA reactors is presented in Table
I. Note that all thermophysical properties of water in this calculation were evaluated for 20"C.
Table 1. Measured and calculated reactor heat capacity for Ljubljana and Vienna TRIGA reactor.

V,
Ljubljana
Vienna

[m3i
17.6
16.5

K calculated
[kWh/K]
20.4
19.1

K from GA
[kWh/K]
19.05
18.48

K measured
[kWh/K]
19.2

From Table I we can see, that point pool approximation result is very close to the value obtained
by GA methodology (error in order of some percent). It is obvious, that the heat capacity of the water
in the reactor tank is a dominant factor in the whole reactor heat capacity. This was also
experimentally verified for the Vienna TRIGA reactor [4], where the experimentally measured reactor
heat capacity was found almost unchanged after significant changes in reactor (new fuel elements and
removed rotary irradiation facility and graphite from thermal column).
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In reality the point pool model can be valid only if very good mixing is present in the pool. The
rate of pool water mixing can be estimated from Figure 2, where the average speed of water in coolant
channel against reactor power is presented. The flow parameters and average coolant speed in cooling
channel were calculated using a computer program TRISTAN [5]. The program is designed for
steady-state ther-mal-hydraulic analysis of TRIGA research reactors cooled by natural convection,
operating at low power level below 1 MW in open pool. Results show that rate of water speed increase
is decreasing with increasing reactor power, because of increasing friction inside the coolant channel.
The rate of pool water circulation through reactor core was calculated on basis of average water
speed in coolant channel and coolant channel cross section. In Figure 2 we presented the number of
whole pool volume circulation through the reactor core in time of one calorimetric calibration
procedure. The time for one calibration is taken to be equal to the time when bulk water temperature in
pool increases for 40 C. As can be seen from this picture the point pool approximation can be
acceptable only for very low calibration powers. With low calibration power (e.g. 20 kW) the water
circulation rate is great enough to promote good mixing in the pool. With higher reactor powers the
natural water circulation rate is not enough and external stirring is essential.
2.2. Hleat Loss
In many cases thermal power calibration can not be performed under ideal conditions. During
winter concrete and air temperatures are lower than water temperature and sometimes in summer they
are higher. In these cases we must consider thermal convection and conduction to estimate heat loss
from the reactor pool.
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2.2.1. Heat Convection to Air
When the air temperature Ta&r is higher than bulk pool temperature Twter then thermal conditions
above reactor pool are stable and there is no convection. In this case the heat transfer from air to water
occurs only by convection through air, which can be neglected. But in the opposite case the heat
transfer occurs from the pool to the open air by natural convection. The rate of heat convection from
pool surface to the air can be estimated according to Newton's law of cooling [61:
q =
. (Taj, -Trer )
(4)
The average convection heat transfer coefficient h, can be expressed in terms of Nusselt
number:
Nil

(5)

hL
kL

where k is thermal conductivity of air and L is characteristic length of pool surface, which is:
L_-.

(6)
D
A is surface area and D is surface diameter. The Nusselt number for horizontal surface is [6]:
Afti
0. l 5 Ra '3 for ( l 07 < RaL < 10).
(7)
Rayleigh number is product of Grashof number and Prandtl number and can be expressed as:

Ra

g

A-

T

-T

)L'

3

(8)

L

where g is gravitational acceleration, P is air volumetric thermal expansion coefficient, v is air
cinematic viscosity and a is air thermal diffusivity. With these equations and with thermophysical
properties of air evaluated for 20 0 C we obtain next results:
RaL =3.4. 1O8 AT and h =1.8AT' 3
.
(9)
3 ; AT =Tir - T
2

The total heat loss to air is then:
A.oss
q

Q7055

=13.6.

(10)

w/

(Tar -T7,,acr)

4 3

3(11)

2.2.2. Heat Transfer to Concrete
When concrete temperature Tl,, .... is different from bulk water temperature some heat transfer
occurs. The heat transfer can be estimated with heat conduction through concrete:
q

=

d

(-

Tc-oncre)

(12)

here k is concrete thermal conductivity, d is distance between pool wall and concrete
temperature measuring position and T: is pool wall temperature. And with heat convection from pool
wall to pool water:
q` = h (Tt,. -Ts )
(13)
where h is average natural convection heat transfer coefficient, which can be expressed in terms
of Nusselt number (5). Nusselt number for free convection on vertical surface in turbulent region is:
3
NU,1 =0.10RaC
.
(14)
For vertical plates the critical Rayleigh number is 109. In our case for water at 20WC the
Rayleigh number is:
Ra, = 16. l 9 AT H 3 -l-; ATz
=T
-T
(15)
where H is vertical position on the pool wall. It can be seen from result above, the natural
convection boundary layer is even for very small temperature differences soon in turbulent region and
equation (14) is justified.
From equations (12), (13) and (10) we get final result for heat loss:
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37.99AT
W AT=To
-T
3
3
(0143+0.007AT-'/ K" ) K
T concrete water
(16)
This equation can be for small temperatures difference reasonably well approximated with
QConcrCtc-

equation:

= 250. (TwK-T

(17)
The analysis presented in this section is very simple, but it gives good results in comparison to
Qzone

)

measured values. At our institute we have measured a temperature-fall rate due to heat losses for core
number 163, which was -0.13 0K/h. For the actual water, air and concrete temperatures the calculated
temperature-fall rate is -0.12'K/h (from equations ( II) and (17)).
2.2.3. Counter Flow
Natural convection from the reactor core in normal condition is forcing water flow to rise in the
pool centre and to fall at the pool walls. And when the pool wall temperature is lower than the water
temperature the natural convection at the pool walls is generating assisting flow, which is speeding up
the water circulation and promoting mixing. In this case the heat transfer to the concrete is the
dominant effect influencing measured lemperature-rise rate.
We can estimate the importance of flow generated by cold wall in comparison to the flow
generated by hot reactor core, if we compare Nusselt numbers for both processes. For free convection
generated by cold wall, the Nusselt number from equations (14) and (15) taking into account pool
height [[to be 6.11 m is:
Nu, =1540. AT"3
For forced convection on wall, when external flow generated by convection through the core is
considered, the Nusselt number is [6]:
Nu, =0.664. Re' 2 Pr" 3 ; Pr20.6; Rep <5x105 .
(18)
The Prandtl number for water at :20VC is Pr = 6.6. If we assume that water velocity profile inside
the pool is flat, which is a conservative assumption then we get for Reynolds number: ReH = 540H. Or
Rtel = 31300 taking into account the pool height H. Resulting Nusselt number is then:
A/U
2 = 72
The heat convection resulting from natural flow is almost two orders bigger than convection
resulting from water circulation through the core.
But when the pool wall temperature is higher than the water temperature the predominant effect
is not heat transfer, but effective pool water mixing reduction. In this case the natural convection is
generating flow opposite to the flow from reactor core. In this case the boundary layer is not mixing
with bulk pool water and the effective volume of water, which is circulating through the core is
smaller. In this case the analysis presented above is not correct and point pool model fails. To obtain
correct calibration results, the situation when pool wall temperature is higher than water temperature
should be avoided.
Fable 11. Measured reactor thermal power Q with corrections.
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3. Neutron Flux Redistribution Effects
Not only the inaccurate thermal power determination is influencing the nuclear detector
calibration, also the response of a nuclear detector is sensitive to the changes in core configuration,
particularly to the control rod position. This is especially important in research reactors, which do not
have distributed absorbers for reactivity control and the normal mode of maintaining criticality is by
the insertion of the control rods. For low power calibration the influence of rod position is even higher,
because control rods have to be inserted deeper for low powers.
The influence of control rod position on the detector response for TRIGA reactors has been
already investigated in detail and can be found in [7] and [8]. Here, the results are applied for the
correction of the power reading displayed by a nuclear detector due to the specific control rod
configuration.

Consider the core configuration no. 134 of the TRIGA Mark 11 reactor at "Joief Stefan" Institute
in Ljubljana, which is shown schematically in Figure 3.
Figure 3. Schematic diagram of the TRIGA
Mark 11 core number 134; the black circles

denote fuel element position. the white R, S,
and C in the black circles denote the control
rod with fueled-follower positions (regulating,
safety and shim, respectively); T indicates the
position of the transient control rod; NS
indicates neutron source; and ionisation
chamber neutron detectors are marked with L
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An ionisation chamber neutron detector measures essentially the flux of neutrons thermalized in
the vicinity of the detector. And this signal is not always proportional to the integral neutron flux in
the core and consequently to the core power. In Figure 4 the thermal flux distribution is, calculated for
unperturbed (all-rods-out) core configuration 134 (presented in Figure 3) and for regulating control
rod fully inserted. Calculations were performed in four groups in r, 0 geometry using the TRIGLAV
program [9]. The core loading pattern was considered explicitly. The fuel element and other unit cell
group constants were calculated with the WIMS-D/4 code [101. The purpose of the calculation was to
explain the relative flux distribution changes when control rods enter the core and to estimate the flux
depression factors.

Figure 4. Calculated neutron thermal flux distributions for core configuration number 134.
Distribution on left was calculatedfor all-rods-out condition and distribution on right for regulating
rodfully inserted (onlyflux distribution inside the core is presented).
Note that the thermal flux for the rodded core is much lower in the direction of the L detector
and correspondingly higher in the direction of the V detector compared to the unrodded core. The
calculated flux distributions are normalised to the reactor power. Therefore, the two flux distributions
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correspond to the same reactor power Q, but measured flux values Sm(x) at the detector locations are
different.
Therefore, measured signal is not always proportional to the integral neutron flux in the core
and consequently to the core power. However, it is usually assumed, that reactor power Q is
proportional to the measured signal Sm(x) from nuclear detector, positioned at the location x. A
correction on measured signal Sm(x) due to the flux redistribution is necessary to obtain signal S(Y)
proportional to the integral neutron flux in the core. The correct reactor power is than proportional to
the corrected signal S(r):
Q = K, .S(x),
(19)
where K, is the proportionality constant.
A correction for the perturbation due to the presence of a control rod Y on the actually measured
signal S,,(x) is [7]:
S(X) =

Hl(f

S,(X)
0

t

(X) - ) Xg,(l)

X)= F,(x)

(20)

F.~(x)

The parameter ffr) is called the flux depression factor for rod Y, it represents the required
correction factor for the neutron flux radial distribution. The function gy(l) is the interpolation function
for the correction factor between the fully withdrawn (g = 0) and the fully inserted (g = 1) control rod
positions and takes into account the actual axial control rod position dependence of the redistribution
effect. The control rod insertion is indicated with parameter 1.
The parameters Fy(x) and Fo(x) correspond to the thermal neutron flux for the fully inserted
control rod Y, and the unperturbed flux measured at the detector location x, respectively. They can be
obtained easily from the calculations. Also, a procedure to define the ratios f/(x) directly from the
measurements is described in detail in 17].
For the intermediate control rod positions the interpolation function gyfl) is defined. It is
assumed that interpolation function is proportional to the reactivity worth of the inserted part of rod Y
during the measurement:
g(O) P0
where- W,

21
(21 )

where Wy is the total rod Y integral worth. This approximation is supported by the
measurements [71J8]. The flux depression factor interpolation function g(l) is presented in Figure 5
together with normalised measured rod C values.
Table 111. Measured and calculated flux
depression factors for different control rods
and control rod positions.
Y
fy(L)
measured
fy{L)
calculated

JefyV)

p)

L_

l

W,

_measured g(_))

08

S

R
0.884

T
0.975

C
1.142

1.025

0.81

1.00

1.16

1.15

1.116

1.025

0.858

0.975

1.15
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Figure 5. Comparison between the flux
depression factor interpolation function g(I)
and the measured normalised rod C integral
worth values.
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Examples of calculated control rod correction factors for two different core configurations are
presented in Table IV. A perturbation correction due to the presence of a control rod Y on the actually
measured signal S,,(x) is:
SWx=_,n

(22)

(X). p (I,x)=1+(fy(x)-l).g(1),

where the perturbation factors py(y.) is expressed in terms of the flux depression factor (20) and
the flux depression factor interpolation function (21). Measured reactor power Q.(L) is calculated
from the measured signal Sm(L) and corrected reactor power Q('L) is calculated from corrected signal
S(L). Both powers were calculated using the same constant KL for detector at position L.
Table IV. Calculated corrected neutron detector signals.
Core
number
163
166

Inserted rods
Y(1)
R(580)
R(660)
C(430)
a Power values in kW.

fy(L)

g(,)
_

0.884
0.884
1.142

p(x)
p,

Q.,(L)a

Q(L)3

60
60

64.2
63.4

_

0.57
0.73
0.24

0.934
0.947

Calorimetric
reactor power
62.8
65.0

4. Conclusions
Calorimetric power calibration can be significantly wrong if it is performed under uncontrolled
conditions. To measure correct temperature-rise rates, the measurement should be performed at low
reactor powers, with concrete and air temperature equal to the bulk water temperature. Under
controlled conditions, corrections for heat loss are around 2%. But if calorimetric calibration is
performed with high reactor power or with water temperature lower than concrete temperature, the
error can be 30%. This calibration is usually performed for some arbitrary control rod configurations
and is strictly valid for that configuration only. By introducing the flux perturbation factors a
correction to the signal from the nuclear instrumentation is made, which practically eliminates the
sensitivity on the control rod configuration. The analysis presented above shows that the correction
can be up to 15% in the most unfavourable case, when the control rod closest to the detector is fully
inserted.
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DEVELOPMENT OF A NEW SAFEGUARDS METHOD FOR RESEARCH
REACTORS
Uwe Filges, Alexander Ellinger, JiUrgen Knorr,
Technische Universitat Dresden
Abstract

The InternationalAtomic Energy Agency (IAEA) and EURATOMpromote the development of
new methods for safeguards. One field of interest is the quantitative determination of the
nuclear material in the core of small and medium size research reactors. The Criticality
Tester (CT) - which was developed by the Dresden University - is considered as the first
successful step to a more universal device, the Core Inventory Verifier (CIVR). In the paper
thefundamentals of CT and CIVR are presented.
1. Introduction
The International Atomic Energy Agency (IAEA) and the EURATOM Safeguards
Directorate are interested in improving their safeguards effectiveness and efficiency by
possibly applying new verification methods for research reactors are proliferation relevant
requiring the inspectorates attention.
The developed Criticality Tester [ I] represents the state of art in safeguards for zero power
reactors. It is designed to check: the presence of at least one critical mass in the core
(qualitative statement). In this sense, the result can be considered quantitative, because the
excess reactivity is very small in these reactors, and the critical mass practically does not
change during operation (burn-up effects can be neglected). For bigger reactors, the CT yields
only a qualitative statement, but the ainl must be to produce a quantitative statement on the
core inventory. The new quantitative method together with the related equipment should fulfil
the following requirements:
=> automatic in situ decision-making
=> applicability without knowledge of reactor-specific parameters (black-box conception)
> applicability without significant intrusion of reactor operation
= use of a measuring system independent of the reactor instrumentation.
Indirect methods increasingly gain importance for verification of nuclear material. These
inspection methods are based on the information 'no occurrences in time of observation' from
which the conclusion can be drawn. that no nuclear material had been diverted.

2. The Criticality Tester
The effective neutron multiplication factor kef and the reactivity p are parameters used to
unambiguously describe the neutron physical state of a fission zone in terms of its criticality. The
following conditions are valid (table I.):
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Reactor state
Subcritical
Critical
Supercritical I

keg
< I

p

<0
=0
>

=

I

Table I Reactor states
The parameters ke, and p cannot be measured directly. Therefore, the measurement of the
neutron rate as a function of time depending on the change of the reactivity yields a statement on
the reactor state. In a study the Dresden TU was able to prove the measurement of the
supercritical reactor state is particularly appropriate for the CT [2]. The measurement of the
neutron flux can take place at adequate locations inside or outside the reactor core, while the
reactor operator runs the reactor supercritical. The neutron measurement is followed by an
automatic evaluation of the acquired data using a dedicated software (TREND95) especially
developed for the CT. An exponential rise of the neutron rate (equivalent to the reactor power)
proves supercriticality which includes criticality.
The CT equipment consists of a neutron detector, a multichannel analyser operating in
multiscaling mode and a small computer with sophisticated software for data evaluation and
reporting of results. The software TREND95 provides automatic decision making in situ and
does not need any facility-specific parameters. The basic idea is that the supercritical state
requires at least a little bit more of fuel than one critical mass. Proving a supercritical state in
a black-box facility by outside timc-dependent neutron flux measurement with a facilityindependent device the conclusion can be drawn what more than one critical mass must be
inside. But it is a pity nothing can be said in general how many kilograms of fissile material
amount to 'one critical mass' which depends of fuel composition and core design.
Nevertheless the criticality test method gives acceptable results for zero power reactors. The
excess reactivity of these reactors is very small and therefore criticality is lost by diversion of
small amounts of fissile core inventory. The CT is a low-weight portable device easy to
handle and transport. The applicability of the Criticality Tester was studied at 10 reactor
facilities of 6 different types [3]. The field testing campaign resulted in the IAEA implementing
the CT for routine inspection in 1997. In the first years, the practical work with the CT has shown
that the method is used successfully and is accepted by the inspectors.
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Fig. 1 Optimal CT nicasurernent file
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3. The Core Inventory Verifier
The CT can be also used for small and medium size reactors as well. But with growing
core inventory chances rise for diversion without loosing criticality. The inspection result
'one critical mass' does not meet no longer the requirements for accurate quantitative core
inventory determination of larger reactors. The next step has to be done. The further
development of CT is the Core Inventory Verifier (CIVR).
Each nuclear facility shows constructive peculiarities of the core design and fuel
composition (isotope composition, enrichment). These specials characterise the neutron flux
density of the facility. The neutron flux density (D is a function of space r, neutron energy E
and time t. The CT uses only the dependence of the neutron flux density on the time. The
CIVR method measures the neutron flux distribution, the neutron spectra and the kinetic
behaviour of the reactor. This information is collected by two or three (or even more)
Criticality Testers (m channels). They are used as basic units which are operated parallel in
one experiment (figure 2).

P1

-C=3

Black Box
P2

FUEL
*

_

*

Dctectur and
;rol m Ip fier

P3

Sgnadl
C:able
J

*

I

Automatic
Decision
E1 Finding

Mini Multi-Channel
Analyzcr

Fig. 2 Schematic design of Core Inventory Verifier

As for criticality test the reactor operator is asked to operate the reactor under inspection in
the supercritical state for a few minutes. 'The neutron detectors of the m Criticality Testers are
positioned at definite points around the core. In the supereritical experiment they record m
time series of pulses which are analysed and should result in the following statement:
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1. All m channels indicate supercritical state (TREND95 algorithm).
That means: In the facility (black box) a chain reaction has been started to prove the
existence of 'one critical mass' in the black box. The probability of the supercritical state
has been simulated by moving an isotope neutron source is drastically reduced using more
than one channel.
2. The ratios of the count rates of all m channels have specific time-independent values
which depend on the positions of the neutron detectors and characterise in this way the
neutron flux distribution of the given facility. They can be interpreted as the "fingerprint"
of the facility.
3. The ratios between energy-specific count rates (using different detector types or multicomponent samples) give a characteristic information about the core.
In the reference measurement (fingerprint) of the facility with known core inventory has to
be taken. In the later inspection this measurement is repeated and the results are compared
with the reference measurement. With no significant differences between the documented
state and the actual measurement the conclusion can be drawn that 'nothing has changed in
the core inventory'.
The medium size research reactors are the target group of CIVR. For this group an
advantageous CIVR variant is developed parallel by which the spatial distribution of the
neutron flux is measured with passive detectors (activation samples). Furthermore, if the
activation samples consist of materials which build up radioactive nuclides selectively with
thermal and fast neutrons, then statements about ncutron spectra can be made at selected
irradiation positions. In all research reactors different irradiation positions with characteristic
flux data are available around the core which can be used for verification according to the
C[VR principle. After a short irradiation at definite positions the samples are analysed outside the reactor by gamina-spectroscopy. Samples and gamma-spectrometer are safeguards
instrumentation. The method has no influence on the operational schedule of the reactor and
can be carried out with low intrusion.
4. Summary
The presently available Criticality Tester is an [AEA ' EURATOM routine inspection device
since 1997. It is also the basic module for the development of an indirect quantitative method
for core inventory verification. Several modules with a new highly sophisticated software are
combined to the Core Inventory Verifier. The Core Inventory Verifier represents a new
quality in the surveillance of nuclear material in small and medium size research reactors.
5. References
[1] J. Knorr, K. Sander, J. Schab, U. Filges, B. Richter, R. Arit, 'CRITICALITY TESTER
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Neutron Beam Utilization at the TRIGA Mark II Reactor Vienna
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ABSTRACT

- A review is given about the research activities around the 250 kW TRIGA reactor Vienna,
which are adequate to other neutron sources of comparable or bigger size. The topics selected for presentation
range from neutron radiography, materials irradiation, neutron small-angle scattering, neutron activation
analysis, neutron polarization to neutron interferomeiry. It is the aim of this presentation to stimulate programs
for more efficient use around TRIGA research reactors with neutron flux densities of 1013 cm-2 s- at the center of
the reactor core. We briefly describe the experimental facilities installed at the 250 kW TRIGA reactor of the
Austrian Universities in Vienna and present a great part of the current research activities performed with them.
We believe that most of the techniques and experiments presented here arc adequate for implementation to other
reactors of similar or even higher power. Those technologies which require extremely specialized know-how not
generally available at every research institute will not be treated here or are just mentioned without any further
details.

1. The TRIGA Mark II reactor
The TRIGA reactor Vienna has a maximum continuous power output of 250 kW (thermal).
Since the moderator, zirconium hydride, has the special property of moderating less
efficiently at high temperatures, the TRIGA reactor can also be operated in a pulse mode
(with a rapid power rise to 250 MW for roughly 40 milliseconds). The power rise is
accompanied by an increase in the maximum neutron flux density from lx10l cm' s (at
250 kW) to lxlOt( cm-2 sK (at 250 MW). In accordance with its purpose as a research reactor,
the TRIGA Mark II is equipped with a number of itradiation devices (Figure 1):
5 reflector irradiation tubes
1 central irradiation tube
1 pneumatic transfer system (transfer time 3 seconds)
1 fast pneumatic transfer system (transfer time 20 milliseconds)
4 neutron beam holes
1 thermal column
2 neutron radiography facilities
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2. Neutron and solid state research

2.1 Ultra small angle scattering

Small-angle scattering of X-rays and neutrons is a widely used diffraction method for
studying the structure of matter. This method ofelastic scattering is used in various branches
of science and technology, including condensed matter physics, molecular biology and

biophysics, polymer science, and metallurgy. Many snmall-angle scattering studies are of value
for pure science and practical applications. It is well known that the most general and
informative method for investigating the C(patial structure of matter is based on
wave-diffraction phenomena. In diffraction experiments a primary beam of radiation

influences a studied object, and the scattering pattern is analysed. In principle, this analysis
allows one to obtain information on the structure of a substance with spatial resolution
determined by the wavelength of the radiation.
The Double Crystal Diffractometer (Bonse-Hart camera ) 41 at the 250 kW TRIGA-MarkII reactor in Vienna is located at the bean-dine C (Fig. 1). It consists of two perfect silicon
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channel cut crystals which have been adapted to a recently developed tail suppression method
[2]. They are placed on a 1.2 meter long vibration isolated optical bench. The sample to be
investigated can be inserted in between the two crystals (Figure 2).

Split Channel Cut
Analyser

n
Optical Bench

Sample
lr Detector

Split Channel Cut
M onochromator

Figure 2. Schematic view of the Bonse-Hart camera.
Monolithic channel cut single crystals are used to reduce the wings of the Darwin curve. The
Si (331) plane of the crystal is used with an incident Bragg angle of 45° which corresponds to
the neutron wavelength of 1.76 A. The analyser crystal can be rotated in steps of 0.1513 Prad
to measure the diffraction pattern. The observed full width at half maximum (FWHM) of the
Braggs reflection is 3.3 prad and the Q-resolution is about l.lx10-5&A-.
For the treatment of Double Crystal Diffractometer (DCD) data a modified version of
Indirect Fourier Transformation method was developed to deconvolute and to transform the
Ultra Small Angle Scattering (USAS) patterns into real space. The modification is the
simultaneous fit of the rocking curve to correct the transmitted beam. Some simulations are
made to verify the limits of the method. Commercially available superconducting
multifilament wires manufactured by Vacuumschmelze HANAU [3] were treated at 700 'C
with varying aging times up to 144 h. The diffusion process of Sn into Nb filament is studied
with USAS of Neutrons (USANS) performed on various DCD. The results show a direct
relationship between the temperature treatment and the characteristic SAS parameters. The
selective absorption of hydrogen (Fig. 3) and deuterium [4] into the Nb-filaments is used to
change the contrast between the filaments and the matrix. The characteristic distance between
the filaments could be determined out of the first correlation peak in the scattering pattern.
The value fits well to the corresponding distance determined out of Scanning Electron
Microscope (SEM) pictures.
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Figure 3. Different scattering behaviour of hydrogen and deuterium.

2.2 Neutron polarimetry: cryogenic temperatures and pulsed magnetic fields
Since powerful neutron sources in the form of nuclear reactors became available, neutron
diffraction and transmission experiments on condensed matter have developed into standard
methods of solid state physics. This is a consequence of the neutron's remarkable properties:
for structure investigations, its de Broglie wavelength may be adapted to interatomic
distances, while at the same time its kinetic energy compares to the excitation energies of
atoms or molecules in solids. For magnetic investigations, the neutron seems to be even more
predestinated: although it carries no net charge as a particle, its magnetic moment is non-zero
(which is due to its quark constitution). This makes it a sensitive magnetic probe that is very
mobile in solids, even at low kinetic energies, since it is neither affected by the Coulomb
forces of lattices or nuclei, nor is absorbed in recombination processes.
The EXPON group Vienna (EXperiments with POlarized Neutrons) mainly utilizes the

latter properties and has focused on polarimetric transmission measurements, including
neutron depolarization measurements, aiming to investigate the magnetic domain structures
and dynamics of ferromagnets under various physical conditions, as well as on selected
quantum mechanical fundamental experiments to be carried out with neutrons.
The existing setup is sited at the tangential beam tube of the TRIGA Mark 11 reactor Vienna,
i.e. it is hosted by the Atominstitut der Osterreichischen Universitaten, and driven by the
Institut fur Kernphysik, TU Vienna. The latest installations allow the exploration of magnetic
ordering structures in condensed matter down to temperatures of about I K and the
observation of relaxation processes induced by transient strong magnetic fields up to a field
density of 11 T. Generally, polarimetry with neutrons requires intensities as high as available
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at a maximum degree of polarization. With respect to this, in 1996/97 the whole setup at the
reactor site (beam tube D, see Figure 1, top right) was modified and improved by the use of
high-efficiency components. The neutron beam exciting the collimator is now
monochromatized at two mosaic crystals made of pyrolitic graphite (also referred to as
"oriented" graphite, OG) with 0.520 and 0.660 mosaic spread. OG crystals yield high
integrated reflectivities and manifest low gamma contamination. According to the chosen
Bragg angles 2G = 28.50 and 2& = 34.70 respectively, and the distance of the hexagonal
lattice planes (2d = 6.704 A) of oriented graphite two beams of the wavelengths ?, = 1.65 A
and X.2 == 1.99 A result in this way. They are led out of the biological shielding via supermirror
polarizers. As such then can provide various experiments to be installed independently on the
optical benches of the subsequent experimental area. The supermirror polarizers, as well as
the technically identical analyzers, represent CoFe-TiZr-multilayer devices in a multiple
parallel construction. When set to work in 1997, the setup yielded an overall intensity gain of
41% at a degree of polarization of about 98 %.
Beam #1 permanently hosts the 3D depolarization unit: a neutron beam of
polarization (prepared to point into one of the three space directions) enters the
structure of a ferromagnet and is rotated around the field axis of each domain it
(Larmor precession), while at the same time being shortened due to the averaging
over the different trajectories covered by the beam cross-section (see Figure 4).
1

M

2\ \

2

|

3

distinct
domain
crosses
process

N

...

Figure 4. The nature of neutron depolarization
The direction of the exiting polarization as well as the extent of its reduction is measured by
three-dimensional polarization analysis. The desrcribed technique, together with certain
model assumptions, allows to give average values of the magnetic domain size or the
quadratic direction cosine of domain magnetization, at temperatures down to about 1 K.
At beam #2, presently, the pulsed field coil for magnetic relaxation measurements on
condensed matter is installed, which was set to work in spring 1998. The measuring technique
used herein bases on the principle of depolarization analysis and aims to detect field-induced
relaxational changes in the magnetic structure of solids. To be effective, this experiment
exploits the possibility of exceeding the TRIGA reactor's stationary power and thus the
neutron flux, by a factor of up to 1500 for an average interval of 40 ms (transient mode).
Since the field pulse produced by means of a capacitor battery lasts only about 3-4 ms
(depending on the pulse form), the synchronized reactor pulse is sufficiently long to detect
any magnetic reordering effect at least in one dimension during a single pulse (Figure 5).
Apart from this more application-oriented measurements, beam #2 is the place for quick
setups during practical courses, as well as for fundamental experiments concerning the
quantum mechanical properties of fermions as the neutron is (for instance Pancharatnam's
phase).
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Figure 5. How magnetic structure relaxation subsequent to a magnetic field pulse is made
visible by means of neutron depolarization

2.3

Neutron radiography (NR)

Two neutron radiography facilities are located at the Atominstitut 250 kW TRIGA Mark-HI
reactor. Station 1 has a large beam diameter of 40 cm suitable for industrial applications, and
station 2 (Figure 6) is used for examinations with high demands concerning the resolution.
The detectors consist of X-ray films and a Gd-converter [5] enclosed in a vacuum cassette.
The main characteristics of these two facilities are shown in Table 1.

FLUX DENSITY (cm 2s_)
L/D-RATIO
BEAM DIAMETER (cm)

STATION 1
3-105
50
40

STATION 2
1,3 105
125
9

3

20

Cd - RATIO

Table 1. Main characteristics of the two neutron radiography facilities at the Atominstitut
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Figure 6. Neutron radiography - station 2 at the Atominstitut
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NR-activities at the Atorninstitut cover both research oriented work including development
of NR-methodology and systematic assessment of NR-performance, as well as nondestructive testing (NDT) for various users [6]. Emphasis in neutron radiographic experiments
were the exploration of hydrogen diffusion in solids, the H 2 0-D2 0 diffusion, the study of
metallic alloys [7], the radiographic examination of irradiated in-core neutron detectors, the
detection of cracks and the burn-up determination of TRIGA fuel rods [8,9], the inspection of
metal-tritium-helium-systems [10], and the study of hydrogen content in metals [11]. During
the last years the focus of neutron radiography activities was on the study of humidity
transport in porous building material [12-15] (Figure 7).

Figure 7. Left: brick sample saturated with water; right: same brick sample after 40 days of
drying
For precise quantitative deterninations of moisture distributions in building materials
effects like multiple scattering of neutrons in the sample cannot be neglected [16]. Scattering
of neutrons in a sample can be described by a point spread function (PSF) [171, which can be
derived by Monte Carlo calculation. For all calculations concerning point spread functions for
determinations of moisture distributions in building materials at the Atominstitut [18], the
Monte Carlo Code MCNP 4A [19] was used.
Emphases in the present work on neutron radiography at the Atominstitut are on better
characterization and improvements of the design of the facilities with the aim of reducing the
scattered y- and n-radiation, progress in digital image reconstruction to improve the extraction
of information contained in images obtained by neutron radiography, and the development of
a new nitrogen cooled CCD-camera based detector system [20]. The advantages of this new
detector system compared to the film method are a larger dynamic range and a better
reproducibility and linearity, which are essential parameters for high standard neutron
radiography.
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Siemens Argonaut-Reactor Graz:
A method to determine the burn up of fuel elements
E. Pichl and W. Ninaus
Abteilung fir Strahlenphysik, Institut fur Theoretische Physik
Technische Universit-at Graz, Petersgasse 16, A-8010 Graz, Austria
Abstract
The burn up of 234 Ilon enriched (20 % U 235) uranium fuel plates of the Siemens Argonaut

Reactor Graz has been determined by means of a High Purity Germanium detetctr and ci
Nal(TI) scintillation detector from lhe activity of Cs 137. The efficiency of the HPGe detector
has been corrected using the Monle Carlo progran MCNP Version 4B. The ganuna dose rate
on the surface of dhe plates was also obtained by experiment.

1 Introduction
The Siemenls Argoniaut research Reactor (SAR) [Il ring-cylindrical core contains fuel elemncnts.
covered by water, and graphite blocks. These serve together with the water as moderator. The
inner container is filled up with a graphite cylinder, the outer container is surrounded by a
graphite \vall. Both graphite parts act as reflector. Around the reactor core the main pail of the
biological shield is forilmed by concrete blocks. Fig. 1 shows the sectional drawing of the SAR.
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Figure 1. Sectional drawing of the Siemens-Argonaut-Reactor Graz.
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From May 1965 to April 1985 the SAR-Graz was driven alternately by an annular core with
234 low enriched (20% U 235) fuel plates and an asymmetrical one-slab loading with 125 high
enriched (90% U 235) fuel plates (Fig. 2). Since 19 85 all low enriched fuel plates have been
located in a dry storage because on 50% of the plates the aluminium cladding was damaged by
conlosion. During the reactor operation from 1965-1985 the average reactor power was I -10 W
(1 W 10O8 neutrons/cm 2 s).

Figure 2. Reactor-core-configurations of the SAR-Graz.
In the coming, years the 234 low enriched uranium fuel plates are to be returned to the USA,
and therefore it is essential to determine the burn up and the surface-gainma-dose-r-ate of the
fuel plates which will be presented in this work. The long-lived fission product Cs 137 is used
for calculation of the burn up and contributes mainly for the dose rate of the fuel plates.

2 Configuration
The fuel matrix of each plate consists of uranium oxide and contains about 12 4g U3 0's with
20.8g U 235. The mean dimeLnsiols of the fuel matrix are 600x70x2 mm1l 3 and the total
dimensions of eaclh plate are extending to 650x75'x3 mm3 which is shown in Fig. 3. The
hatched area denotes the fuel matrix.
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Figure 3. Dimensions of a fuel plate.
The activities of Cs 137 of some fuiel plates have been measured by mieans of a 38/195-H1-ughPurity-Gerai-i~,iiumi- (I-IPGe) detector. The peak efficiency calibration was performed using a
reference di1sk source and a homogenous rectangular volumne source. The rectangular volumei
source (dimensions of the fuel plate) was filled with a dry silica-sand fiom the OFPZ-Airsenal
which was prepared with Cs 137, Co 57 and Co 60, the reference disk source was prepared by
the PTB-BaunVschweig, (5.8 cm diameter). The fuel plates and the reference sources were
centred 14.5 cm above the I-IPGe detector end-cap.
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As absolute measurements with the HPGe are very time consuming the measurements have
been carried out with a 2"x2"-Nal(TI) scintillation detector.
The relative count rates of all 234 plates were determined only in the central part of the plates
by means of the Nal(T1) scintillation detector. There is a linear correlation between the count
rates of the Nal(Tl)- and the HPGe- measurements, therefore the absolute Cs 137 activities for
all 234 plates can be derived. It has to be pointed out that the fission product Cs 137 is not
distributed homogeneously within the fiel plates. This fact is caused by the known Cosinle
shaped neutron flux density distribution [2], thus, the IIPGe-detector-efficiency is to be
corrected using a method described in the next paragraph.

3 Calculation of the HPGe-peak-efficiency with MCNP
Another approach to determine the efficiency is the calculation by means of Monte Carlo
methods. A Monte Carlo code is simulating the real physical process of energy deposition in
the detector crystal. The history of a photon emitted from an arbitrary source which is entering
the detector is followed up in the programme until it either escapes from the detector with or
without energy loss or until it comes to rest within the detector. In order to simulate the
experimental setup of real measurements the calculated energy loss is stored in a corresponding
energy channel. In this way a pulse height spectrum is built up from which the peak efficiency
can be deduced.
The peak efficiency of the HPGe detector was calculated for photons of Cs 137 (661.6 keV)
emitted by the homogenous disk source and the rectangular volume source using the Monte
Carlo code MCNP Version 413 [31. The results of the calculation were compared to
experilmental data. A cosine distributed standard source was not available for the experiment.
therefore the IIPGe-peak efficiency is calculated with MCNP. To obtain the shape of the
Cs 137 activity distribution some fuel plates were scanned along the x and y-axis by the Nal scintillation -detector by moving it along a narrow lead collimator slit and observing the
counting rate of Cs 137. Relative to the centre of the plate the activity distribution follows a
cosine law as to be expected (Fig. 4).
4.5 E+04

.~~~~~
15 2.5E+04

Figure 4. Cs 137 radiation intensity of a fuel plate obtained with a 2"x2" Nal(TIVdetector; collimator slit l cm x 7 cm.
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The shape of the cosine distributed volume source of the fuel plate is obtained from the
measurements with the Nal detector. An approximation of the measured cosine distribution
(Fig. 5) is used to calculate the peak efficiency of the HPGe detector with the Monte Carlo
program MCNP.
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Figure 5. Approximated xy-distribution of the Cs 137 activity in the fuel plate.

4 Results
4.1 Activity determination of Cs 137
Fig. 6. shows the gamma spectrum of a fuel plate within the energy range of 30-1200 keV.
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With the exception of the fission product Cs 137, the remaining gamma peaks belong
exclusively to the decay products of U235 and U238. No Cs 134, Eu 154 and Ru 106 have been
observed within a measuring time of about 1 hour.
The results of the MCNP calculation are in good agreement with the experimental results. In
general the absolute calculated i[IPGe-peak-efficiencies are only 8 % higher than the
experimental peak efficiencies. The ratios of the peak efficiencies of the rectangular volume
source and the disk source are in excellent agreement. Therefore we obtain an efficiency
correction factor firom the ratio rectangular volume source to cosine distributed volume source
fiom the calculation. The efficiency factor of the rectangular volume source is only 3.3 %
lower than the efficiency of the cosine distributed volume source. It is assumed that this
correction factor is also valid for the experimental efficiency. The activity of Cs 137 is then
corrected for all 234 fuel plates (reference date: April 1999).
A frequency histogram of the fuel plates (Fig. 7) shows that 94.3% are within the range of 2
(55. l-73.0 kBq).
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Figure 7. Frequeney histogram of the activity of Cs 137 of 232 fuel-plates.
Tlhc totals activity of 234 plates is (14.') _+1.6 ) NM1q. At two plates a Cs 137 activity is obtained
which

is .3 tinies higher than the other plates. These two plates are used several timres for other

expelriments.

4.2 T he burls up
In] this wot k we use the following burn up definitions [4]:
F[NMA (Fissions per Initial heavy Metal Atom)r

)-

-
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FIFA (Fissions per Initial Fissile Atom)

=

N(U235)

100

initially )

_N(U235

[%]

The mass (in grams) of fissioned U 235 and the burn up of U 235 (FlFA) of a fuel plate are
computed by means of the total Cs 137 -activity which was produced during reactor operation
from 1965 to 1985. It is our main assumption that there exists a linear correlation between the
Cs 137 production and irradiation time. This leads to a FIFA- value of 5.8. 10-6 % andl a F[MA
value of 1.16 10 6 % for all 234 fuel plates, in relation to 4.9 kg U 235 and 24.2 kg U 238 fuel
mass. The calculated values of the burn up (FIFA values) of 232 fuel plates arc plotted ill
Figure 8. The circles indicate the end plates which are located at the outer corner of a fuel
element. The errors of these calculations are estimated to be about 10 % which is due to the
unknown irradiation history and the unknown position of a plate within a fuel element.
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Figure 8. Burn-up distribution (FIFA values) of 232 fuel plates.

4.3 The surface gamma dose rates
The positions of the gamma counter FH140 during measurements on the surface of a fuel
element (position 1, 2, 3 and distance cl = tIm, position 4, 5) are presented in Figure 9.

118

Inlernational Conference Nuclear IFnergy in Centrul Europe '99

Research Reactors

z

F:igure 9. Measuring positions for the gamma dose rate of a fiel element.
The total Cs 137 activities of a fuel element the gammna dose rates of four fuel elements (1 7
plates per element) at the various positions obtained by with the gamma counter FI-140, and the
corresponding 29 uncertaintics are listed in Table 1. The gamma dose rates of the four fiuel
elements and the carmma activities are within 3cy.
The gamma dose rate of one fuel element is only two times greater than the gamma dose rate of
one single fuel plate.
Table 1. Total Cs 137 activities of a fuel element (17 plates) and values of the gamnma
dose rate of several positions In a fuel element.
Gamma dose
rate
vp~/h)
position I
position 2
position 3
position 4
position 5
Cs 137 activity
(MBq

)

Fuel element number
_
to
21.0 ± 0.4
24.0 ± 0.4
6.8 ± 1.4
0.46 ±0.14
0.58 0.18
1.06 0.11

3
22.0 00.4
25.5 ± 0.6
5.9 ± 1.2
0.53 ± 0.16
0.50± 0.16
0.95 + 0.09
|

_

__
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_

14
23.8 ± 0.4
26.8 ± 0.6
6.6 ± 1.4
0.55 0.16
0.59 0.18
1.04±0.10

6

22.1 ± 0.4
26.5 + 0.6
5.5 ± 1.2
0.52 ± 0.16
0.46 ± 0.14
1.19 ± 0.11
X_

|

Mean

22.2± 0.2
25.7 ± 0.2
6.2 ± 0.6
0.52 + 0.08
0.53 0.08
1.06 0.1(0
_
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5 Conclusions
With the Monte Carlo program MCNP the HPGe detector-peak-efficiency has been calculated
for a cosine distributed volume source for the homogenous disk source, the rectangular volume
source and an inhomogenous rectangular volume souLrce for Cs 137 (E = 661.6 keV) with the
Monle Carlo code MCNP Version 413 [31.
It is possible to obtain efficiency correction factors for special volumne sources by comparing it
with experimental efficiencies of standard sources.
The average activity of Cs 137 of a furel plate of the SAR Graz is 62.8 + 4.5 kBq.
The mean value of the gamma dose rates on the surface of a fluel element is 22.2 ± 0.2 p Sv/h.
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FAST NEUTRON FLUENCE MONITORING IN THE EXPOSURE CHANNEL F19 OF
THE TRIGA MARK 1I REACTOR IN LJUBLJANA
Edvard S. Kristof
Jozef Stefan Institute, Jamova 39, Ljubljana, Slovenia

Abstract
In the last few years many irradiations were performed in the vertical exposure channel F19.
In the meanwhile, remote parts of the core were altered several times; however no essential
changes were made to the core in the near surroundings of this channel.
Because the fast neutron fluence was monitored with slow neutron detection material, there
appeared a doubt that these modifications might have introduced appreciable errors in the results.
In this contribution experimental results showing that this fear was unfounded will be presented.

1. Introduction
In the vertical exposure channel the neutron fluence was monitored by the activation of small
wires of diluted gold utilizing the reaction 197Au(n,y)' 98 Au . Namely, the isotope 98Au has very
favourable decay properties. The cross section for this reaction is appreciable at low energies.
Consequently, there appeared a doubt that modifications made to the reactor configuration might
have introduced large errors in the results, especially when they depend strongly on the fast
neutron fluence. For this reason a comparison of the ratios of the saturation activity of some
threshold reactions against the saturation activity of the 19 7Au(n,y) reaction was made for several
configurations of the reactor core.

2. Explanation
For an evaluation of data the neutron flux spectrum must be known. For this reason ten
reactions were utilized [1], and some of them were later measured repeatedly.
Because it is impossible to irradiate all detectors at the same time at the same position, single
samples were fixed in the axis of the container 4cm from the bottom. Each irradiation was
monitored with a small wire of bare diluted gold. It was mounted on the axis 2cm from the
bottom. After irradiation of the activation materials, appropriate y-spectrometric measurements
were carried out. The data, which are necessary to evaluate these measurements, were taken from
the literature [2-5].
The saturation activity A, of the ith reaction is determined by
Em

A,=

f aj(E )(p E f)dE

()

0
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where ai(E) is the cross section for the reaction i, and pi(E) is the neutron flux spectrum
at which this irradiation is performed.
Let N, be the saturation activity of the monitoring reaction. Further let N. be the
monitoring saturation activity chosen for normalization, and (p(E) the corresponding
spectrum. By the legitimate assumption that in the intermediate and high energy region
(pi(E) is proportional to ,p(E), we replace the values Ai with Yi = As (N1 /N1 ). Now the
system of equations (1) reads

ye=

J

,(E)Cp(E)dE

(2).

0

So, if Ni, denotes the measured monitoring saturation activity of any irradiation, then in
the intermediate and high energy region the corresponding spectrum (pi,-is given as

(Pirr(E)= irr9p(E)

(3)

N,

3. Core configurations used
In the last three years, the reactor core was altered about 20 times. The majority of
these alterations were short-lived. Only a few configurations were of longer duration, and
these were used for our measurements.
Simplified cross-sections through the respective reactor cores are shown in Figs 1-6.
Let letter a denotes any of them. The shape of the neutron spectrum remains the same,
if

(

NA

)

(4)

aN I)1a2

holds within an acceptable error for all the configurations used. In this case the described
monitoring is correct.
4. Results and conclusion
The evaluated results are presented in Table l, Table 2, Table 3, and Table 4.
TABLE 1
The reaction 197 Au(nry) with diluted gold under Cd cover, i = 1
Configuration
and index j

A

N
97

122

p = M/N

[Bq/nucleus ' Aul

[Bq'fnucleus '"7Aul

158
j=1

0.2759 10-9
(1+0.005)

0.6234.10C
(1+0.012)

0.443
(1+0.017)

0.006

159
j=2

0.2249 10-9
(1+0.008)

0.5141.10-9
(1+0.006)

0.437
(1+0.014)

-0.006
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TABLE 2
The reaction 115In(n,n'), i - 2
N

A

Configuration
and indcx j

p = A/N

'501 p

1Bqlnucktus "''nl

1Bq/nuclcus ...Inj

151
i =3

0.2496.10-2
(1±0.006)

0.5203 10-9
(1+0.002)

0.480 10-3
(1±0.008)

-0.012

162
j=4

0.2979.10(±LO.005)

0.6057 10(1+0.001)

0.492. 10(1+0.006)

0.012

TABLE 3
The reaction

i

59Co(n,a),

=

3

p=AJN

N

A

Configuration
and indcx j

(Bq/nucleus "Col

jBqlnucleus "Col

150

0.1914*10-'-

0.4798 10-

0.399.10-6

j=5

(1±0.013)

(1+0.004)

(1+0.017)

167
j=6

0.2249*10-15
(1±0.014)

0.5575.10-9
(1+0.001)

0.403.104
(1+0.015)

TABLE 4
The reaction

2 7 Al(n,a),

-0.005
0.005

i= 4
A

N

p=A/N

Configuration
and index j

27

lllq/nuc eus 'All

jBqln/ucleus

0.6057.10-9

162

0.1065.10-'4

j=7

(1+0.005)

167
j =8

All

0.176.10-7
(1+0.006)

-0.003

(1+E0.001)

0.1049_10-'4

0.5928.10-9

0.177 10-7

0.003

(1+0.007)

(1+0.001)

(1+0.008)

In the Tables above, counting errors are given in parentheses. Instead of double
indexing over a and i the current indexj is introduced. In the 5th column of the Tables
there are together eight (M=8) values 8p/ p .
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The number

E=

M

E,

U

)!=°0)

could serve as a measure of the reliability of the monitoring used. It is much smaller as 1, and in
addition, the deviations 5p/ p are dependent not only on the core configuration, but also on errors
of other origin. So we can conclude that the stable near-surroundings of the irradiation channel
fi9 provided throughout a very good shield against alterations in remote parts of the core.

/<<:S~~~~~~~~~2

Figure 1. Simplified cross-section through the reactor core 150 at the half height of the fuel
elements. Letters OK, CK and PPdenote vertical irradiationchannels. Black circles are control
rods, hatched circles are graphiteelements and shadowed ones arefuel elements.
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Figure 2. Simplified cross-section through the reactor core 158 at the half height of the fuel
elements
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Figure 3. Simplified cross-section thrc ugh the reactor core 158 at the half height of the fuel

elements
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Figure 4. Simplai-ed cross-section through the reactor core 159 at the half height of thefuel
elements.
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Figure 6. Simplif/ied cr-oss.-section through the reactor core 167 at the half height of the fuel
elements.
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NEUTRON MEASUREMENTS AT THE TRIGA REACTOR LJUBLJANA FOR
CORE INVENTORY VERIFICATION
Uwc Filges, Alcxaiider Ellinger, Mirgen KnOIT,
Tcchn ische Univcrsitstt Dresden

Matjaz. Ravnik, Robert Jeraj, Tonia2 Zagar, Radojko Jaimioxid,
Jozcf Stefan Institute Ljubljana

Abstract
Safeguards inspections are periodically made in nuclearfacilities as a conisequence to the
Nonproliferation Treaty. The inspection methods are permanently beeing improved and
should not cause serious inteiference with the reactor operation. Therefore, Core Invent0o3y
Verifier (CI1VR) is being developed as an indirect quantitative nmethodfor verification of the
core inventoiy and detection of tle declared operation of research reactors. Thle CIVR
method measures the kinetic behavior of the reactoras well as the neulron flux and its energy
distribution at several points inside or outside the core. Measured data laken during
inspection is compared with the set of reference data determined previously. The inspection
result 'Nothing has changed' indicates that all declared nuclear material really exists in the
core. TRPGA reactors are one of the target groupsfor the CIVR method. The TRIGA reactor
LjublIjana was chosen as a referencefacility. First results of test series at the TRIGA reactor
Ljubljana will be presentedin this paper.

1. Introduction

A large number of research reactors and critical assemblies worldwide are subject to
nuclear materials safeguards. In the European Union the EURATOM Safeguards Directorate
implements safeguards together with the International Atomic Energy Agency (IAEA). The
conventional way of verifying the core inventory in such reactors is by disassembling the
reactor and applying visual inspection as well as radiometric measuring techniques, indeed a
method requiring a large effort [ 1].
So it is desirable to develop other verification methods (e.g. the CIVR method). This
method is based on the measurement of the neutron flux under supereritical (active detectors)
or the stable critical reactor conditions (passive detectors). The TRIGA reactors and other
small research reactors are one of the target groups of C1VR. Our aim is to develop a new
verification method for this group of research reactors by using passive or active detectors.
The CIVR method measures the kinetic behavior, neutron flux distribution and neutron
spectra and compares the data with a set of reference data taken previously (fingerprint). The
inspection result 'Nothing has changed' indicates that all declared nuclear material really
exists in the core. The , CIVR method is one of the inspection methods
under discussion for the FRM-11 in Munich (Germany).
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During the development it was necessary to test the method under real conditions. The
TRIGA reactor MARK 11 in Ljubljana/Slovenia has been chosen as a test bed, as TRIGA
reactors arc widespr-ead all over the world. In addition, TRIGA reactors close the gap between
zero power and high power research reactors. In preparation of measurements test
calculations were carried out using the Monte Carlo code MCNP. Tlhey included the selection
of optimal measurement points around the core.. The neutron flux distribution and the neutron
spectra were calculated at characteristic points. For the measurement system it was necessary
to construct a device whliclh could be used under water. The measurement program included
the test of different measurement equipment (passive and active detectors) and investigations
towards identifying which changes could be detected at the core.
A special developed multi-component activation sample was tested as passive detector at
the TRIGA reactor Ljubljana. After a short irradiation linme in definite positions the samples
were analysed outside the reactor by standard y-spcctromietr-ic measurements. The measured
spectra of reference and inspection measurements wvere compared using the analysis software
COID (Core Identification Program).
In a second part of measurement series, lle-3 detectors (active detectors) were used for
neutron measurement at TRIGA reactor Ljubljana. The measun-ed data were also analysed by
program COID.

2. Test of Multi-Components Samples at the TRIGA reactor Ljubljana
Information on neutron energy distributions are measurable by multi-components samples
(activation sample measurement) if suitable resonance and threshold detectors are applied.
The following table shows relevant parts of cross sections for (n, y) and (n, p) reactions [3].
no.
I

2
3
4
5

nuclei
Au-197
W-186
Mn-55
Mo-100
Ni-58

reaction
max. cross section
_n 7)
10000 barns
(n y)5000
barns
(n y)50
barns
(n y)20
barns
(n p)I
barns

neutron energy
4.9 eV
18.8 eV
337 eV
364 eV
2.8 MeV

Table 1. Resonance and threshold cross sections for activation sample
materials
Sets of small activation samples inserted into irradiation channels or other positions in the
core or its surroundings don't interfere with the reactor operation. Effectivities of samples are
adjustable according to neutron fluxes given at irradiation positions. Data evaluation is
realized off-line by y-spectroscopy. Because for the CIVR method only ratios between
neutron fluxes in different energy regions are important an absolute calibration of the
spectrometer is not necessary.
In the test series at TRIGA reactor Ljubljana a multi-component activation sample
consisting of an alloy made from Ni (80.93%), Mo (15.16%), W (2.76%), Mn (0.41%) and
Au (0.29%) [2] was irradiated.
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The first test series was carried out in end of March 1999 at TRIGA reactor Ljubljana. The
series includes measurements with passive detectors. Multi-components samples were used
with masses of 1.5 and 0.7 g and diameters of 14 and 7 mm. The thickness of the samples was
0.9 mm. Altogether 10 activation samples were irradiated with 10 and 100 kW reactor power
and irradiation times of 30 and 60 minutes. Two different detector positions were used in
addition to installed neutron channels. The position 1 was in radial distance about 20 cm from
the core centre in a height of 20 cm above the core. The position 2 was in radial distance
about 45 cm from the core centre and 10 cm above the core.
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Fig. 1 Spectrum of multi-component sample measured half an hour after irradiation

Figures 1 and 2 show the analysis of sample no. 8 (sec table 2) by y-spectroscopy. Sample
no. 8 was irradiated 60 minutes at 100 kW. Thc sample was analysed 2 times. The first
spectrum was measured half an hour after irradiation. In this spectrum the components Mn56, Mo-99, W-187 and Au-198 were analysed which are indicators for epithermal neutrons.
The analysis time was 1200 seconds. The second spectrum was measured 10 days after
irradiation. In this spectrum the component Ni-65 was analysed which is a indicator of fast
neutrons. The analysis time was 50 000 seconds. The second measurement is necessary
because the Ni-65 component couldn't be detected clearly in the first spectrum. On the basis
of the long half live-time of Ni-65 (against the other components) the sample can be
measured again after some days. All important peaks could be found in the spectra. The
statistics of the found peaks are excellent and all peaks are suitable for CIVR analysis.
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Fig. 2 Spectrum of multi-component sample measured 10 days after irradiation

Table 2 shows the measured gamma counting rate of the W-18,' (134.25 keV) peak. The
count differences between the irradiation positions I and 2 are striking. It is also possible to
measure gamma counting rate as a function of the reactor power. This fact can be derived
from a comparison of samples 3 and 4 on the one hand and samples 5 to iO on the other.

Sample
3
4
5
6
7
8

Position
1
2
1
2
1
2

9

1

10

2

Power in kW
50
50
100
100
1()0
1(0
1(0
1)00

Count ng rate
4.54E-2
1.1 - E-4
8.40Et2
2.08E±4
8.91 E-±2
2.1 I E+4
8.2-, +2
2.1 2E+4

Error in %
6.3
1.2
4.7
0.9
4.5
0.9
4.7

0.9

Table 2: Measured gamma counting rate of the W-187 peak
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These results are an indication for the possibility to measure the directional effects of the
neutron flux distribution with activation samples. Furthermore it was proved that the
connection between the reactor power and the activation of the samples could be detected.
In a second measurement series (in
May 1999) the first experiments were
repeated with improved measurement
equipment.
The
additional
experimental
channels
(two
aluminium tubes with a height of
5.30m) were improved concerning
exact same positioning of samples,
waterproofing and supporting. In
addition two additional irradiation
positions were used. The multicomponent samples were irradiated
additionally in the central channel of
_g
the core (position Al in figure 3) and
in the roundabout (loading position 40
in the near of position F16 of
figure 3). These positions are available
nom.ally at each TRIGA reactor.
6 64These
]
irradiation positions have the
advantage that the irradiation time
could be reduced from 1 hour to 1
Fig. 3 Core loading plan of TRIGA reactor Ljubljana minute.
-

A further improvement was the change of sample geometry. In the first measurement
series a sample wire was used which has disadvantages at the y-spectrometric measurement.
In the second series disk geometry was used with different masses (about 13 mg and 300 mg).
The small samples were irradiated in the reactor-own measurement positions and the the
larger samples were irradiated in the additional experimental channels (EKi and EK2). As a
next step the analysis results of second measurement series must be compared with the third
series which will be carried out in September 1999.

3. The use of active detectors at the TRIGA reactor Ljubijana
A

c.,

**-_

--

A_ B e

Fig. 4 Neutron counting channel

The CIVR method was also tested using
active detectors at the TRIGA reactor
Ljubljana. In the first series the kinetic
behaviour (Criticality Tester [l]) was
combined
with
flux
distribution
measurements.
Two
identical
neutron
counting channels are used at significantly
different detector positions. In figure 4 the
typical hardware of one neutron channel of
C1VR system is shown including neutron
detector (He-3), preamplifier, multi- channel
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analyser and a notebook computer. Figures 5 and 6 show the reference and inspection
measurement which were taken on the same day at TRIGA reactor Ljubljana.
.
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Some data and the calculated ratios are given in table 4. The interval was selected by
chance. The ratios of the neutron flux agree well between reference and inspection
measurements. The average values over 5 selected data differ only 3.54 %. When the average
values over all available 720 data is calculated then the data differ only 1.2%.

time
Is]
409
410
411
412
413

£.

reference measurement
EKI
FK2
E KL/EK2
[counts]
[counts]
_counts]
615
834
0.737
653
789
0.828
627
837
0.749
620
799
0.776
611
821
0.744

3126

4080

0.76(,

inspection measurement
EKI
EK2
EK IEK2
[COunts]

1028
1110
1137
1102
1117

1467
1456
1508
1516
1479

0.701
0.762
0.754
0.727
0.755

5494

7426

n740

Table 4 Comparison of reference and inspection measurements
The reference measurement was integrated in the database of COlD program and thus the
inspection measurement could be analysed under inspection conditions. All 4 timic series were
investigated with COID concerning the successful demonstration of supercriticality. In all
cases the analyses program confirmed the kinetic behaviour of neutron flux as supcrcritical
(statement 'Criticality Test successful'). The comparison of neutron flux ratios \was the
second part of the COlD analyses. The calculated ratios satisfy well the COLD decision
criteria (The difference between reference and inspection rueasurenients ina) be less 5',.).
B3oth statements together were decisive for the final result 'Core configuration0 idCenitiicd'
(corresponded to the statement 'Nothing has changed').

4. Conclusions
The measurement series at TRIGA reactor Ljubljana have shown that the CIVR method
can be used for the verification of the nuclear core inventory in research reactors. Activec (I Ic3) and passive (multi-comiponents sample) detectors were tested with the result that the Use ofthese detectors may be possible and convenient.
The carrying out of further measurement series is planned. In these series the availlble
data should be confirmed and besides possible diversion strategies should be invcstigatcd.
The collected data will he also used for the modification of analysis program COlD.
The practical use of this new verification method would require that a gencral procedure
for its use will be worked out. Particularly. the time sequence and duration of lactivation and
measurements during an inspection arc sentient parameters and, therefore, must be carefultly
maintained.

Intelrnational(7onferencse Miclkor I ergi' in Central !Cnrope '99

135

Kesearc/7 Reactors

5. References
[1] J. Knorr, U. Filges, B. Richter, R. ArIt, "THE USE OF CRITICALITY TESTER AND
TREND95 DATABASE", 190h ESARDA Symposium on Safeguards and Nuclear
Material Management, EUR 17665 EN (1997) 383 - 387.
[21 1. Stephan, "ENTWICKLUNG EINER MEHRKOMPONENTENSONDE
ZUR
BESTIMMlJNG SPEKTRALER REAKTORPARAIMETEW", Dissertation (A), 1988,
TU Dresden
3] W. Hansen, U. Filges, J. Knorr, "Neutron spectrometric methods for core inventor)
verification in research reactors" Jahrestagung Kerntechnik '99, Proceedings, ISSN
0720-9207 (1999), 603- 606

130

InternationalConference Aluclear Energy in ( entral l europe '99

t<~V
/ g i$5~

Nuclear Energy in Central Europe '99

S10200019

Portoroz, Slovenia, 6 to 9 September, 1999

Upgrading the Siemens ARGONAUT Reactor Graz with a digital
monitoring system
0. FrLOhlich and W. Ninaus
Abteilung ftr Strahleinphysik, Institut fir Theoretische Physik
Technisehe Universitait Graz, Petersgasse 16, A-8010 Graz

ABSTRACTI: This paper presents a rnodern design of a reactor inonitoring system (MS) which was
developed for a research reactor. This MS is using digital concepts, and it is more flexible thanan analog
N4S, it co-operates better with the user, and it is a very helpful tool tor a training-reactor in ain univiersity
environment. The heart of the system is a process computer, an(d it was possible to access all impotialit
signals and fulnctions of the original nuclear iLstnijirnientatioii by additional hardware. The monitorinet
soflware was written in 'C' for the platform '321Bit-DOS-pr-otect.-d--node' and shows on severa)l higihresolution screen pages all the collected signals and the working condition of teie reactor. Moreo\ cr. all
sigtnals which are recorded on the random access nemory can be saved to the hard disk of the comliputer
and may thereby be used- offline as vell.
I. Introduction
lThe control desks of research reactors, constructed from 1960( to 1980, were based on analog
circuit: techniqules, analog displays, and recording systems that go with it. Aliter the a\ a i

bi lit V

of the micr(oprocessors the up to now used systems wkere replaced by digital techlnipucs. 1hey
mnake new applications possible (e.g. automatic control of the neutron flux [11, or di iHal
recording of the signal conditiions olfa reactor).
It is the aimn of this work to present such a new design which is based on the fundamiental ieas
oft microprocessor systems. This work prcsents the application of such a systicm (;1i
tlie

Siemens Argonaut Reactor (SAR) [2] al the Technische [Jniversitat Graz.
During the layout phase of the new nmonitoring system the decision was made not oinli to
of
r-calise the controlling part by microprocessor but also to provide pictorial represeuta ti
the rezactor's operating conditions and of all control signals. The advantage of such a 5>Adteim

which can be based on a standard personal computer are expansive pictorial representations.
high computing power, and easy support of all program languages. The system can easil\ be
expanded arbitrary at little expense by purchasing a new generation computer or by replacingl
particular parts by more advanced units.
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We want to discuss here the hard- and the software of the new monitoring system (MS) [3].
The hardware's main task will be to provide easy access to all functions and signals of the
existing nuclear instrumentation without interfering with the existing circuitry and most
importantly without any intrusion into the safely system. In its end design the hardware of the
new MS does not at all interfere with the existing functionality and the control-functions of the
existing reactor desk. The new MS helps the reactor operator in being a source of additional
information in supporting himn in his decisions, and it is still possible to control the reactor
solely with the help of its basic analog instrumentation.
During the design phase of the sottware part of the MS - before the hardware had been built
in - the main parts have eithcr been simulated using PSPICE or have been studied Using test
Circuits.

The on screen graphics are in high resolution graphics mode (1024x768 pixels), programmed
in double-buffering technique, and contain two parts in the 'interlocking viewv': the first repor-ts
the operating conditions including the signal "control plates free" with its priority on the
interlocking, the position of the safety plates, and the moderator water level, and the part
which becomes important after the signal 'control plates free' and allows to check on
iioinitoringi, channels, the position ofthe control plates. various limits, and the safety rod drop
iacility. All the measured values are recorded in a cycle of one hour.
This paper is organised in the following way: chapter 2 discusses the circuit setup of the SAR.
chapter 3 presents the hardware design, chapter 4 expands about the software part of the MS
and. finally, in chapiter 5 conclusions are drawn.

2. .Sicniens-A\RG ONAUIT Reactor

The typical SAR ring core contains 24 fuel elements and can be used as a driver zone tor a
special test reactor cell placed in the centr-e oftthe reactor. Lach fuel element contains ten hliel
plates scre\ved together- with a graphite block (Fig. 1). The fiee volume betweven the fuel
clemlents in
1l lie ring core is 1l1llW

7-

with graphite segments (item 4 in Fig. 1).
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Figure 2. View of the basic SAIR instrumentation.

A view of the basic SAR instrumcntation is givne in Fig. 2. Thc first section constitutes the
various signal pickups ftrom the reactor core which serve the interlocking circuit. The second
section includes the neutron and gammia detectors and their nuclear electronic. This electronic
provides the linliting values foi- the interlocking circuit. Finally, numerous controls handled by
the reactor operator also control the interlocking circuit. Quite a number of dial illstullinciltn

and recorders display the current operating conditions of the reactor.

3. Hardwat e
The newly designed hardware of this monitoring system builds the interface betwecin the
central personal comptiter and the existing reactor tnstii.mentation (carried out in analom
technology).
Fig. 3 presents in a simple wiring diagram the various circuits. The heart of' the svsteni is a
standared Personal-Computer, which was expanded by two ISA-plug in cards. The tirst one is a

48 channel digital inipiLt/outpuit card and the second one is a 12-bit multifunction carl.
provide many digital as well as analog input and output channels.

'he.se

To determine the operating condition ol'the reactor 48 voltage levels of the interlocking circuit

are to be monitored. 'lhcse levels correspond to the pick up of relays, of' limits, or or the
operation of limit switches. Special opto isolators detect these voltages and produce I' 11compatible logic signals as functions of a pre selected limit as their output. The signal voltages
of all detector channels were isolated from the nuclear electronic with the help of isolator
amplifiers, and then, the isolated voltages were adapted to the input voltage range of the AD)t.
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system.

'I hie tmomentary position of a particular control plate was estimated by the use of' a ll-inear
potetllhonlctcr. It was connected to tile constant voltage V.~f. This rmethod of the posatilon
estilalionis Independent f-rom the method of the bAsi-,c instrumentation which uses an nd Cri
I wo add itonal Pt 11)0-senisor~s were included in the hardware. They i-easitre the temperat ute ol'
the Inoderalor, water inl the core and of the water in the drain tank.
Witlh the rod drop Ihcility it was possible to let optionally fall one of three control plates inMo
the reactor core to any height. This is accomplished by breaking the current throuth the
electi-olilaginetic clutch for a Certain time. This feature is very useful for the calibration ot' tihe
control plates. Furtlherituore, a DC-niotor control can be activated optionally. It controls the
dlirection and speed of the DC-inotors which are used to move the control plates. Finall\ . a
lie1itul voltilmeter connected to a rotary switch displays either the position of a control plate. or
the water temperature in the reactor core, or the water temperature in the drain tank.

4. Softivare and Results
I be nionitoring software (programn REACTOR) has the following attributes:
progralamming language

I401

Borland C++ V4.52 , Turbo Assembler V4.0
and Borland Power Pack for DOS
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destination platform
screen representation

DPM1 32 bit (DOS 32bit-protected mode)
high-resolution graphic mode (1024x768 - 256 colours)
"double buffering" (two video pages)

initialize of the graphic user interface
(GDI))

I

( (024x768 pixels)

_progi- am set ups

_

*

system check (e.g. relf.crencevoltiges)

*
*

dtefallt variable sertings
con figuration file loading

*
*

loading fonts
loading bitmaps

DOS timer intelIupt

illitial3c

tICI

i1en
ierr upl

serlvice rotitine

(I[8)

timcr ISR
handler - asii

ing progralml
(pooliniii kernel)

IllOnlil

|

data bftfka

sa'e relisicrs

/7
\timeic

Cest

I handlinii
(&abrtini

4-

update of the

DOI

nlt e

call

restore registels settings|

call norm'nal ISR 1

Figuire 4. Flowchart of the program REACTOR.
The program RLEACTOR. shown schernatically as a flow chart in Fig. 4. divides into two parts:
the time critical part which acquires measured data, and the less critical part of the ii-oiiltoint
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and the pictorial representation respectively. The digitalized measured data are available to the
monitoring program (program kernel) with a constant sampling frequency of 18.2 s- . A new
interrupt service routine ISR, "handler32.asm", was installed for the DOS timer interrupt. The
exchange of the data occurs between the ISR and the monitoring program code by a data
hutTer. The monitoring program displays all important signals and conditions of the original
rnuclear instrumentation on three screen pages. The operator can change optionally between the
iollowing three screen pages:
interlocking view - control screen I - control screen 2.
Interlocking view
Screen page 1 (Fig. 5), named "interlocking view" shows the primary conditions of the main
interlocking circuit (luring the start up procedure of the SAR.

M1. 17.12.u19hal97 15:=01?

Control x-r-en

K
Linealmr Kalna

___

_

:

_trlcre
1

_

~~~~~~~~~Peflode
(x2 ),
_

_

f

_

hplknl_

Screen page 2 (Fig. 6) Is used during normal reactor operation and shows 'n its mnain part the
current signals of the nuclear instrumentation, e.g. the rate of the BF 3 counter (Impulse
channel), the currents of the ionisation chambers (logarithmic channel, linear ch. I and linear
ch. 21). Furthermore, one can see the values of the reactor period, the gamma dose rates for
two positions in the reactor hall and the position of the three control plates, together with the
approprate conditions of the limit switches and the electromagnetic clutches. An additional

helpful feature is the rod drop facility. One can choose one of three control plates and thle new
"Efalling-down"
position. The header of the screen shows the current temperatures of the
142
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moderator water in the core and of the moderator water in the drain tank, the current time and
date. Finally the conditions of the limits of the main interlocking circuit are displayed in the
lower part of screen.
Abl.Beb:

Reaktor:

|

~~~Energle

A

(

s

J

i) [niW min]

Figure 6. Example of the "control screen 1-.
Control screen 2
The third screen page, named "contrcl screen 2-, can optionally be used as a recorder of one
s]ignal of the nuclear instrumentation or of the position of a control plate. The lleader and the
lower area of the screen looks very much like as the picture of "control screen 1--. All the
recorded signals can optionally be saved on a hard disk into a given data path. Such a data file
can for example he processed with the program '~Microcal Origin V5.O". and an example of
such processing is represented in Fig. 7.

5. Conclusion
The newly designed and successfully integrated digital monitoring system allows the operator
to follow the main signals and operation conditions of the reactor in an easy to read way. More
importantly, this system will be very helpful in training of students, because on the basis of the
recorded signals the processes in the reactor can be explained much better than it was possible
using the basic instrumentation (see also Fig. 7).
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Figure 7. Example fior at normalized representaltion of the signals saving from "control
screen 2 '
In sui-m~ary we svould lik~e to state that the new monitoring7 system allows in coinparison with
the basic reactor InstrumilintatiIon a higher level of nuclear safety and that it constitutes,
thcrefore, an insporta1lt itporadle of the SAR-Graz.

6. Acknowlvedgements
The authors thanik Prol:. Dr. Ifl. Mtililer, director of the Reaktorinstitut Graz, for stuimulating
thcse works, and~ Mr. G. kailr l~or technical assistance. They also appreciate finanicial supoport
by the Vcre'in zur- Firdem-ru

de

Sti-ahlicifoi-schung, Graz.

7. ILiterature

[1I

W. Nfflauis and GS. IKahr:

Nenwl/onen7 luflre~geltingJ ei1ers Fotswchuizogsreaktorv mnit Hilffe
eo

[2]

S'IiciCIeIS-SCIIcLeltXCI\\rlkcAG:

.ta Pliysica

Austriaca 52, (1980), 331

Dei-Siei-nen.v-Argonaut-ReaktolfliniRah17lendei Arlbeitei

LulReatoelll ( t'Alll llg*le Iien~ie)1 v7-Scliuclset-twerke.4 G.
Son~derdruck aiis deix SIENIE.NS-ZEITFSCIIRI[FT, [left[ 12, (1959)),'743

[3]

Figure

i\,kilittigc t~ines ciil'eiiei)7em PC Cbasiei endlen Monitfoi-ig-,yv.steii
Sie11lis
AgvnznReZltl-Gral, diploma thesis, TU Graz, 1998

O. F'r6ohlij: I

7.

Example

fbra

normalized

Ineernation

ftir. den

onference Nuiear Enerv in Central Eurole '99

^

Nuclear Energy in Central Europe '99

11111111
IDII111
11111
I11111111111
S10200020

Portorol, Slovenia, 6 to 9 September, 1999

SSR TRIGA 14 MW Thermal Hydraulic Analysis
By
Gheorghe Negut, Mirel Miadin,
Institute for Nuclear Research, Pitesti, Romania
Abstract
TRIGA research reactor requires periodic licensing by the Romania's Comitee for Nuclear Activities Control
(CNCAN). The documents needed involve reactor safety analysis. In due process we made thermalhydraulic
reactor core analysis.
There were required reactor natural convection and loss of flow accident documentation to prove that the facility
can cope and mitigate the adverse phenomena.
There were used validated computer codes for TRIGA reactors.
There were analyzed the natural convection tests made during start-up tests and the computed results compared
with that from Safety Analysis Report.
The Loss of Flow Accident (LOFA), determined by the primary coolant pumps with the similar analysis made
with other computer codes and compared with the LOFA test made during startup.
The results proved to be satisfactory and the reactor operation was approved.

1. Introduction
The ICN TRIGA facility has now 19 years of operating experience. Since the startup in
November 1989 the 14 MW Material Test Reactor was used extensively for various tests,
experiments and basic research. There were provided natural convection capsules to test
CANDU type fuel and structural materials as zircaloy, a 100kW loop, medical and industrial
use isotopes production facilities. Periodically the reactor has to be licensed to continue the
safe operation by the Romania's Comitee for Nuclear Activities Control (CNCAN). The
report has to document safe operation in special and abnormal situations. This paper describes
the thermalhydraulic analysis of the loss of flow accident and operation in the natural
convection state.
2. Loss of Flow Accident
The definition of a Loss of Flow Accident (LOFA) of the TRIGA14 MW Steady State
Reactor is the main cooling pumps shutdown by any means. To cope with this accident the
reactor is provided with an emergency pump which can remove the residual heat. This pump
cannot be stopped for two hours after the reactor shutdown and it is operated simultaneously
with the main cooling pumps. The operation history of this pump proved the low reliability of
the emergency pump.
For this reason CNCAN required analysis of the LOFA without emergency pump operation.
During start-up there were made some tests to simulate LOFA by main pumps shutdown with
and without emergency pump operation. Also there were made some computer simulation.
The 14 MW reactor core was simulated with RELAP4 computer code. The simulation show
that after the 22 seconds from LOFA initiation it appears a flow stagnation due to the flow
reversal caused by the natural convection initiation. The central fuel pin temperature that has a
downward slope began to increase due to the cooling - fuel residual heat mismatch. It reaches
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a maximum after the 40 seconds from the LOFA initiation. Thereafter due to fully developed
natural convection the fuel pins begin to cool down.
In the Figure 1. are compared the the startup LOFA tests results and computer code results
done in our institute, with that made by S.Y.Chen [1]. The RELAP4 computer code
simulation overvalues central temperatures due to a conservative model of the heat transfer in
the gap. The computer models show the same slope and they can be fitted with the
experimental results.
3. Reactor natural convection analysis
In order to determine the reactor thenrmal power on Feb. 14, 1980 two natural convection tests
were made. The results are presented in the following table:
Table 1 Feb. 14, 1980 Natural Convection Tests
TEST 1
TEST 2
2.4 MW
0.63 MW
Determined Power
19.43'C
Initial Equilibrated Pool
19.25 0 C
Temperature
Final Equilibrated Pool
22.450 C
27.39'0C
Temperature
_
Time of operation
1.93 Hours
1.25 Hours
We made the natural convection evaluation of these tests using the STAT computer code,
developed to analyse the heat transfer processes. For these computations we used the input
data that was used by General Atomics together with the measured data presented in the Table
1. The other input data are presented in the Table 2:
Table 2 TRIGA Data Input for STAT Code
13.72mm
Pin Outside Diameter
Bottom Reflector Height
50mm
_
559mm
Active Fuel Length
101.6mm
Top Reflector Height
7.7m
Pool Depth
Channel Flow Free Area
1.33X10-2Jn
13.4 1mm
Non heated Perimeter
Hot Pin Factor
2.5
We made the analysis natural convection sub channel for the hottest pin for the both cases and
the results are shown in the Table 3:
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Table 3 Natural Convection Data given by STAT code

Power
Inlet Temperature
Outlet Temperature
Maximum Clad
Temperature
Flow Rate
Maximum Thermal Flux
McAdams DNB
Bernath DNB

TEST 1
0.63 MW
22.45UC
53.5 0 C
118u8C

TEST 2
2.4 MW
27.39 0 C
90 0C
123.7 0 C

0.016Kg/sec
1.24X105W/m2
18.4
19.71

0.0032Kg/sec
4.8X1 0'W/m'
4.5
3.8

_

The analysis results are compared with the results of the TRIGA 14MW Safety Report[ 1].
In Figure 2. the water temperature rise along the natural convection channel and
hottest TRIGA pin clad temperature distribution for the two natural convection tests 0.62MW
and 2.4MW are presented.
In Figure 3 are compared DNB ratios for the cases studied with the DNB ratios
analysed in SAR [2], Figure 2.4-20. For the cases studied DNB ratios are fitted quite well
with the SAR curve. It appears that DNB Bernath correlation is a little higher for 2.4 MW
case.
In Figure 4 are compared maximum clad temperatures values obtained for the natural
convection cases with the results obtained by SAR report, Figure 2.4-22. It is plotted clad
temperature versus power density. In the 0.62MW case it can be observed that the clad
temperature is higher than that predicted by the safety report. The 2.4MW case shows a good
fit with the SAR.
SAR presents natural convection channel exit temperature in Figure 2.4-21. In Figure
5 the values obtained for the natural convection tests show higher values. The reason is that
we analysed the hottest pin situation.
SAR presents maximum heat flux versus power density in Figure 2.4.-20. We made
comparison of the cases studied and find slightly higher values, as can be seen in Figure 6.
The reason seems to be that we studied the hottest pin channel.
4. Conclusions
From the analysis results that the thermal hydraulic parameters are in reasonable
ranges compared with that of SAR.
The tests and computer simulation proved that the residual heat can be removed by natural
convection.
The results are to be included in the new reactor safety report to document the TRIGA reactor
safe operation.
References
[1] S.Y Chen at alt. Safety Analysis for Romania TRIGA Steady State Study Program
between INPR and RETR Program at ANL to investigate the Feasibility of Converting the
SSR from Use of HEU Fuel to LEU Fuel, Draft no 1, March 29, 1980.
[2] Safety Analysis Report of the TRIGA Steady State Research/Materials and Testing
Reactor E-1 17-323 Volume II, General Atomic Company, February 1974
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REANALYSIS OF SOME KEY TRANZIENTS WITH MAAP CODE FOR
KRSKO NPP AFTER SG REPLACEMENT AND POWER UPRATE

1. Basic, M. Novsak, J. Spiler
KrAko NPP Engineering Services Division

B. Krajnc, B. Glaser,

Krsko, Slovenia

Abstract
The Kr~ko NPP will, as a part of the modernization project, replace old steam generators, implement required
system modifications (mainly on the secondary side) as well as a number of safety improvements such as
installation of inadequate core cooling monitoring instrumentation, a set of the most important modifications to
improve plant fire resistant, implement the so called wet cavity modification, etc. SG replacement with some
system modifications as well as new generation of fuel, will allow the Krtko NPP to increase power for 6.3%.
As a part of the risk assessment study for the above described plant changes some of the plant specific
deterministic analyses performed within the Kriko NPP Individual Plant Examination for internal and external
events (IPE/IPFEEE) with MAAP code had to be repeated as suggested in [1].
All deterministic thernohydraulic analyses within NEK IPE/IPLEE project have been performed with MAAP
3B, Ver.18. Since then (end of 1994) this analysis tool has been further improved and is now available as MAAP
4.03.5. To be able to clearly distinguish the effi ct of the plant changes from the effects of the code changes, it
was decided that the same code version should be used. Required analyses have been performed and are
documented in [21.
Recently all the potentially affected analyses have been repeated with the new version of the code (MAAP
4.03.5) for both existing and future plant conditions. Analyses presented in the paper confirm the conclusions
given in 14] and [21.

1. Introduction
One out of four subprojects in the Krsko NPI` modernization program is the so called
Software Services project. It covers the performance of all required analyses including
licensing analyses, plant maneuverability analyses, systems and components evaluation and
evaluation of plant changes to NEK PSA model developed within the IPE effort. As a result
of these analyses the work report [1] has been prepared. In this report all potentially affected
deterministic analyses have been evaluated. It was suggested that certain analyses should be
repeated. The main reason for this suggestion was the fact that the effects of power increase
together with new steam generators characteristics cannot be easily evaluated as positive or
negative. The purpose of those analyses performed by NEK and documented in [21 was to
check if due to modernization project, plant different response would require changes in the
NEK PSA model (mainly in the area of success criteria) and plant specific severe accident
management guidelines (SAMG).
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As mentioned above all the deterministic thermohydraulic analyses within NEK IPE/IPEE
project have been performed by MAAP 3B, Ver 18. Since then the code was further developed
and improved and now exists as MAAP 4.03.5. To be able to clearly distinguish the effect of the
plant changes from the effects of the code changes, it was decided that the same code version
should be used. As the first step the MAAP Nodalization Notebook [31 developed within the
Individual Plant Examination (IPE) project has been reviewed. The required changes in the
MAAP nodalization have been determined and implemented due to the plant modernization
project. All required analyses have been completed and are documented in [2].
Since the plant specific input for MAAP 4.03.5 (without containment model) was available, it
became obvious that some analyses had to be also repeated using the latest version of the code to
confirm or correct the conclusions given in [2].

2. Analysis
Among all the analyses performed in the IPE project it was evaluated that only the following
ones have to be repeated to assess quantitative influence of the modernization project.
* medium and large break loss of coolant accident;
* bleed and feed analysis;
* hydrogen generation and behavior in the containment (Level 2 phenonienological
evaluation);
In this paper the results of the first two analyses will be presented.
2.1

New plant MAAP nodalization

The Krsko NPP has the Westinghouse D4 type steam generators with preheat section - bottom
feed). Due to different degradation processes the average tube plugging reached almost 18%. In
year 2000 they will be replaced with Siemens' design steam generators without a preheat section
(upper feed) and with significantly higher heat transfer area. The number of tubes in the SG wvill
increase from the existing 4578 at 0% plugging ( the average plugging of 18% number is
reduced to 3754) to 5428 at 0% plugging. The existing heat transfer area of 3679 m2 at 18%
plugging per steam generator will be increased to 7177 m2. Therefore the total primary free
volume will be increased from 171m 3 to 195.2m3 . The mass of the secondary side water and
steam mass at new nominal full power will be increased from almost 43400 to 46800 kg. Since
new steam generator tubes are made of different material (Inconell 690 TT versus Inconell 600),
the thermal conductivity of steam generator tubes is also slightly changed. At the same time the
primary flow will increase due to a lower pressure drop across new steam generators, but the
core bypass flow will be also slightly increased due to thimble plugs removal from the fuel. The
amount of Zircalloy available for oxidation and hydrogen production will slightly decrease
owing to fuel improvement (Zircalloy 4 cladding replaced with ZIRLO).
Due to the reasons listed above the revised MAAP 4.03.5 nodalization was developed except for
the containment. This portion of the new MAAP input deck has to be developed in the near
future.
2.2

Medium and large break loss of coolant accident (LOCA)

In [4] it was concluded that one train of low pressure injection system (LPIS) was enough to
prevent core damage in the case of medium and large break loss of coolant accident. The core
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damage as defined [3] and [4] would occur if the hottest core temperature would reach 1348
K or if the same temperature would be above 923 K for more than 30 minutes. It was
concluded in [4] that accumulators as well as the high head pressure injection system (HHIS)
would not be needed in case of the medium and large break loss of cooling accidents.
Among two limiting break sizes. 6` LOCA break was selected as the first. The size of the
break is considered as a limiting case between the large and the medium size LOCA. Using
the same status of engineering safeguards (no accumulators, one train of the low head safety
injection system and no high head safety injection) together with a new revised parameter file
reflecting the Krsko NPP status after SG replacement and power uprate the MAAP analysis
has been carried out. The core uncovers at 368.7 seconds into the transient and the maximum
core temperature exceeds 923 K at the time of 523.7 seconds from the beginning of the
transient. As it can be seen from Figure 1 and Table 1 below the system is depressurizing
longer and the core stays above 923K for a longer time. The reason for that is higher decay
power and higher primary volume. Alter the core is flooded the maximum core temperature
will drop below 923 K (at 932.2 s). This time (less than 7 minutes) is shorter than 30 minutes
as defined in success criteria. Based on that we can conclude that the maximum core
temperature does not exceed 1348 K in the time before RWST depletion and also does not
stay above 923 K for more than 30 minutes. In Table 1 the key sequence of events for the
analysis for both the existing conditions and the conditions after power uprate and SG
replacement are given. It can be concluded that 6" LOCA accident does not represent a case
where new plant conditions can impact given conclusions and inputs in [4] and that the
conclusions given in [2] ba-sed on analysis with MAAP 3B have been confirmed with the new
version of the MAAP code.
During 27.5' LOCA the maximum core temperature does not reach 923 K during the
injection phase - until the IWST depletion time. This was concluded in [2] and also
confirmed with the new version of the code. It has to be noted that this analysis has been
performed with the best estimate assumptions regarding the time delay for equipment to start
and deliver flow to the RCS.
Table 1: Comparison of the sequence of events for 6" LOCA with only one train of lowpressure infjection system available
TIME

TIME

(second)
Rx power
1876 MW
MAAP 4.03.5

(sE
(seconds)
(after uprate and

0.0
6.06
6.7
98.4
251.1
690.5
795.3

*

EVENT DESCRIPTION

SG replacement)
0MAAP 4.03.5

INITIATE 6" LOCA NO ACC NO HIISI
ONE TRAIN OF LUS1 AVAILABLE
REACTOR SCRAM
SMACTIVATED
MAIN REACTOR PUMPS TRIP*
CORE UNCOVERED
MAXIMUM CORE TEMPERATURE
CORE FLOODED - CORE HOTEST
TEMPERATURE BELOW 923k

0.0
6.1
6.8
112.6
368.7
783.2
932.2

RCP trip assumed owing to the lost of subcooling and time delay of 60 seconds
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Figure 1. Comparison between the primary pressure and the hottest core temperature for 6"
LOCA (the existing plant in comparison to the Krsko NPP after SG replacement and
power uprate) - both i-nalyses done with MAAP 4.03.5
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2.3

Bleed and feed analysis

Another potentially affected transient due to power uprate and SG replacement is feed and
bleed transient. This is a transient When the operators due to the loss of the secondary heat
sink are instructed by the emergency operating procedure to first initiate safety injection and
then open the pressurizer relief valve(s). The decay heat is removed from the primary system
through the pressurizer and through the relief tank opening to the containment atmosphere. In
[4] it was shown that even a very late activation of feed and bleed procedure would be
successful if only one pressurizer relief valve and one train of the high head injection system
were available. Again, it is the success if the core is not damaged. The core damage
definition is the same as above (temperature above 1348 K or above 923 K for more than 30
minutes).
This particular analysis was performed to answer the following question: Would it be
possible to recover from the situation in which the feed and bleed procedure is activated in the
reverse order and later into the transient? Thle assumption is that the operators would open the
pressurizer relief valve at the point when the steam generators are already dry and the core
temperature starts to increase. One train of the high head safety injection system would be
activated when the hottest core node temperature exceeds 900K. For the current conditions it
was shown in [4] that even if the operators were very late (SG are dry, core starts to uncover,
core heatup begins), the feed and bleed procedure with only one pressurizer relief valve, and
one train of the high head safety injection would be successful in restoring core cooling. In
this analysis the available high head safety injection pump automatic start is inhibited and
manually actuated when the hottest core temperature increases above 900K. From the Table 2
below we can see the comparison of the key events as were determined for old and new plant
configuration with MAAP 4.03.5.
Table 2: Comparison of key events for delayed feed and bleed analysis (only one pressurizer
relief valve available)

TIME
(second)
Rx power 1876 MW
MAAP 4.03.5

EVENT DESCRIPTION

TIME
(seconds)
(after uprate and
S/G replacement)
MAAP 4.03.5

0.0
2218.7
2905.9
2960.6
3057.8
4102.3
4482.0

REACTOR SCRAM, COMLETE LOSS
OF MAIN AND AUXILIARY
FEEDWATER SUPLLY TO BOTH SG
PRZ PORV OPEN FIRST TIME
PRZ PORV OPEN MANUALLY
STEAM GENERATORS DRY
PRT RUPTURED DISK FAILED
REACTOR COOLANT PUMP TRIP*
CORE HAS UNCOVERED

0.0
2123.5
2390.3
2425.3
2629.1
3909.1
4393.7

4899.1

HPI MANUALLY ACTUATED CORE
HOTEST TEMP. EXCEED 900K

4774.9

5623.5

CORE FLOODED -- CORE HOTEST
TEMPERATURE BELOW 900k

5809.1

RCP trip assumed owing to the lost of snbcooling and time delay of 60 seconds

InternationalConference Nuclear Energy in Central Eurooc '90

157

Thermal Hydraulics

ONE PRZ PORV fVfl. (DELfYED
F B L84
F . OLD. ns4 -

,.

.

4,

.. .

BLEFD&T LE D

..

x -

-x ma? 0,./

'C

j

[',

()

1

j

'

2

3

1"'

I

5

Tlime

J

7

0

'Sf (:i NL~
D

9

I5J

3

Figure 2. Comparison between the primary pressure and the hottest core temperature for the
analysis of late feed and bleeds procedure initiation
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As it can be seen from Figure 2 and Table 2 both steam generators become dry earlier into the
transient (compare 2960 seconds to 2425 seconds) and the pressurizer relief valve is opened
by the operator in almost dry conditions on the secondary side of both steam generators. An
obvious reason for that is larger decay heat but also the bigger stored energy in the primary
system. (masses of the primary coolant and the steam generator are higher). While the steam
generators are dry much faster than before ( appr. 8 minutes), the core uncovers just appr. 1.5
minutes earlier and heats up to 900K just appr. 1.2 minutes earlier than before. This is the
consequence of the larger primary volume of the reactor coolant after steam generator
replacement. In case the core is uncovered for a longer period and the hottest core node
temperature reaches a higher temperature (1203 K in comparison to 1105 K from before) the
temperature is above 923K not longer than appr. 2 minutes in comparison to 1.7 minutes
from before. The hottest core node temperature did not exceed 1345K. Based on that we can
confirm the conclusions from [4] and [2] i.e. even in the case when the operators are late in
initiating feed and bleed procedure (both steam generators are dry and the hottest core node
temperature exceeds 900K) the core damage will not occur.

3. Conclusions
Additional analyses with MAAP 4.03.5 of the influence of the plant changes to the transient
analysis performed in the scope of the Krsko NPP IPE/IPEEE have been performed. It can be
concluded that the results of these analyses do not change or invalidate the conclusions given
in [4] and [2] which have been derived based on the analysis with MAAP 3B code.
Nevertheless, there is still to be verified that this is true also for the containment response
analysis, particularly the amount of hydrogen and its behavior during the severe accident
conditions. Its behavior could be most challenging for the containment integrity.
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ABSTRACT
The present document deals with an evaluation of the natural circulation performance of the
Krsko nuclear power plant (NEK).
Two calculations have been performed using the NEK nodalization (both similar to the LOBI
A2-77 natural circulation experiment) - the first with the present steam generators at NEK
(Westinghouse, 18% plugged), the second with the future steam generators (Siemens, 0%plugged).
The results were evaluated using the natural circulation flow map derived from experiments
performed in integral test facilities, and were compared to evaluate the influence of the new steam
generators on the natural circulation performance.

1.

INTRODUCTION

Natural circulation represents a passive means of cooling for PWRs during transients
and accidents. Natural circulation occurs due to the hydrostatic head differential between the
heat source (the core) and heat sinks (steam generators), which creates a driving force
producing the flow rate in the loops and core. The knowledge of its behavior is important for
nuclear reactor design, operation and safety, especially for the reactor concepts that rely
largely on the heat removal capabilities of natural circulation.
An extensive experimental database concerning the natural circulation phenomena
exists and has been object of previous work, [1], [2], [3]. In that frame, the natural circulation
scenarios occurring at different values of the primary mass inventory were considered, [4].

The evaluation of natural circulation performances (NCP) in experimental scenarios with
reference to various reactor designs has been considered in [2]. In order to evaluate the NCP
of these facilities, comparison of the trend of core flow rate versus primary loop mass
inventory has been considered. Natural circulation flow map has been created for such a
comparison with primary system residual mass normalized, taking into account the volume of
each facility and the level of power utilized in the experiment.
The main objective of this paper is to evaluate the NCP of NEK before and after the
Modernization project by means of the natural circulation flow map developed in [2].
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2.

NEK NODALIZATION DESCRIPTION

The nodalization of NEK (before Modernization project) has been developed for
RELAP5/MOD2 program. NEK personnel was tightly involved in order to develop plant
nodalization suitable for the operational use, and to assure that the models have necessary
fidelity with all important plant physical parameters (geometry, thermalhydraulic parameters,
control and protection system set points, etc).
Development of the NEK nodalization consisted of "qualification process` and the
result is "qualified nodalization", [5], that can be used for PWR analysis with high degree of
confidence. The development of the NEK "qualified nodalization" followed following steps:
1. development of the verified data base related to the plant nodalization set-up;
2. set-up of the plant nodalization (input deck for the nominal steady state
conditions);
3. qualification of the nodalization.
Complex procedure for the qualification of the nodalization, described in [6], has been
adopted and has been divided in two separate processes:
a) steady state qualification;
b) on-transient qualification.
The nodalization was qualified at steady-state level against data available from
nominal stationary conditions (measured or referenced).
Qualification at transient level tested the nodalization in time-dependent conditions
reproducing the available experimental or real plant transients. This phase also included the
procedure to qualify the code predictions through the comparison with the actual transient
data. The demonstration of the quality of the nodalization at the transient level, before
application to the reference calculation, involved following steps:
a) comparison of the results with experimental data (plant measurements from
the surveillance procedures or operational transients);
b) "Kv scaled" calculation aiming at the comparison between the nodalization
performance and experimental data in another facility (proper scaling factors
must be adopted to fix initial and boundary conditions), [7].
Nodalization developed for NEK before Modernization project has been upgraded to
the status of the plant following Modernization project using all available data as of end of
July 1999. Same approach as described above has been used for this upgrade of the model.
Main parameters of the nodalizations are reported in Table 1.

3.

DERIVATION OF REFERENCE NATURAL CIRCULATION
FLOW MAP
3.1.

Reference facilities

The considered test facilities (Lobi, Spes, Bethsy, Semiscale, Pkl and Lstf) reproduce
the primary system of a PWR plant equipped with U-tubes steam generators. Relevant general
data related to the facilities hardware are summarized in Table 2, and a scheme of sonic
facilities (Lobi, Bethsy and Lstf) vs. NEK is presented in Figure 1. Short descriptions of the
facilities are provided hereafter.
Lobi-Mod2 facility, [8], was installed at the Ispra Research Centre and simulated a
four-loop 1300 MWe PWR (the reference reactor was the KWU plant of Biblis). The primary
circuit constituted of an "intact loop` (simulating 3 loops of the reference plant) and a "broken
loop" in which pipe ruptures of different sizes were mounted. The core was simulated with a
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heated bundle with 64 electrically heated rods, arranged in an 8x8 matrix. Volume and power
were scaled down by a factor of 712, while the elevations of all the components (with the
exception of the pressurizer) were preserved.
Spes, [9], was a simulator of the Italian Standard Nuclear power plant (PWR-PUN,
Westinghouse 312 type, 3 loops), with a volume and a power scaling ratio equal to 1:427 and
the elevations preserved. The power channel was heated with 97 rods for a maximum power
corresponding to about 140 % of the reactor nominal power.
Bethsy, [10], is located in Grenoble and simulates a 3-loop, 900 MWe, Framatome
PWR. It is a full pressure facility with an overall volume scaling factor equal to 1:100. Thc
core is simulated with 428 electrically heated rods with a power that is 10 % of the scaled
value.
Semiscale Mod-2A, [11], is the simulator of a 4-loop PWR, with a volume scaling
ratio equal to 1:1700. It is constituted from two circuits: the intact loop, representing three
loops of the reference plant and a broken loop, where different types of break can be
simulated. The core is simulated with a 5x5 matrix of electrically heated rods, with a scaled
nominal power of 3 MW.
Pkl-III, [12], represents a typical KWU-PWR of 1300 MW. It simulates, with a
volume scaling ratio 1:145, the 4 loops of the reference plant with a maximum pressure of 40
bar. The core is constituted by 314 electrically heated rods for a total power of 2.5 MW,
corresponding to 10% of the nominal power.
Lstf, [13], is a scaled model of a Westinghouse type PWR ( 4 -loop and 3423 MWth)
with a volume scaling ratio of 1/48. Thie four loops of the reference plant are represented by
two equal volume loops and the core power is 14 % of the scaled value.
3.2.

Reference experiments

Natural circulation experiments have been performed in all the considered facilities,
[2]. Considered experiments started with single phase natural circulation with primary loop
full of liquid (single phase) and arrived at two-phase conditions in the primary loop through
subsequent drainage of liquid.
The following phases can be distinguished:
1. single phase period with no void present in primary system apart from pressurizer;
2. stable two-phase natural circulation with an increase in loop flowrate;
3. unstable two-phase natural circulation-siphon condensation oscillatory period after
the occurrence of the maximum in the flowrate, recognizable with the inversion of
the sign in the pressure drop value across the steam generator;
4. stable reflux condensation with condensed liquid flowing back to the core through
the hot legs starting when the net loop flowrate achieves zero value.
Final "draining step" of primary system mass caused dryout in the core region. The
loop pressure remained high during the test at values corresponding to saturation at the initial
fluid temperatures in hot leg or cold leg. In this situation, the heat transfer from solid surfaces
to the fluid was largely affected by heat losses to environment, especially in smaller facilities.
The measured tests in the considered facilities were qualitatively similar: the core flow
rate showed a maximum in the two-phase regime and became equal to zero in the reflux
condensation zone.
3.3.

Natural circulation flow map

A typical natural circulation transient can be represented through the trend of core
mass flow rate versus primary loop inventory.
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In order to have a homogeneous representation of the data, the values of core flow rate
and residual mass have been normalized, adopting the test power level (MW) and the facility
volume (mi3 ), respectively. The resulting curves are reported in Figure 2. These data allowed
the achievement of upper and lower boundaries for natural circulation, assumed as reference
in evaluating the NCP in PWR systems.

4.

ANALYSIS OF RESULTS

Two calculations of a fictive natural circulation test were performed using the NEK
nodalization. The test was similar to the LOBI A2-77 experiment, with some initial conditions
(primary pressure 15,512 MPa instead of 14 MPa) and the drained flow rate versus time (5%
of nominal primary mass drained every 1000 s) being different. These assumptions made the
calculations more representative of the NEK conditions and enabled achievement of more
stable conditions after each primary mass drainage.
The first calculation simulated the plant with the current steam generators
(Westinghouse, 18% plugged), and the second simulated the plant with the future steam
generators and the power uprate (Siemens, 0% plugged, nominal power 1994 MWth instead
of 1876 MWth).
The evaluation of the NCP for the NEK has been made using the reference flow map
derived in [2]. Three parameters have been chosen to evaluate the NCP:
* performance in single-phase condition (high value of the initial flow rate)
* performance in two-phase condition (high value of the flow rate maximum)
* performance at low primary system inventory (low value of residual mass at which
flow rate becomes equal to zero)
Other significant aspects of the transient (the minimum mass at which dry out occurs,
occurrence of instabilities after the flow rate peak) have not been considered owing to the
uncertainties of the experiments, e.g. minimum mass at which dryout occurred, instabilities
after peak flow rate, etc.
The obtained results are shown in Figure 3 and Figure 4. The resulting natural
circulation curves for NEK were obtained using the normalization procedure described in
section 3.3 and an interpolation method for smoothing.
NCP is qualitatively similar to the trends measured in the facilities. From Figure 3 can
be seen that the instabilities during two-phase circulation start after 8000 s (primary mass at
time is 60%) before Modernization project and at 7000s (primary mass 65%) after
Modernization project.
The evaluation of the NCP of NEK using the three parameters mentioned above lead
to the following conclusions:
* satisfactory performance in single-phase condition, with the values being in the
middle of the flow map;
* good performance in two-phase condition, with a relatively high value of the flow
rate maximum (peak of 15.3 kg/MW s before Modernization and 15.7 kg/MW s
after Modernization);
* good performance at low primary system inventory (flow drops to zero with
residual mass over volume - RM/V, being approximately 280 kg/M3 before
Modernization and 370 kg/m 3 after Modernization).
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5.

CONCLUSION

An evaluation of natural circulation performance (NCP) for NEK has been made using
the derived natural circulation flow map.
Two natural circulation calculations have been performed using the nodalization of
NEK - the first with the steam generators at NEK before Modernization project
(Westinghouse, 18% plugged), the second with the steam generators (Siemens, 0% plugged)
following Modernization project.
The results of both calculations are quantitatively and qualitatively similar to the
measured experimental trends in the facilities. It can be concluded that this comparison
confirms "qualification" of NEK nodalization.
The NCP of NEK for both calculations can be judged as good, and as demonstrated,
replacement of the steam generators does not significantly change the NCP of NEK.
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PARAMETER

Modernization Project
Before
After

1. NUMBER OF NODES
- primary side
- secondary side
- total
2. NUMBER OF JUNCTIONS
- primary side
- secondary side
- total
3. NUMBER OF HEAT STRUCTURES

221
79
301

230
79
309

237
95
332

246
93
339

primary side

198

200

- secondary side
- total

69
271

95
299

1514
418

1662
396

-

4. OVERALL NUMBER OF MESH POINTS
5. NUMBER OF CONTROL VARIABLES
6. NUMBER OF TRIPS
- variable
- logical
- total

188
176
364

141
94
235

Table 1. Main parameters of NEK nodalizations

Quantity

Mod 2A

Reference reactor and
pover (MW'
Primary volume (m
Nominal power (MW)
Number of rods
Number of U-tubes
per steam generator

W-PWR
3411
0.195
2.0
25
2/6

Active heat transfer
surface (mi2 )

Internal diameter of
U-tubes (mm)

Actual Kv
Table 2.
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_

Mod 2

Pkl-III

Bethsy

Lstf

KWU-PWR W-PWR KWU-PWR FRA-PWR W-PWR
3900
2775
3900
3423
3423
0.648
0.624
2.400
2.880
8.3
5.28
6.49
2.86
10.0
64
97
340
428
1064
8/24
13/13/13 30/30/60
34/34/34
141/141

-

8.429

19.7

19.6

1/1957

1/1957

Spes

_

1/589

10.595

-

15.4

10.0

16_19

1/611

46.7

110.107

19.7

19.6

13_

1/159

1/132

1/48

Relevant hardware characteristics of the PWR simulators
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Analytical Verification of the Cool-Down Procedure in the
WWER-440/213 Reactor Vessel Head Under Natural Circulation
Jan Szczurek, Piotr Marks
Institute of Atomic Energy (YEA), Otwock-Swierk, Poland
Peter Miklovic
Nuclear Power Plant Research Institute plc (VUJE), Trnava, Slovakia

ABSTRACT - The paper shows some results obtained from the application of the RELAP5/MOD3 code to
the analysis of the procedure of cooling dowvn the WWER-440/213 reactor vessel head under natural
circulation. The calculations werc performed according to thc specification supplied by Mochovce NPP. Two
scenarios, with and without creation of a steam bubble in the reactor pressure vessel head are considered. The

transient starts when all of the 6 reactor coolant pumps are tripped. In the analyses loss of off-site power is not
assumed. The phenomena which are analyzed in more detail are: the cool-down trend of the water volume in

the reactor pressure vessel (RPVY) head, formation/condensation of a bubble in the RPV head. action to reduce
or condense a steam bubble in the RPV head including repressuring the primary system, opening RPV head

venting line and restarting main circulating pumps (MCPs).

1. Introduction
Within the WWER-440 reactor safety research activities, extensive experimental and
analytical investigations have been performed focusing on natural circulation as an important
mechanism for heat removal in nuclear reactor under both normal operation and accident or
emergency conditions. The authors, however, have not met in open publications problems
related to cool-down procedure of the WWER-440/213 reactor pressure vessel head under
natural circulation. The procedure has been simulated by analyses and, what is important, by
large-scale experiments in German PKL test facility [1 ], but the results for PWR geometry with
a defined head by-pass are not directly applicable to WWER-440.
This study was motivated by an interest of Mochovce Nuclear Power Plant (EN4O) in
justification of a suitable Emergency Operation Procedure (EOP) to cool-down the reactor
under natural circulation to cold zero power (2 MPa, 140'C) for the cases without and with
creation of a steam bubble in the reactor vessel head.
The presented analyses have been performed with the RELAP5/MOD3 code according to
the specification supplied by EMO [2]. Initiating event for natural circulation is operator
actions to trip the MCP as required by procedures. In the calculations loss-of off-side power
has not been assumed. The major part of the analyses was devoted to investigate the
effectiveness of the proposed measures to reduce a steam bubble in the RPV head including
repressuring the primary system, opening RPV head venting line and restarting main
circulating pumps.
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2. Input model, initial and boundary conditions
The calculations were performed by RELAP5/MOD3.0. The Mochovce NPP was taken as
the reference plant. The input deck used for performing of presented analysis originates from
an "international" input deck of Bohunice NPP prepared under IAEA TC Project RER/9/004
"Evaluation of Safety Aspects of WWER-440/213 NPP". Several modifications have been
introduced according to the specification of Mochovce NPP [2] and with respect to the new
transient types, that were analyzed.
The actual 6-loop primary circuit (PC) is modeled by three loops, one of which is the single
loop with the pressurizer (PRZ) and the other two lumped loops represent two and three loops.
The nodalization reflects specific features of WWER-440 lay-out with the loop seal at both hot
and cold leg. The upper plenum is represented as two parallel channels. Detailed description of
the vessel head structures includes elliptical head of vessel, control rod guide tubes (CRGT)
and the upper support plate of CRGT. A fine mesh pressurizer vessel model is addressed to
reproduce correctly the liquid level behaviour and heat exchange with surroundings.
The initial plant conditions are assumed to be at full power, steady state, nominal for the
beginning of the fuel cycle.
The transient begins when all of the 6 main circulating pumps (MCP) and control rod drive
cooling system (CRDCS) are tripped. All plant controllers are considered to be operable. After
3 s signal for scram and 10 s later for turbine trip is initiated. In the analysis, loss of off-site
power was not assumed at the moment of the turbine trip, particularly the pressurizer heaters
and the normal make-up pumps are available.
According to the scram signal and still relatively high MCP speed, the primary pressure and
pressurizer level at first drop rapidly. However, in the next time interval these parameters
together with the primary coolant temperature start to rise because of reduction in the heat flux
to steam generators (SGs) with the parallel decrease of MCP speed, and then, close to 300 s,
stabilise when steam is removed from the secondary side. At 14 s, the steam dump valves to the
second turbine condenser (BRU-K") opened and remained open till 300 s, controlling the
secondary pressure. All the MCP rotors stop finally at 190 s and natural circulation is then
established.
The feedwater delivery to the SGs is provided by two auxiliary feedwater pumps which start
in 30 s after the ASSS program initiation. Their operation is controlled by SG fine scale level.
Results of the transient calculation at 300 s was taken as the starting point TO for numerical
simulation of the cooling-down procedure. Then, the principal plant parameters are as follows:
Parameter

Specified value [21

Calculated value

Reactor thermal power, MW

37.0

36.90

Pressurizer (PRZ) pressure, MPa

121.4

12.34

Pressurizer temperature, 'C

326.8

326.82

RPV upper head temperature, 'C

995.5

298.88

Hot leg (HL) temperature, 'C

276.8

282.73

Temperature rise in core, 'C

20.0

21.37

Reactor vessel flow, kg/s

346

369

MSH pressure, Ml'a

4.43

4.74
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According to the EMO specification [2] there are following limiting conditions in cooldown procedures:
* primary circuit (PC) cool-down rate not faster than 15 K/h,

* 30 K < TpR7 - Tm_< 70 K,
* no actuation of U040 emergency signal: PPc

<

8.34 MPa when Tp > 245 'C,

* no actuation of U050 emergency signal: PRZ level < 3.26 m when prRZ < 10.79 MPa.

3. Analysis of the initial phase of the cooling-down procedure
As the initial part of the cool-down procedure, it is considered the transient up to the point

TI when the temperature difference between pressurizer and hot leg coolant temperature (AT
= Tp7 - TifL ) is equal to the maximum allowed value of 70 K.
The following assumptions define the reference case for the RELAP calculations:
* the operator is required to maintain the PC cool-down rate with trend 15 K/h using manual
opening of BRU-K2,
* Pressurizer heaters work in the automatic mode,
* Primary system compartments ventilation system (PSCV) is working,
The point TI is reached after 6900 s of lPC cool-down (7200 s of transient) with the average
rate of 15.2 K//h. The hot leg temperature decreased from 277 0 C at TO point to 254.7 0 C at T1
point (Fig. 1) while the primary pressure was stabilized around 12 MIPa by operation of 3rd
group of pressurizer heaters. The BRU-K2 discharge flow rate decreased slowly from 14 to 10
kg/s. The BRU-K2 valves opening position of 5 - 4.5 % of nominal area was used. The
secondary pressure was kept below the setpoint of BRU-KI valve for all the time analysed. At
2760 s, the SG level reached the setpoint to switch off the auxiliary feedwater supply which
then operated periodically keeping the level constant. Correspondingly, we observe that the
level increase stops and in about 10 min drops from 2.13 to 2.08 m, the latter value being
maintained. This affects the system pressure and temperature behaviour as well as primary
natural circulation, causing rapid flow decrease at about 2800 s with its following stabilization
for about 600 s. The pressurizer liquid level decreased smoothly due to diminishing of the
coolant specific volume and al the point TI it was equal to 3.77 m. The coolant in the RPV
head is cooled down with the average rate of 3.8 K/h (Fig.2).
The reference calculations constitutes the starting point for the subsequent sensitivity
analyses.
In the case with trend 5 K/h cool-down rate maximum allowed subcooling TpIZZ- TI1L=70 K
is reached about 10000 s later than in the reference case. The final values of the primary
pressures and temperatures are similar. Apart from manually operated BRU-K2 and BRU-KI
valve opened automatically at 580 s and remained open till 940 s of transient, intensifying the
cool-down rate even to 25 K/h. Due to this, it would be very difficult for the operator to
control the opening of BRU-K2 keeping the cool-down rate so slow. The case required the
operator to follow the heat generation and to adjust BRU-K2 position continuously.
The RPV head coolant temperature at the point Tl is much lower than in the reference case
(Fig.2) as it depends only on the process time while the cooling rate is similar for both.
The results of the calculations for the case without ventilation system show that the coolant
temperature in RPV head was kept practically constant up to the point TI (Fig.2).
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The important conclusion obtained from the above analysis is that the cool-down rate in the
RPV head is mainly determined by the reactor compartments venting system. The contribution
of convective in-vessel heat transfer is of the order of 10%. The venting system was modelled
by a given heal: transfer coefficient of 12.5 W,/m 2/K as agreed in [4].

4. Scenario without creation of a steam bubble under RPV head
According to the EMO specification [2], as the first step of the procedure, the primary
pressure should be reduced until the coolant in the RPV head reaches saturation conditions.
Reduction of the primary pressure was performed by means of the auxiliary spray system
injecting water from the auxiliary makeup pump at the minimum controlled value of 2.77 kg/s.
Several calculations starting from the point TI, using the sprays and BRU-K2 valve at 15 K/h
cool-down rate with various assumptions on system availability, were performed. With the
applied spray flow and cool down rate, however, the primary pressure decreases too fast and
the emergency signal (p<8.34 MPa and T>2450 C) will be actuated. For this reason, pressurizer
heating and a cool-down rate of 20 K/h is used to reduce the rate of primary pressure decrease
and, at the same time to force primary temperature down. The fast and wide pressure decrease
forces into violation of the maximum acceptable cool-down rate 15 K/h. Another possible
solution is to stop the depressurization by switching off the spray system before the pressure
limit of 8.34 NMPa is achieved and to start it after cooling down the primary system below the
temperature limitation of 2450 C (see section 5).
Saturation parameters under the reactor head are reached at the point T2 after 46.5 min of
depressurization at the pressure of 7.16 MZPa, the hot leg temperature of 239.450 C ( Fig.3).
Further steps starting from point T2, which have been investigated, are:
* staying at the point T2 with BRU-K2 off, heaters off and spray system off,
* cool-down by BRU-K2 valve with spray off and heaters on,
* cool-down by BRU-K2 with spray off and heaters off.
Cases with spray system ON were not considered in order not to create a vapour bubble
under the reactor head, as the starting steam fraction was already 1%.
The first of the above mentioned cases leads to temperature and pressure increase due to
diminishing temperature difference between the primary and secondary sides. Then, the
primary pressure reaches maximum after 23 min and starts to decrease, however, the
temperature limitation of 2450 C is achieved soon (26 min).
In the next case, relatively rapid pressure increase is observed and, although after 17 min the
desirable AT of 70TC is achieved , the pressure increases to 9.25 MPa until then. The case
shows that steam if once created (at T2 ) is resistant to fast re-increase in pressure
During the last transient analysed, the void fraction under the reactor head beginning from
30 min after the point T2 starts to rise significantly, reaching 30% after 2 h at the pressure of
6.2 MPa. Therefore the cool-down was stopped after 30 min and stay at that point. The
temperature limit was reached again in 60 min but, unlike the previous case, the primary
pressure decreased continuously.
Concerning the steps without any actions (i.e. waiting steps), primary pressure decreases,
immediately or only after some time, depending on the difference between pressurizer and hot
leg temperatures due to pressurizer in-surge of colder water or/and to pressurizer insulation
losses. Heat losses through the pressurizer insulation were estimated to about 1 MW that is
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much less then the residual heat generation. Therefore, the effect of pressure decrease can be
considered as a result of pressurizer in-surge. There is also some contribution of primary-tosecondary heat transfer.
Concluding the above calculation results, it can be stated that the operator would run into
problems related to the actuation of the emergency signal and formation of a bubble after
reaching T2 point. These seem mainly to be due to the fast pressure decrease from the point
TI to the head volume saturation conditions in one big and uninterrupted step. An appropriate
procedure should be one which reduce the primary pressure not much faster than the saturation
pressure of the head volume decreases under observance of the 70 K criterion [5].

4.1 Non-specified cool-down approach
Apart from the analyzed above scenario which was specified in [2], another non-specified
step-by-step cool-down procedure was investigated (see Fig.4).
The spray system depressurized the primary circuit and then the heaters repressurized it with
parallel BRU-K2 cool-down. The p < 8.34 MPa and T > 245 0 C limitation was avoided in
fourth but rather fifth step. It is worth to note that the pressurizer level increased due to
spraying so there was no danger to block the heaters by the low level signal.
As the efficient average cool-down rate is only about 4 K/h (20 min depressurization with
50 C heatup and 40 min cool-down with 15'C/h rate for one step), the total duration of the
process can be estimated to approximately 24 h. Based on Dukovany experiments [3],
expected head volume cool-down rate is about 5K/h, so calculated value 4 K/h seems to be
acceptable, provided evaporation of the head water volume is to be avoided.
The above described non-specified procedure requires permanent attention and careful
operation. However, in such an exceptional situation as cool-down in natural circulation a
frequency of actions of once or twice an hour can reasonably be expected from the operator.

5. Scenario with maximum bubble creation under RPV head
As shown in Fig.5, the scenario was started with primary depressurization (1) by the
auxiliary spray system, like in the case considered at the beginning of the section 4. In
comparison with the previous item, closing the BRU-K2 steam dump valve at this stage
resulted in slight heatup of the system instead of expected cool-down. Rapid course of
depressurization was related to pressurizer heaters that were switched off.
In order to avoid the pressure limitation, after 10 min the sprays were switched off and
BRU-K2 opened (2). The pressurizer level decreased to the U050 emergency signal of 3.26 m
within about 55 min. As the hot leg temperature was already below the limit, it was then
decided to continue pressurizer spraying (3).
The saturation conditions under the RPV head (the point T2) were reached in 6 min. The
pressurizer pressure at the point was 7.09 NMPa and hot leg temperature was 236.86'C. The
depressurization was continued to create maximum steam bubble but when the process reached
AT = 30WC it had to be switched to cool-down (4) again and continued only then after 1 hour
(5). The starting point for further calculations is the one at 5.12 MPa pressure and 228.4 0 C hot
leg temperature, whgn 100% steam under RPV head is reached. It happened by the end of step
(5) at 898 Is of the'Tansent.
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It should be mentioned that steps (1) to (5) to create 100 % steam in the RPV head should
not be treated as regular parts of a proposed procedure but rather one of the possible scenario
when a bubble is formed unintentionally.
In order to make the bubble collapse or removal, various approaches were considered,
including repressurizing the primary system, opening RPV head emergency venting line and
restarting MCPs.
5.1 Repressurization of the primary system
Repressurization by pressurizer heating (6a), as recommended in to the specification [2],
results in the hot leg temperature increase back to T2 parameters (Fig.5) at less convenient
conditions from the view of pressunizer level and steam fraction under RPV head. Therefore it
was decided to perform it with simultaneous cool-down by means of BRU-K2 valve. The
transient (6bl) was continued for 37 min until the liquid level in the pressurizer dropped to the
"PRZ level low" setpoint (3.26 m) and blocked the action of the heaters. It should be
emphasised that the steam fraction under the RPV head was still stable during above actions.
Particularly, the calculations indicate that the bubble is resistant to re-increase in pressure. The
similar behaviour of the steam bubble under RP'V head was observed in large-scale experiments
on German PWR/PKL test facility [51.

5.2 Opening RPV head emergency venting line
The emergency venting line (D18 x 2.5 connecting the RPV head with the pressurizer relief
bubbler tank is opened at 8981 s (end of Step 5) and then the steam starts to release with the
rate up to 0.5 kg/s. After 23 min all the steam is removed and the released mass is about 450
kg. At the final stage of venting, when the steam fraction under RPV head is about 70%, the
transient becomes extremely rapid (Fig.6) and all the remaining steam is removed in less than 1
min. The problem may be related to the calculation instability when avoiding underpressure.
The volume is filled by the coolant and due to this the pressurizer level decrease can be
observed. Refilling the RPV head requires about 19.2 m' of water, i.e. the pressurizer level
should decrease finally by 4.26 m. Therefore the makeup system operation was also studied.
There was about 1.5 m' of makeup water added to the system when the calculation stopped.
The makeup pump is not able to cope with the level drop at rapid refilling transient but it is
helpful to keep the level above 3.26 m limit for all the time analysed (Fig.7).
It is recommended to open the venting line at high liquid level in the pressurizer, possibly
higher than the nominal one, and to keep the makeup pump working in automatic mode.
5.3 Restart of the MCPs
All 6 MCPs were restarted at 8981 s of the transient and then the primary pressure (5.12
MPa) was higher than the MCPs operating limits curve (3.5 MPa at 228.4 0 C). The results
show (Fig.8) that we have to do with rather slow process instead of rapid coolant mixing and
subsequent bubble condensation under RPV head. Due to the initial compression of the bubble
through pump start colder HL water is rising into the head volume and condensing there a part
of the bubble. This process is stopped by condensation heat and, accordingly, creation of a
warmer water surface layer. Due to this layer., afterwards the residual bubble is liquidated
slower. Although the calculations were extended to 2 hours, the steam was not fully
condensed.
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The heat generated in the primary circuit (approximately 11 MW at the analysed time
period) is still higher than it can be dissipated in the surrounding compartments (heat loss of
the order of 1 MW). If the calculated results are confirmed as qualitatively correct (e.g. from
the operational practice), secondary cool-down will be necessary for any long-term process in
order not to heat up the primary system.

6. Conclusions
As a general conclusion, qualitative information was provided by the present analysis,
showing the influence of different actions on the RPV head cool-down processes. Particularly,
it was found that:
* The cool-down rate of the RPV head is mainly determined by the reactor ventilation system.
Based on Dukovany experiments [3], calculated value 3.8 K/h seems to be acceptable;
* The bubble, if once created is resistant to fast re-increase in pressure. It should be avoided
PC depressurization to head volume saturation in one uninterrupted step since it leads into
complex procedure with violation of the maximum acceptable PC cool-down rate;
e

Restart of the MCPs as a mean to liquidate the bubble is not recommended because it does
hardly accelerate the total cool-down process. The result is consistent with the PWR/PKL
experiments [5];

* The procedure with the emergency venting line is effective, but to avoid the actuation of the
PRZ level limit signal it is recommended filling the pressurizer before openinu the venting
valve.
Basically, the non-specified cool-down procedure, derived in section 4.1, with a target cold
conditions in about 24 h, seems to be successful. It needs, however, further development.
The RELAP calculations indicate on several limitation of the input model or code applied
but lack of time does not allow us for in-depth problem investigation.
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Abstract
A two-dimensional model of subcooled boiling in a vertical channel was developed. Its basic idea is that the
vapor phase generation has a similar effect on the flow field as a hypothetical liquid phase generation. The
bubble volume, generated due to evaporation process, was filled with liquid and included as a source term in the
continuity equation for the liquid phase. Thus, the single-phase form of transport equations was preserved and
bubbles were retained in the "boundary layer" near the heated surface. Time development of subcooled boiling
was simulated and effects of governing physical mechanisms (evaporation, condensation, vapor-phase
convection, vapor-phase diffusion) on the flow field and pressure drop were analyzed.
The Results of the proposed two-dimensional model were compared with experimental data and
RELAP5/MOD3.2 calculations. The presented model represents a contribution to the two-dimensional
simulation of the subcooled boiling phenomenon.

Greek letters

Nomenclature
A
C
CP

D
dt
h
h'
h"
Im
p

q"
Prt0)
t

T
u
v
xy,z

surface, m2
vapor diffusion coefficient, m2/s
specific heat at constant pressure,
J/kgK
pipe diameter, channel width, m
time step, s
enthalpy, J/kg
saturation enthalpy of the liquid, J/kg
saturation enthalpy of the vapor, J/kg
mixing length, m

t(
p
F
ATsa,
AT,,b
2

A(')
P
P)

volume void fraction
density, kg/mr3
mass generation, kg/m 3 s
wall superheat, T -Tsat, K
-To; K
liquid subcooling, T77,
thermal conductivity, W/m2
turbulent thermal conductivity,
W/m 2
dynamic viscosity, kg/ms
turbulent viscosity, kg/ms

pressure, bar

surface heat flux, W/m 2
Turbulent Prandtl number
time, s
temperature, K
horizontal velocity component, mi/s
vertical velocity component, m/s
Cartesian spatial coordinates, m
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f
g

liquid
vapor
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Introduction

1

Simulation of two-phase flow is a very demanding task, the presence of phase-change
making it even more difficult. The later especially applies to subcooled boiling phenomena in
heated channels. Since the phase-change rate is governed mainly by the lateral transport of the
vapor phase towards the subcooled liquid region, the related processes can be poorly simulated
by l-D models which are only axially-dependent. The l-D subcooled boiling model used in the
RELAP5 code, which is widely used for nuclear safety analyses, is based on experimental
correlations and on prescribed conditions for net vapor generation. It provides reasonable results
for developed steady-state flows at high pressure conditions, but its application to transients and
low pressure flows are questionable. It was shown, that void fraction calculated by RELAP5
subcooled boiling model at low pressure and low mass flow conditions was considerably lower
than in experiment [ 1].
In this paper, a two-dimensional model is developed to simulate the phenomenon of
subcooled flow boiling. A heated vertical channel was simulated with conditions similar to
those in a water-cooled reactor core exposed to constant heat flux. Considering the heat
transfer, two different regimes of subcooled flow boiling can be distinguished [2].
*

*

PartialSubcooled Boiling is a transition region where one part of the total heat flux is
still being used for raising the liquid bulk temperature, while the other part is used for
vapor generation at the heated wall. The bubbles generated at the wall cannot grow due
to condensation at the bubble interface which is surrounded by highly subcooled liquid.
They do not detach from the wall and collapse very quickly at the wall surface.
Fully Developed Subcooled Boiling is established when total heat flux is used
exclusively for vapor generation at heated wall. Bubbles grow large enough to detach
from the wall and are swept downstream, recondensing slowly as they move through
the subcooled liquid. The local enthalpy of the liquid in the vicinity of the heated wall
is equal to the liquid saturation enthalpy.

To describe the PartialSubcooled Boiling region, an additional model for simultaneous
heating of bulk liquid and vapor generation would be needed. In the present work only Fully
Developed Subcooled Boiling is modeled, where the local liquid enthalpy near the heated wall
is equal to the saturation enthalpy.

2

Model assumptions

A new approach was implemented to incorporate the vapor generation rate into the
governing equations for single-phase flow. The basic idea of the model is that the vapor phase
generation has a similar effect on the flow field as a hypothetical liquid phase generation. The
bubble volume, generated due to evaporation process, was filled with liquid and included as a
source term in the continuity equation (I) for the liquid phase. The main assumptions
implemented in the proposed two-dimensional model of subcooled boiling are as follows:
*
*
*

178

Velocities of liquid and vapor phase are equal.
The vapor density in momentum equation is assumed equal to the liquid density
(PgP'O)
The source of the vapor mass ig is equal to the liquid mass sink Ef. However, the liquid
density is much higher than the vapor density, thus the volume sources of the liquid in
continuity equation can be neglected (j/pf -- 0).
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*

The volume of the bubble, generated during the evaporation process, was filled with
liquid instead of vapor (figure 1).

real

model

equal volume of
the bubbles
Figure 1 Assumption of the 2D subcooled boiling model

3

Mathematical description

Considering the above assumptions, the proposed two-dimensional model of subcooled
boiling is given by the following conservation equations of mass, momentum and energy:
v

F=r-,

(1)

P,

at

=

-(i-V)i

- --

Vp -g +-(V

2

f

i)

(2)

-T = _(v;. VJ + A V2 T+ 1(3).
at

f cp

Pf CP

Derivation of the equations is described in detail in [3]. The phase-change induced
buoyancy force is excluded from the model with the assumption of equal densities of liquid
and vapor phase for the purpose of retaining the bubbles in the evaporation region of the
heated wall. To describe the void fraction field an additional equation is needed. In the
equation the main mechanisms of subcooled boiling are included:
Da=-V(av)+C.V2a++at
~~~~P,

The
(i)
(ii)
(iii)

(4)

terms on the right hand side of equation (4) represent, respectively:
the vapor convection,
the vapor diffusion term, where C is the vapor diffusion coefficient,
the generation term.

Modeling of the vapor phase convection in the early phase of subcooled boiling is
legitimate, since the bubbles detach from the heated surface (especially at low pressure
conditions) soon after the onset point of subcooled boiling [4]. A major influence on lateral
vapor diffusion is expected from the turbulent mixing in the bubble boundary layer, as
IntcrnationalConference Nuclear Energy in Central Eu rope '99

179

Thermal Hydraulics

reported in [5]. Phenomena of evaporation and condensation are included in the generation
term as a source and a sink of the vapor phase, respectively. The convection term balances the
generation term in equation (4) and leads to a steady-state solution.

3.1

Phase-change rate

The phase-change rate appears in equations (1) and (4) and is defined by:

~1

'rg

Pj

Pg

Pg ( dtX h-h')

fh-h)

where "*" indicates equilibrium conditions. During the evaporation process h* indicates the
liquid saturation enthalpy h' and during condensation h* indicates the mixing enthalpy hm.

Condensation
Due to convection and diffusion mechanisms, vapor bubbles migrate to the region with
locally subcooled liquid and condense, which causes the increase of liquid enthalpy. Vapor
condensation is considered as a sink term in the equations (1) and (4). The mixing enthalpy is
derived from the energy balance of condensation:
(I - a)

h. =

+f(h"-h')
gh

IC P

(6)

ap, +(la)p,

In the case when mixing enhtalpy in equation (6) exceeds the value of the saturation
enhtalpy (h, > h '), it is set equal to the saturation enthalpy (h = h ). Therefore only part of
the vapor condenses, while some amount of the vapor phase remained uncondensed at the
saturation enthalpy.

3.2

Turbulence modeling

To model the turbulent flow of the liquid, the Prandtl algebraic model, based on mixing
layer theory, was used:
(,)

(7)

1 2

On the basis of the Boussinesq's approximation, the turbulent viscosity ,uI') is included in
the diffusion term of the momentum equation. The mixing length Im is defined by the
Nikuradze algebraic equation for a fully developed turbulent flow [6}:
2y

21,
D

(

D )

8

2OO61j4

D )

(8

where D denotes the pipe diameter or the channel width, while y denotes the distance from
the wall. Equation (8) is not valid in the vicinity of the wall, where the viscosity effects have
to be considered in particular. Thus, the Van Driest dumping function [6] was applied to
describe the mixing length in the vicinity of the wall. To model the turbulent heat transfer, the
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analogy with turbulent momentum exchange was applied. Turbulent thermal conductivity is
defined by turbulent Prandtl number with value PrW = 0.9 [71::
()1

4

(OC

(p
C

(9)

Numerical method

The system of equations from (1) to (4) was discretisized in a 2D Cartesian coordinate
system on a staggered grid using a finite difference method. In order to avoid oscillations in
the vicinity of non-smooth solutions, a first-order accurate upwind method was applied to
discretisize the convection terms in equations (2), (3) and (4). For time integration, an explicit
first-order accurate scheme was used. The pressure field was obtained using the projection
method [8].

5

Results and discussion

Results shown in this section include a simulation of a test case with the purpose to analyze
the subcooled boiling phenomena, and the comparison of the results against experimental data
and RELAP5/MOD3.2 calculations. The value of the vapor diffusion coefficient C was set to
1X0-42m/5
lxlOX
m2/s.
A flow through the heated vertical channel was simulated. The geometry and the flow and
heat transfer conditions for the test case are the following:
*
*
*
*
*

Channel width and length: 0.0 1x 0.05 m
Wall heat flux: 20 kW/m 2
Inlet mass flux: 193 kg/mr2s
Inlet temperature: 100 0C
System pressure: 1.14 bar

The time development of vapor phase during subcooled boiling in the vertical flow is
presented in figure 2. Vapor generation started on the heated wall at the outlet of the channel,
where the saturation enthalpy of the liquid was first exceeded. The bubble layer propagates
very quickly towards the inlet part of the channel due to constant heat flux. Convection in the
longitudinal direction prevents further propagation of the bubble layer towards the channel
inlet, while lateral convection and vapor diffusion enable lateral migration of the vapor phase
into the subcooled liquid. A steady-state solution is obtained after 0.8 seconds.
Figures 3 and 4 show the velocity fields for "no condensation" and "condensation" case,
respectively. Steady-state solutions are: presented. In the case, where condensation was not
modeled, the liquid velocity field is affected only by evaporation through the source term in
the continuity equation. The vapor phase generation caused acceleration and bending of the
longitudinal velocity field due to forcing out of the liquid phase. Feedback of condensation
mechanism is modeled with the sink term in the continuity equation. As shown in figure 4, the
longitudinal velocity field is significantly flattened at the location, where vapor loss takes
place.
In figure 5, the longitudinal velocity profiles at the channel outlet are presented. The
evaporation at the heated wall accelerates the flow in the center of the channel, being the
largest in the "no condensation" case. Condensation of vapor bubbles acts as a sink term in
the continuity equation and thus reduces the flow acceleration ("condensation" case). In the
"single-phase flow" case, there is no heat flux through the walls.
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Figure 6 shows the influence of the bubble layer on the pressure drop along the channel.
The presence of bubbles in the flow increases pressure drop, mainly due to acceleration
effects. Thus, the pressure drop is the highest in the "no condensation" case.

Contours a:
0.7360.687-

0.6380.5890.540.491 0.4420.393
0.343
0.294
0.245
0.196
0.147

0.0981
0.0491

-

t=0.2x s t=0.36 s t=0.4`1 s t-0.66 s t=1.0 s

Figure 2 Time development of the void fraction at subcooled flow boiling in the vertical
channel (only half of the channel is simulated on grid: 15x 150)

L
0

no condensation

condensation X

0.0

Figure 3 Longitudinal velocity field,
(grid: 1 x1 50)

/82

Figure 4 Longitudinal velocity field,
(grid:1 5x150)

Inler~nalional Conference Nuclear Energy

in C'entral Europe '99

Thermal Hydraulics

04

ntQcondensation

03

condensation >

~~02

single-phase fl~~~~~ow

-,

condensation

aso~

single-phase flow

,,11310
113520
-01

0.02

a001
0

2

4

10

J

003

0 as

O.0

(m)

14

12

zm

Figure 5 Influence of void fraction on velocity
profile

Figure 6 Influence of void fraction on pressure
drop along the channel

The proposed model has also been validated against one-dimensional experimental data
[91. A vertical flow through the heated annular section (Din= 0.0127 m, Do,,= 0.0254 m, L=
0.3 m) with the following conditions was simulated on the Cartesian coordinate system:
*
*
*
*

Wall heat flux: 213.6 kW/m 2
Inlet mass flux: 161.2 k g/m 2s
Inlet temperature: 90 0C
System pressure: 1.14 bar

This experiment was chosen to show the benefits of the proposed 2D model against the
RELAP5 subcooled boiling model, which gives poor results at low pressure conditions. A
comparison of average void fraction along the tube length between the experiment, proposed
2D model and RELAP5/MOD3.2 simulation is presented in figure 5. The RELAP5
calculation strongly underestimates the void fraction. Moreover, the deviation from
experiment increases along the tube. The proposed 2D simulation predicts a correct trend of
the void fraction curve, but slightly overestimates the experimental data, mainly due to earlier
onset of rapid void fraction growth. The onset of rapid vapor growth in 2D model is defined
by the onset of Fully Developed Boiling. The constant void fraction plateau in the first part of
the channel is characteristic for Partial Developed Subcooled Boiling, which cannot be
described by the present 2D model.
_

0.35

__

__

I_

_

_

__

_

* Experiment
0.3

-. aRELAP5

Experiment:
onset of rapid
void growth

=2D
0.25 0

.2

0.220 model:
onset of rapid
void growth-FOB pont

° 0.15
>.1 0.1

0.05 0

*
*

0

0.05

*

*

*

*

I
-r~-,

-

0.1

0.15

0.2
z (m)

0.25

0.3

0.35

0.4

Figure 7 Void fraction along the channel
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6

Conclusions

Subcooled boiling in vertical heated flow was simulated with the presented 2D model. The
following conclusions can be drawn:
*
*

*
*

The presented model is still in the development phase, thus being able to describe only
the Fully Developed Subcooled Boiling region.
The first results of the 2D model are encouraging. The model exhibited the ability to
describe all main mechanisms of subcooled flow boiling (evaporation, condensation,
vapor-phase diffusion, vapor-phase convection) and its feedback effects on the flow
field.
The main deficiency of the present model is the occurrence of jumps in the void
fraction field caused by the condensation model.
Comparison of 2D model with I D low-pressure experiment showed a correct
prediction of the trend of void fraction growth along the tube, and a better agreement
with experiment than the RELAP5/MOD3.2 calculation, which strongly underestimates
the void fraction.
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ABSTRACT - When thousands of complex computer code runs related to nuclear safety are needed
for statisticalanalysis, the response surfa7ce is used to replace the computer code. The main purpose of
the study was to develop and demonstrate a tool called optimal statistical estimator (OSE) intended
for response surface generation of con iplex and non-linear phenomena. The performance of optiznal
statisticalestimator was tested by the results of 59 different RELAP5/MOD3. 2 code calculations of the
small-break loss-of-coolant accident in a two loop pressurised water reactor. The results showed that
OSE adequately predicted the response surface for the peak cladding temperature. Some good
characteristicsof the OSE like monotonic function between two neighbour points and independence
on the number of output parameterssuggest that OSE can be usedfor response surface generation of
any safety or system parameterin the thermal-hydraulicsafety analyses.
1. Introduction
In the field of nuclear engineering the response surface is used to solve various problems
related to nuclear safety. When thousands of complex computer code runs are needed for
statistical analysis, the response surface is used to replace the computer code. Usually the
response surface was generated for single value parameter, for example peak cladding
temperature (PCT), minimum reactor core level or peak system pressure.
The response surface use is increasing in the nuclear engineering field. In 1989 the
response surface was used in USA for the uncertainty evaluation of the peak cladding
temperature [1]. For the response surface generation the regression analysis (polynomial fit)
was used. In 1990, again in USA, the response surface was developed for determination of a
high-pressure setpoints for the safety valves on the secondary side of the nuclear power plant
[2]. For a polynomial fit linear and quadratic terms were used. Another applications of the
response surface were in 1992 to a large-break and a small-break loss-of-coolant accident [3,
4]. In 1996 the response surface was used to evaluate uncertainties in the peak cladding
temperature during the large-break loss-of-coolant accident [5]. Also Westinghouse have
begun to use the response surface to evaluate uncertainties in the peak cladding temperature
since 1996 [6].
Although much work has been done to date, it is common to all studies that the response
surfaces developed could be used for single-value parameters only with no possibility for
continues-valued parameters. Also there were difficulties in the response surface generation
of complex and non-linear phenomena [7]. The main purpose of the work was to automate the
response surface generation for any set of discrete points, characterising time trend of
parameter. This is very important for application of the uncertainty methods, which use
InternationalConference Nuclear Energy in Central Europe '99
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response surface because the regression analysis is not applicable to all kinds of parameters
and scenarios to be evaluated for uncertainty.
2. Response surface generation with optimal statistical estimator
The regression analysis is the most appropriate for response surface generation of
parameters with mostly linear behaviour. The order of the polynomial determines the number
of calculations to be performed with the thermalhydraulic code, the response surface
generation is time consuming and not appropriate for computer automation.
Because of these limitations, especially limited capability of response surface to describe
highly non-linear phenomena, the regression analysis was not applicable to a small-break
loss-of-coolant accident. Therefore we tried to generate response surface with a linear
interpolation method [7]. However, the linear interpolation is applicable for maximum two
input parameters.
Therefore, a need for a new tool for response surface generation was identified. The
optimal statistical estimator developed and applied in 1992 [3] seems to be proper if adapted
for the use in the multidimensional space. Namely, the optimal statistical estimator is
independent on the number of output parameters, it uses highly non-linear functions and is
simple for a computer application.
For the response surface generation the optimal statistical estimator (OSE) was used as
formulated in modelling ultrasonic data [81-. In the nuclear engineering field the OSE was first
time adopted in 1992 for comparison of OSE with regression analysis [3]. In 1998 the OSE
was further improved for multi-dimensional space [9].
The optimal statistical estimator Hk derived in ref. [8] is expressed as a linear
combination of given values H, and coefficients C,:
Hio(G) = ICnH

C -

Ha

- )

( )

Eat(GGn)

where G=(XIX22

.

X)

H., =...XJX,(M+ 2W

,

1

) Gn

=(XnS.Xn2.

Xn

(2)

Here N is the number of calculated or measured values, M is the number of input parameters
and 1 is the number of input plus output parameters.
The coefficients C, represent the measure of similarity between a given vector of input
data G and the vector of input data G, for n-th calculation. The approximation of 6 function is
Gaussian function:
3a(G- GJ)=

n

-

exp

iH

n].

(3)

The problem now appears how to best select the width aj. The main purpose of smoothing
is to stretch the influence of a particular input data points into its surroundings, e.g.,
approximately to its neighbours. If we want to cover the volume by samples uniformly, we
define cx,for dimension i:
=

S

-r
iA

i = 1,2,..., M

(4)

NI
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where Si is the distance between minimum and maximum value of the set of input data points
x"; (n=1, 2,...,N) in i-th dimension and Ni is the number of intervals between data points in i-th
dimension. The factor f for the width of Gaussian curve is to be selected by the user. The
contribution of each data point to the final output parameter estimation can be adjusted by it
what will be explained in Section 4.
For assessing the adequacy and predictive capability of the optimal statistical estimator for
m-th output parameter (m=M+I, M+2,...,J) were used the root mean square error and
coefficient of determination defined as:
E (XM

Xev ,m )2 1/2

m - Xavgm )2

Ees

N

(X

-h
-Xavgsm

n=l

Here xn, is the n-th code calculated value of the m-th output parameter, Xest m is n-th predicted
value with optimal statistical estimator and xavgm is the mean of N code calculated values of
the in-th output parameter. The predictive capability of the optimal statistical estimator
assessing by the two proposed statistics is perfect when rmsm=O and R' = 1 .
To generate response surface of output parameters the values of input parameters
(xlx2- ..,x,) are random sampled (or input by the user) many times and the corresponding
unknown output values are predicted by optimal statistical estimator using Eq. (1). For each
sample new coefficients C, are calculated while the values of H, are known values (for
example calculated values by thermalhydraulic computer code).
When comparing the OSE to the regression analysis, we see that for the regression
analysis with polynomial the amount of data is prescribed to describe the response surface
while in the OSE more data mean more information that could be extracted. When comparing
the nature of phenomena the advantage of OSE with respect to the regression analysis is in its
ability to predict very complex and highly non-linear functions. Finally, the algorithm for
OSE is also suitable for computer automation.
3. Response surface generation for peak cladding temperature
To demonstrate the OSE method, the results of the sensitivity analysis of the peak
cladding temperature on selected input parameters during the small-break loss-of-coolant
accident were used [10]. For the small-break loss-of-coolant accident analysis the
RELAP5/MOD3.2 thermal-hydraulic computer code was used. The input model for the
RELAP5/MOD3.2 code was a model of a two loop pressurised water reactor [101. After the
scenario selection, all important phenomena influencing on the peak cladding temperature
were identified and ranked by their importance to the nuclear safety. Then the key RELAP5
code parameters were selected to represent the important phenomena. The selected code
parameters, all normalised, were subcooled discharge coefficient (SDC), two-phase discharge
coefficient (TPDC), heat transfer coefficient (HTC), interphase drag coefficient (IDC), and
fission product yield factor (FPYF). In the sensitivity analysis these input parameters were
varied and the peak cladding temperatures were calculated by RELAP5/MOD3.2 code.
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Table 1. Calculated and predicted PCT as a function of input parameters

Run
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

188

SDC
0.917
0.83 3
1.0M1
0.917
0.917
0.917
0.917
0.917
0.917
0.917
0.917
0.917
1.001
0.833
1.0(1
1.001
1.001
1.0(1
1.0()1
1.0(1
1.0(1
1.0(1
1.0(1
0.917
0.917
0.917
0.917
0.833
0.833
0.833
0.833
0.833
0.917
0.917
0.917
0.917
0.917
0.917
0.917
1.001
1.001
1.001
1.001
1.00 1
1.001
1.001
1.00(1
0.917
0.833
0.833
0.917
0.917
1.001
0.917
0.833
0.833
0.917
0.917
1.001

Input Parameters
TPDC
HTC
MDC
1.435
1
1
1.436
1
1
1.437
1
1
1
1
1
1.311
1
1
1.559
1
1
1.435
0.75
1
1.435
1.25
1
1.435
1
0.9174
1.435
1
1.0826
1.435
1
1
1.435
1
1
1
1
1
1
1
1
1.311
1
1
1.559
1
1
1
0.75
1
1
1.25
1
1
1
0.9174
1
1
1.0826
1
1
1
1
1
1
1
0.75
1
1.435
0.75
1
1.435
1.25
1
1.435
1.25
1
1
0.75
1
1.435
1
1
1.311
1
1
1.435
1.25
1
1.435
1.25
1
1.435
0.75
1
1
0.75
1
1
1.25
1
1
1.25
1
1.311
0.75
1
1.311
0.75
1
1.311
1.25
1
1.311
1.25
1
1.311
0.75
1
1.311
0.75
1
1.311
1.25
1
1.311
1.25
1
1.435
0.75
1
1.435
0.75
1
1.435
1.25
1
1.435
1.25
1
1
0.75
0.9174
1.435
1
0.9174
1.435
0.75
0.9174
1
0.75
0.9174
1.311
0.75
0.9174
1.311
0.75
0.9174
1
0.75
1.0826
1.435
1
1.0826
1.435
0.75
1.0826
1
0.75
1.0826
1.311
0.75
1.0826
1.311
0.75
1.0826

FPYF
1
1
1
1
1
1
1
1
1
1
0.9
1.1
1
1
1
1
1
1
1
1
0.9
1.1
0.9
1.1
0.9
1.1
1.1
0.9
1
1.1
0.9
0.9
0.9
0.9
1.1
0.9
1.1
0.9
1.1
0.9
1.1
0.9
1.1
0.9
1.1
0.9
1.1
1.1
0.9
0.9
0.9
1.1
1.1
1.1
0.9
0.9
0.9
1.1
1.1

Output parameter
PCTR5 ((K)
1073
1028
1154
1176
1093
1056
1117
1098
1073
1067
1056
1054
1058
1083
1025
1004
1066
1032
1058
1062
1013
1076
1082
1070
1012
1124
1129
1030
1055
1233
1015
1101
1048
1040
1095
1068
1143
1159
1096
982.1
1092
974.9
1054
1030
1096
981.3
1090
1129
1030
1101
1048
1143
1092
1142
1096
1089
1048
1110
1099

Predicted output
parameter
PCTOSE (K)
1073.1
1028.8
1146.3
1175.9
1092.4
1056.5
1117
1098
1073
1067
1056
1054
1058
1083
1028.6
1008.2
1066
1032
1058
1062
1013
1076
1082
1072.1
1016.2
1123.2
1129
1030
1054.3
1233
1015
1101
1048
1040
1095
1068
1140.9
1154.8
1096.8
983.5
1092.1
975.1
1055
1028.7
1095.9
981.1
1089
1129
1030
1101
1048
1143
1092
1142
1096
1089
1048
1110
1099
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Table 1 shows the values of calculated peak cladding temperatures (PCTR 5 ) and predicted
peak cladding temperatures (PCTOSE) by OSE as a function of five input parameters for 59
cases. In our case input vector Gn (n=l, 2,...,59) are five input parameters which are
multipliers with the nominal value equal to 1. The output vector H,, (n=l, 2,...,59) has only
one value, i.e. PCTR5. Factor for the width of the Gaussian curvef is selected on the base of
criteria to stretch the influence of a particular input data points into its surroundings, e.g.
approximately to its neighbours and that the accuracy of the fit is acceptable (R 2 > 0.95). In
our case the root mean square error was equal to 1.55 K and coefficient of determination was
equal to 0.97 for f-0.25. By inserting values H, which were calculated with the
RELAP5fMOD3.2 into Eq. (1) and calculating the coefficients C, we can predict the peak
cladding temperatures for any combination of input parameters G within their minimum and
maximum values used in the sensitivity analysis.
Now the question is what are the values of the response surface in the points where the
calculated values are not given? Because the constructed response surface is five dimensional,
visual presentation for all dimensions, is not possible. Figures 1 through 5 show response
surface with one parameter varied in base case calculation. The points calculated by
RELAP5/MOD3.2 code are marked with circles, connected with dash-dotted lines. On the
Figs. I through 5 is shown the influence of the factor for the width of the Gaussian curve on
the response surface predicted by OSE-. Three factors for width of the Gaussian curve were
selected equal to 0.25, 0.3 and 0.4, respectively. Small factorf leads to stepwise function. On
the other hand large factorf leads to smooth function but worse fit to known points. In our
case forf--0.25 the coefficient of deternination was R2 =0.97. When increasingfto 0.3 the R2
drops to 0.92. When f was further increased to 0.4 the R2 drops to 0.77. The optimum is
smooth function with sufficient accuracy of fit in the known points therefore f-0.25 was
selected based on criterion R 2>0.95. On the Figs. 1 through 5 is also shown the regression
curve which is labelled with "regr.". In the regression analysis total 44 linear, square and
cubic terms and cross terms were used. For the regression analysis the coefficient of
determination was R2=0.57 meaning poor fit. Figures 1 and 2 show that linear trends are
much better fitted by OSE than regression analysis. Figures 3 and 5 show the fits for nonlinear functions. Again the fit with OSE is better than the fit with regression analysis. The
regression analysis fit on Fig. 4 is even qualitatively wrong while fit by OSE is acceptable.
Finally, from Figs. I through 5 showing variations of input parameters in each dimension
(see circle markers) the number of intervals Ni and the distance Si needed in Eq. (4) can be
determined. From Fig. 5 is seen that for parameter FPYF these values are Ni 2 and Sf=0.2.
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Figure 1. PCT as a function of subcooled discharge coefficient
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To evaluate uncertainties in the peak cladding temperatures input parameters were
randomly selected by Monte Carlo method and the peak cladding temperatures were predicted
by OSE. This procedure was repeated 100000 times, and the result was probability
distribution function. There is 95% probability that the peak cladding temperature will not
exceed 1157 K. The mean value is expected to be 1085 K, and the uncertainty of PCT is the
difference between 95% percentile and mean value, which is 72 K. The peak cladding
temperature with its uncertainty is well below the criterion 1478 K. Because the OSE could be
applied to any discrete single value parameter, applying the OSE to discrete values of time
trends give uncertainty for continuous valued output parameter as was shown in ref. [9].
Another option is to introduce time as a new input parameter.
4. Discussion
The peak cladding temperatures between the calculated points are not known values. One
possible fit is linear dependence. The OUSE fit is an inflected curve in one-dimensional case.
Smaller is the factorf closer is the inflected curve to the step function. We wanted smooth
curves but smoothness is dependent on the nature of the phenomenon. More complex is the
phenomenon, smaller factor for the width of the Gaussian curve is needed to adequately fit the
calculated points. It is worth to note that the fits on Figs. 1 to 5 are the result of five
dimensional response surface. Because the response surface is needed for the Monte Carlo
integration the robust response surface with step function transitions still satisfies for
probability evaluation (in such a case the confidence level in the results is lower).
In our case the optimal statistical estimator with the Monte Carlo method is used for
uncertainty evaluation of thermal-hydraulic computer codes. One good characteristic of the
OSE is that between the two code-calculated values, the function is monotonic. This also
means that all predicted values by OSE will be between minimum and maximum
RELAP5/MOD3.2 code calculated value. The next good characteristic of the OSE is that the
response surface generation could be automated. The number of calculated points is not
prescribed. The higher is the number of calculated points the higher is the confidence level.
With the proper selection of the width of the Gaussian curve the desired accuracy of fit in
calculated values could be obtained for very complex phenomena. By decreasing the width of
the Gaussian curve the transitions between the points are more and more stepwise, therefore
the response surface performance is crude. In such a case it is recommended to provide more
calculated points.
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5. Conclusions
The adapted optimal statistical estimator for uncertainty evaluation of the thermalhydraulic codes showed that the response surface can be developed for the complex and nonlinear phenomena and processes. Furthermore, the response surface generation could be
automated and used for continuos-valued output parameters. The results indicated many
advantages of OSE when comparing to regression analysis.
The automated procedure for response surface generation extends the use of uncertainty
evaluation methods based on response surface from the loss-of-coolant accident to any
accident.
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MODELLING OF THE ROD CONTROL SYSTEM IN THE COUPLED
CODE RELAP5-QUABOXICUBBOX
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Faculty of Electrical Engineering and Computing Zagreb (FER), Croatia

ABSTRACT - There is a general agreement that for many light water reactor transient calculations,
it is necessary to use a multidimensional neutron kinetics model coupled to sophisticated thermalhydraulic models in order to obtain satisfactory results. These calculations are needed for a variety of
applications for licensing safety analyses, probabilistic risk assessment, operational support, and
training. At FER, Zagreb, a coupling of 3D neutronics code QUABOX/CUBBOX and system code
RELAP5 was performed. In the paper the Rod Control System model in the RELAP5 part of the
coupled code is presented. A first testing of the model was performed by calculation of reactor trip
from full power for NPP Krsko. Results of 3D neutronics calculation obtained by coupled code
QUABOX/CUBBOX were compared with point kinetics calculation performed with RELAP5 stand
alone code.

1. Introduction
The incorporation of the three-dimensional (3D) modeling of the reactor core into
system transient codes allows best-estirnate simulation of interactions between reactor core
behavior and plant dynamics. The QUABOX/CUBBOX - HYCA computer code has been
developed at Gesellschaft fuir Anlagen- und Reaktorsicherheit (GRS), Garching, Germany.
The full 3D reactor core model of QUABOX/CUBBOX - HYCA consists of the 3D
neutronics model (QUABOX/CUBBOX) and a parallel coolant channel model describing heat
conduction in the fuel and I D coolant flow with conservation equations for mass, energy and
momentum for single and two-phase flows including a drift-flux correlation (HYCA). The 3D
neutronics model of QUABOX/CUBBOX solves two energy group neutron diffusion
equations for steady state and time - dependent problems in three dimensions using a coarse
mesh method based on polynomial approximation of spatial neutron flux distributions and
taking into account up to six groups of delayed neutrons.
In order to perform best-estimate calculations with multidimensional neutron kinetics
model on one side, and with sophisticated thermal-hydraulic models on the other side, a
coupling between 3D neutronics model (QUABOX/CUBBOX) and system code (RELAP5)
has been performed. In the 3D neutronic code QUABBOX/CUBBOX, control assembly
positions and rod movement are explicitly defined in radial and axial direction. However, in
that model only constant rod velocity can be defined in the input data set. On the other side,
the system code RELAP5 uses simple point kinetics model to describe time dependent nuclear
heat source. In the point kinetics model, control rod model is reduced to table describing
reactivity vs. time variation. The table (mainly SCRAM reactivity) is usually produced using
calculated shape curves describing position vs. time and reactivity vs. position, and two values
used to renormalize data, rod drop time and total inserted reactivity. The reactivity used to
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initiate transient is even more simplified and includes total inserted reactivity at constant rate
of addition. Using this simplified approach, it is rather difficult to describe the influence of
control rod system behavior on normal operation and operational transients.
In the coupled code RELAP5-QUABOX/CUBBOX, RELAP5 control variables and
trips are able to realistically describe plant protection and control systems actuation and
movement according to rod drop curves or rod control program. Control rod banks explicitly
modeled in QUABOX are connected through special interface with control variables that
provide current position of the control rod bank.
A first demonstration of the applicability of the rod control model has been performed
by calculation of reactor trip. The verification was performed in two steps. First, a 3D control
rod system of coupled code RELAP5-QUABOX/CUBBOX (only one thernal-hydraulic
channel in the core) was tested and second, the results of the coupled code were compared
with RELAP5 stand alone version (point kinetics, integral rod worth).

2. Model of 3D rod control system in coupled code RELAP5-QUABOXICUBBOX
Main characteristics of the coupling approach of the presently used code version are:
- System code RELAP5 calculates system thermal hydraulics and heat conduction as
well as average core channel thermal hydraulics and heat conduction calculation.
- 3D neutron kinetics in the core is calculated by QUABOX/CUBBOX.
Time synchronization is organized in such a way that RELAP5 takes leading part of the
coupled codes and it is responsible for time stepping and organization of calculation. The
same level of interaction (explicit or implicit coupling between thermal-hydraulics and
neutronics part of calculation) is obtained as in original point kinetics case.
The automatic rod control system is designed to maintain a programmed coolant
average temperature by regulating the reactivity in the reactor core. The Rod Control System
consists of two error channels, the sum of whose output is the input to the rod speed
programmer, which generates a rod speed demand signal [1], [2]. Power mismatch channel
(turbine - reactor power) enables fast response to a change in load, while average temperature
(Tavg) channel provides fine control during steady state operation. The control system is
designed to automatically control the reactor in the power range between 15 and 100 % of
rated power for the following design transients: 1 10 % step load change, 5 % per minute
ramp load change and full load rejection with the aid of steam dump system. Control rods are
organized into electrically connected banks that move together: control rod banks (A, B, C, D)
and shutdown banks (SA, SB). Control rod banks move with overlap (103 steps) in order to
assure smooth power change distribution within the core.
A realistic RELAIP5 model of the rod control system by means of RELAP5 input
models for trips and control variables was created. Model enables the simulation of different
modes of operation: normal Ta.g mode (with rod overlap) - load follow from the turbine, rod
withdrawal stop - turbine runback program, as well as control rod transients (e.g. rod ejection,
rod stuck position).
In order to connect RELAP5 control variables describing particular control rod
positions with 3D QUABOX/CIUBBOX, an additional interface channel was added to the
already existing interfaces between these two codes (core average thermal-hydraulics sent
from RELAP5 to QUABOX/CUBBOX and integrated 3D neutronics power sent from
QUABOX/CUBBOX to RELAP5). The positions of control rods are defined in XY plane by
input data, but their movement and corresponding axial position in each time step is
calculated in RELAP5 and transferred to QUABOX.
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3. Preparation of the calculational model and input data
The model of the plant used both in point kinetics calculation and coupled code
calculation is based on standard NEK RELAP5/mod2 nodalization. The nodalization is
modified to take into account known data about NEK power uprate and SG replacement, and
adjusted to RELAP5/mod3.2 [3] usage. The scheme of the NEK nodalization for the
RELAP5/mod2 code is presented in Figure 1 [4]. The nodalization has 230 volumes on
primary side and 79 volumes on secondary side (total 309). There are 246 primary and 93
secondary junctions (total 339). Number of heat structures on primary side is 200 and number
of heat structures on secondary side is 95, with total number of mesh points of 1662.
The only difference between model of the plant used in point kinetics and 3D
calculation is number of subdivisions in the reactor core. In point kinetics case 12 equidistant
volumes and corresponding heat structures were used. In 3D case number of equidistant
subdivisions in the core is 24.
The nuclear data of the core are based on NEK Cycle 14. BOL (Beginnig Of Life)
HFP (Hot Full Power) conditions (150 MWD/MTU) are used normalized to nominal thermal
power of 2000 MW. Delayed neutron data and prompt neutron lifetime are taken directly from
core design report for cycle 14 [5]. SCRAM reactivity curve, reactivity [$] vs. time [s],
needed in point kinetics option, can be modeled using normalized distance vs. normalized
time curve taken from [6] or from USAR (Updated Safety Analysis Report) [2] (normalized
time 1.0 means time of the dashpot insertion, normalized position 1.0 means position of
dashpot), rod drop time till dashpot entry (2.8 s according to USAR [2]) and total inserted
reactivity from Core design report [5]. In coupled code only data describing RCCA (Rod
Cluster Control Assembly) position vs. time were used. That dependency is realized with
RELAP5 control variables. Original QUABOX model describing discrete spatially distributed
control rods is connected to REALP5 trips and control variables (it is receiving RCCA
position vs. time based on rod control program or scram curves). The influence of control rods
in coupled model is described using rodded cross section concept. The influence of control
rod tip is flux weighted. As another option coupled code can use constant rod velocity model
actuated by RELAP5 trip.
Thermal hydraulic feedback in point kinetics case is modeled using SEPARABL
option [3]. The simple method for calculation of feedback dependencies assumes availability
of core design report for the current cycle and uses modified LEOPARD computer code from
FUMACS code package [7]. Method is applied for calculation of NEK cycle 14 moderator
density and fuel temperature reactivity tables as required in RELAP5 input. Based on Core
loading pattern for cycle 14, quarter symmetry, taken from Core design report [5] the fuel
elements with different characteristics (burnup, enrichment, number of IFBAs (Integral Fuel
Burnable Absorbers)), which will be candidates for depletion calculation, have to be
identified. Total number of different cornpositions/fuel assemblies in this case was 23. For
each of the assemblies super cell data are prepared using PRELEO part of FUMACS [7] code
for usage in LEOPARD code. The code is modified to perform additional calculation at end of
burnup calculation. During this additional calculation moderator density, moderator
temperature or fuel temperature can be changed in fixed steps with all other parameters being
constant. In this case density was changed between 300 kg/m 3 and 975 kg/m3 (28 points) and
fuel temperature was separately changed between 523 K and 2273 K (29 points). The referent
point is moderator temperature 308 'C, moderator density 709.86 kg/m 3 fuel effective
temperature 650 'C. Boron concentration used in calculation is 1315 ppm at BOL HFP, ARO
(All Rods Out), EQXE (Equilibrium Xe). Calculated multiplication factor (kind values are
converted to reactivities using relationship p=(k-l)/k. Reactivity coefficients are produced
from the table using simple linear approximation: cc=(pii-pJ/(xi~l-xi). The coefficients are at
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each temperature or density point weighted according to FA (Fuel Assembly) position using
assembly-wise relative powers from Core design report [5]. The result of the weighting is
temperature or density dependence of reactivity coefficient for whole core. The corresponding
cumulative reactivity dependence is result of integration, again assuming linear dependence
between data points. The final result is converted to $ units using corresponding effective
delayed neutron fraction ([3,,) value for Cycle 14. The reactivity weighting parameters used in
RELAP5 input file are determined using flux*adjoint flux weighting for volumes (cosine
distribution in one-group approximation using active core of 3.6576 m and extrapolated
lengths for top and bottom reflectors of 15 cm,) and equivolume weighting for heat structure
weighting. Power weighting can be used if the data are available from some other more
detailed calculation.
k
Thermal hydraulic feedback in 3D coupled code is modeled using thermal-hydraulic
dependence of cross sections. Homogenized cross sections for each fuel element for cycle 14
BOL, HFP are calculated using CORD-2 package [8]. Direct dependence of cross sections
homogenized at fuel assembly level was used instead of usual reactivity coefficient library
method [8]. The automatic procedure was used to generate data characterized by fuel
temperature change between 600 and 1500 K (6 points), moderator density change between
650 and 800 kg/m3 (6 points), and boron concentration change between 800 and 2200 ppm (3
points). The 3D linear surface interpolation was used to produce required cross section
constants from this basic matrix. Both unrodded and rodded data were calculated. There are
totally 373 unrodded (3 for reflector) and 110 rodded compositions in core with quadrant
symmetry and 10 burnup/enrichment change axial layers. One calculation cell per fuel
element in XY plane (15x15 array including fictive reflector FAs) was used in neutron
diffusion calculation. 24 equidistant calculational elements (each 15.24 cm) plus bottom and
top axial reflectors (thickness 30.48 cm) were used in axial direction. The interface arrays are
used to connect neutronic cells to RELAP5 core channel and corresponding heat structures.
The radial reflector cells are connected to core bypass channel and axial reflectors are
connected to top and bottom plenums.

4. Transient results and discussion
The reactor scram calculation was used as a first test of introduced RCCA model and for
the quantification of differences between point kinetics and 3D neutron diffusion options. The
transient was initiated after 200 s steady state simulation (usual steady state qualification
criteria were used), by manual trip. Three cases were calculated: first with point kinetics
option, second with coupled code and constant scram velocity and third with coupled code
and RCCA position based on rod drop curves. In first case RELAP5/mod 3.2.2 beta was used
and in cases 2 and 3 coupled code based on RELAP5/mod 3.2 and QUABOX/CUBBOX.
Only first 100 s after trip was calculated. The therrnal-hydraulic model of the plant is the same
in all cases except subdivisions of the reactor core. In point kinetics cases 12 equidistant
volumes were used and in 3D case 24 equidistant core volumes and corresponding heat
structures were used. Initial conditions of the plant are BOL HFP (150 MWD/MTU) with
configuration after SG replacement and power uprate. The nuclear characteristics of the core
are based on NEK Cycle 14.
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Figure 1. NEK nodalization for RELAP5/mod3 code calculation

The nuclear, decay and total power vs. time after scram for point kinetics and 3D cases
are shown in Figure 2. The labels rkfipowt, rkgapow and rktpow are usual RELAP5 fission,
decay and total powers. The labels pow * are for 3D cases. The letterf was used for fast RCCA
insertion with constant speed (149 cmn/s), and letter s means insertion rate based on rod drop
curves. Two 3D cases, after initial small difference due to slower rod movement in real case,
show similar fission power behavior. The fission power calculated in point kinetics case
shows slower decrease during whole calculation. The calculated decay powers are similar in
all cases. The ANS 79 model was used and in 3D case spatial dependency was taken into
account. One of the causes of different decrease rate of fission power in point kinetics and 3D
cases can be seen in Figure 3, where effective multiplication factor is shown (in point kinetics
case keff is calculated fromn reactivity uosing cur-rent ef)The
inserted reactivity in point
kinetics case is based on rod drop curves and total inserted reactivity taken from core BOL
reactivity requirements fromn NEK Cycle 14 Core design report [51 (4.69 %, approximately
8.06 $). The inserted reacstivity in 3D case is based on rodded cross sections of all inserted
rods. That value is approximately 14.53 $, what is similar to cumulative BOL rod worth from
Core design report of 14.06 $ (8. 18 %). ]Reactivity increase after initial drop, due to thermnalhydraulics feedbacks, is similar in both cases (820 pcm for PK (Point Kinetics), 780 pem for
3D). In point kinetics case boron feedback was not taken into account.
The power transferred in steam generators is shown in Figure 4. Due to slower decrease
of fission power in point kinetics case SIG power is slightly higher than in 3D cases. The same
is true for hot leg and cold leg temperatures, and for primary and secondary steam pressures. It

can be seen that influence of the exact calculation of rod movement during scram can cause
slight differences in behavior of the prnimary and secondary thermal-hydraulics variables in
first 50 to 100 s after scram.
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The calculation performed with coupled code is based on only one average core channel.
That means reduced influence of spatial thermal-hydraulics feedback dependence and
produces situation similar to point kinetics case (easier comparison of the results and
verification of 3D model). In real situation, e.g. asymmetric transients, more core channels
will be used. In Figure 5 fuel assembly powers at HFP, just before scram, are shown. Due to
radially averaged feedback relative assembly powers in the center are higher and at the
periphery of the core are lower than in reality. Relative assembly power for central FA is
1.448 in our calculation and 1.297 in Core design report [5]. The corresponding values at the
periphery are 0.407 and 0.465, respectively. In coupled model using one coolant channel per
fuel element the relative assembly power of central fuel assembly calculated by coupled code
is 1.309. Typical calculation times for coupled cases on Pentium II 350 MHz PC are about 2 h
CPU time.

5. Conclusion
The first results of the testing of RCCA positioning model in point kinetics and coupled
code for reactor scram transient were shown. The proposed model can use benefits of
advanced control and protection system models in system codes together with natural way of
describing RCCA spatial influence found in 3D neutronic codes. The comparison of point
kinetics and 3D neutronic case results can be used to verify changes in coupled model, and
later similar analysis can show range of applicability of the RELAP5 point kinetics model.
The preparation of both point kinetics data and 3D cross sections for the same core are
customized. Small differences in plant behavior up to 50 s after scram can be introduced by
using simplified RCCA movement model based on constant velocity.
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Point kinetics vs. 3D calculation
+ rktpow.cdat
rkgapow.dat
- -- - - - - -- - - U---rkfi~ow.dat
- -- -- ---- -- ----- - - -- - - - - - - - - - - -p ow t f .d a t
- - ---- -- ---- - - - -- - - - --- - - - --p o wnt .d a t

1

F

H~~~~~~~~~~[
powgf.dat
powts .dat

- ------ -- - -- --- - - - - - - - - - - - - - - - - - - -

'Vpowns.dat

--

-

-

- -

-

----

-

-

-

-

10 -

-----------

010

20

40---

30

- - --- - -

.990---

.970------

---

--

Isi

Time

~~~-----

----

60-70

---

--

-0

- -100
90

--- - - -- - -

--- -- -o

- - -- - -

.

-- --

U

Reacpk~----------

----- ----------

- - - -- -

.96 0

- - --

- --

.9
0

10

2

- - - - --

-

----- -

0

-- -~--

--- - -- -- - - - --

-- -___

___

_ _

-----

4

0

60

720

9

0

Time [si

Figure

Interatioal
Cnfernce

3.Nuler
Calcatead

ucler Rnrgy n (

ketlf

pwe
after scram
for

onirakirneti9s

point kinetics and 3D cases

1993aluato

ThermalHydraulics

Point kinetics vs. 3D calculation
------

1000D

--

+ Sg2slow.dat
|, Sglslow.dat

900 -

-

300-

~

.~~~~

-,-------,----

1D

-----

Sg2pk.dat

Sglpk.dat
V Sg2faet.dat
, FiSglfast.dat
P.^

,

---

700

------

o600

500

.

300

2

.

0

4

r

I r)~~~~~~~~~~*'0
' ' \n\AR\

r

'')5,,,I

1200

_-4~---

o*
10

0

40

30

20

60

50
Time Is]

-

-

-70

80

0

100

90

Figure 4. Calculated SG powers in point kinetics and 3D cases

_

:2:i

?
3

;:4
S

S.:

o ooooo
0.00000

0.00000o
O.OtlOOO

0.00000
0.00000

o

e. otloo

o.osooo

oDooo)0

0T
.ooooo

0.

0.00000
0.
o0o0oo00
0.0000050
0.00000
:
0.0_

LO(O0

6.13100

1lsk.,se

0c,00O
_

0.0000d 0

ioooo
10.14000

5
0

0006

.127000

9700
6.670
5
0.9;4E70

0.1900
18970
56:.190

o.oo0oo

o. 0o0z
0.00030
6.907z0

0.oooo0

6.2160o

La.960ell

is . 9900

ze.4sD
q500

20.

15.9jo30

1s. 030u0n

I 50O

s5.410
16. Z,.!O

6.7170u
19.1lo
::UO

It.Z50U

11. 9600j

1

17. 61DD0

10.08000

20.4seo00

7. 91l00n

sn810

Zl. DDO-1

0.2i5D

.-OGo

I2.6soo

17.s000s

21.20000

20016000

Z3.7000

0
15.9000
1

20.

ZZ.850000

21. 530tCO

20.16000
22025

7000
23 53(
21
23 5.2

20.330l0

oOs.090
17050 0
;016"
179-0

Irs

-

00

2l.20000
17810
21200

-;

.

..

,

5. 7900

os

s

-

:

2 1.30000

19.03001

22.920C0

20.zzooo

18.6500

21.71070

23.76000

20.1600

17.96109

25.63000

19.s0s00'

23.76000
-1630
;23760
t
V-

6001 20.1
2''5001
'
20.16005,w
L

22.71000
0600;FS 0
2321710

-

C9

Figure 5. Assembly power at HFP, just before scram

20()

InternationalC'onjerence Nuclear Energy in C.ent-al Europe '99

Nuclear Energy in Central Europe '99
Portoro2, Slovenia, 6 to 9 September, 1999

S10200027

Simulation of the instability in the stratified two-fluid system
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Abstract
Two different models are combined together for the simulation of the Kelvin-Helmholtz
instability in a channel. The disturbance on the interface of the initially stratified flow is
amplified and initiates dispersion of the fluids in the system. At the beginning sharp interface
is needed to simulate the instability development therefore the VOF method was used. Later
the "two-fluid" model is switched on in the domains where high dispersion of the fluids does
not allow reliable use of the VOF method. The combined model enables the simulation of the
whole two fluid phenomena.
Introduction
An important part of the nuclear power safety arc numerical simulations of the two-phase
flow. Since two-phase flow appears in various forms from simple small amplitude surface waves
to a very complicate bubbly or slug flows in steam generators, the methods used for its
simulations also differ significantly in approach algorithm and numerical techniques.
This paper is dealing with two different approaches of the two-fluid flow modeling, which
differ significantly in their handling of the Navier-Stokes equations.
Models that use the interface-tracking algorithms (I lyman, 1984) are designed for the multidimensional simulations of the two phase transients. These algorithms are based on the
fundamental Navier-Stokes equations and therefore their accuracy depends mainly on the
numerical scheme. Their main characteristic is an explicit tracking of the interface and keeping it
sharp during the calculation, which enables direct simulations of the phenomena on the
interface. Volume of Fluid (VOF) method (Hirt, 1981) is most widely used interface tracking
algorithm applied to the problems where fluids are well separated with the interface. The
limitation of the interface tracking algorithms is that they can be used only as long as a local
grid density allows surface tracking. In dispersed flow where chunks of the particular fluid are
smaller than grid cells the surface tracking is not possible and/or method fails.
So called "two-fluid" models (Wallis, 1969; Bottoni, 1992) are based on simplified NavierStokes equations where the interface is not calculated explicitly. It operates with time and space
averaged quantities and uses empirical correlation to include the effects of the interface on the
fluid motion. This approach is more suitable for simulating dispersed flow but its shortage is
using a lot of empirical correlations for various phenomena to simplify the two-phase flow
calculation. Since these correlations are obtained from the experiments, they have a limited
accuracy and are the major source of the uncertainty in the calculation.
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ak +

ak Pk

(6)

(V
(akk):=,0

at

at

+akPk(ukV) Ik = akPkgakVp--Chkiirliir ,

(7)

where ak is the volume fraction of the fluid k. The two fluid system is described with two sets of
Eqs. (6) and (7) for k=1 and k=2. The continuity equations are connected with the fact
Zak =

(8)

k
Since "two-fluid" model defines a particular fluid as a continuum on the whole domain, in
every point two velocities are defined - one for each fluid. The momentum equations (7) are
connected with the interfacial friction term Chkpkak Ur, where ii = il - u2 is a relative velocity
between fluids and Chk =Ch =~- Ch2 is an empirical parameter which describes the magnitude of
the momentum transfer between fluids.
The "two-fluid" model equations are reduced to equations of the model based on VOF
method in the limit "I = i 2 . In that case a, is the same as F: Eq (6) becomes Eq (5) and sum of
both Eqs (6) for k=l and k=2 with consideration of the Eq (8) becomes Eq (1). The sum of both
Eqs (7) for k=l and k=2 with consideration of the Eqs (8) and (4) results in Eq (2) without
viscosity term.
The system of the VOF Eqs (1), (2) and (3), and "two-fluid" model Eqs (6) and (7) is
discretized and solved with the projection method (Fletcher, 1988).
Switch between VOF and "two-fluid" model
VOF method is locally replaced by the "two-fluid" model as the fluid chunks disperse bellow
the grid scale. The criteria, whether VOF model or "two-fluid" model is used, checks every
nodalization cell and is based on gradient of the volume fraction field F. Since the LVIRA
algorithm uses 3x3 block of cells to construct the interface, also switch criteria uses the same
region to estimate the correctness of the reconstruction. Therefore CF is calculated as

VF

ZFi+k,J+ ~+A
r+1 _! -+Fi+AkIadk~

= -

v; =3

jfijk

7

Ea

1

-,A*(9)

iftIdi

The definitions (3) and (9) defines the values
iJ - 1(0, 11.
The criteria declares a parameter ye
F7,q > yo, the interface in the cell (ij) is rceonstrl ed

7Fi,

<

yo, the fluids in the cell (iJ) are calculaled with the "iwo-fluid" model.

Setting yo=0 means that the whole phenomena will be calculated with the VOF method, while
yoUl means that no interface is reconstructed and "two-fluid" model is used on whole domain for
all the time of simulation. The parameter yo is a kind of mixing characteristic of the simulated
phenomena and finding methods for its declaration is a part of the future work. In this paper
where only the operation of the combined model is presented an average value yo=O.S is used.
For the activation the "two-fluid" model a volume fraction of the particular fluid must exceed
ak>C, where £ = 10.2. Such small fractions of the fluid exist only in the form of small bubbles,
which have a large specific interfacial friction. Iherefore their relative motion and influence on
the continuous fluid may be neglected.
Initial state
The combined model was used for the simulation of the two-fluid flow in a horizontal
channel. The height of the channel is h, and its length L =2.5h,. Each fluid occupies half width
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of the channel. They are separated by a flat surface in the way that the lighter fluid o2=0.8 5 ,o,
is on top of the heavier one ov=,o as is shown on Figure 5. The ratio of densities is
corresponds to the ratio of oil and water. The kinematic viscosity is the same for both fluids
1,=/1
) 2 =,aio 2 =0. 01 Y0 . The steady state is assumed in the channel where the velocity
1 /u,o,=
of the heavier fluid Ui has opposite direction as the velocity of the lighter one U2. The
parameter Ch depends on the characteristic size of the fluid chunks. For the simplification of
the calculation the empirical parameter Ch is set to constant Ch = 200p0/ho. For the generality
and applicability of the results, the state of the system is described with the non-dimensional
Reynolds Re=ho(U2 -U,)%A and Froude number Fr=(U2-Uj)2 /g ho where g=10vo2/ho3 is gravity.
Periodical boundary conditions are used at the inlet and outlet of the channel, while the no slip
boundary condition is used on the top and bottom wall.
At the beginning of the calculation a small periodical disturbance of the surface shape with
the amplitude A (t =0) =0. 01h, and wavelength of A=0. 5L is incorporated.
fluid 2

interface

>

L

Figure 5: Initial state of the fluids in the channel

The stability of the system depends mainly on velocity difference of the fluids. For the
large Fr (large AU= U,-UJ) the system is unstable and the amplitude of the disturbance grows
exponentially (Chandrasekhar, 196 1). Otherwise the system is stable and disturbance flattens
due to gravity and surface tension and suppresses due to viscosity. The stability threshold for
this system is around Fr=4.4 (Ceme 1999-NURETH). In this paper the unstable system with
Fr=25.0and Re=1000 was studied, where the fast growth of the Kelvin-Helmholtz instability
drives large scale eddies that results in interface dispersion and mixing of the fluids.
Results
The observed problem is calculated with two models on two different nodalizations. The
Figure 6 shows instability development on grid scale 50x20 with the pure VOF method and
Figure 8 the same on 100x40. Figure 7 shows the results of the combined model on grid scale
50x20 and Figure 9 on ]00x4 0 . The fluid 1 is colored black, the fluid 2 is white, while the
two-fluid mixed area is presented with the gray casts. The darker gray cast is chosen to
present an area where the heavier fluid is predominating (F>0.5) and vice versa for the lighter
gray cast (F<0.5). The time is expressed in dimensionless units ho-/vo.
The numerical simulations of the dispersed problems depend on the grid scale. Denser
nodalizations are capable for more accurate handling of fine structures. Therefore the switch
between VOF and "two-fluid" model is grid dependent. In the problem where initially
stratified fluids start to mix due to the Klvin-H-elmholtz instability, the "two-fluid" model is
activated later and on smaller area for denser nodalization.
The instability grows very fast and in both nodalizations the "two-fluid" model is activated at
almost the same time (at 1=0. 7) when the first wave breaks. At t=0.9 two vortexes appear, which
mix the fluids what is seen only on denser nodalization, while on lower nodalization it is detected
only on combined model as a mixture with a gray area (Figure 7). The waves and other fluid
structures that can not be captured on low nodalization density, are in the combined model
calculated with the "two-fluid" model.
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Instability development on 50x20 mesh density
=0. 4
Mfluid I Dfluid 2

*fluid 1 ] fluid 2 M fluid mixture F > 0.5
fluid mixture F< 0.5

=0.7

1=0.9

t=3.6

t-6.0

t=12.0

A_ *
Figure 6: Simulation with the pure VOF method on
the 50x20 grid
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Figure 7: Simulation with the combined model on the
50x20 grid
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Instability development on 100x40 mesh density
t=0.4

Ufluid I D

fluid 2
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I Efluid
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fluid mixture F > 0.5
[]fluid mixture F < 0.5
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t=6.0
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Figure 8: Simulation with the pure VOF method on
the 100x40 grid

-I

Figure 9: Simulation with the combined model on the
100x40 grid
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An interesting feature of this simulation is that combined model on lower nodalization density
predicts an appearance of a small vortex (t=3.6, Figure 7) more accurate than the model with the
pure VOF method (t=3.6, Figure 6) according to the denser nodalization.
When the instability is fully developed at time t=12, the flow structures of the pure VOF
model look quite different for different nodalization density (t=12, Figure 6 and Figure 8). In the
dispersed flow the LVIRA reconstruction algorithm produces the structures, which are grid
dependent. That flow is beyond the capability of the VOF method while the combined model
calculates the whole area with the "two-fluid" model (h=12, Figure 7 and Figure 9).
Conclusions
Kelvin-Helmholtz instability is a two-fluid fluid phenomena where initially stratified fluids
mix and the interface between fluids becomes fully dispersed. The interface tracking
algorithms like VOF method are useful for the simulation of the initial part of the phenomena.
But further development of the instability is beyond the capabilities of the interface tracking
algorithms, which are limited with the grid size. Denser nodalizations would solve the
problem theoretically, but in practice that would enlarge the computing time beyond the
reasonable limits.
The addition of "two-fluid" model to the model with VOF method can exclude this
problem and the whole phenomena can be simulated without a restriction of the nodalization
density. The accuracy of the "two-fluid" model does not depend so much on the grid size, but
more on the empirical parameters. The simulation of the instability in the stratified fluid showed
that such combined model of the VOF and the "two-fluid" model enables more realistic
calculation of wider range of two-fluid phenomena than pure VOF model.
The simulated phenomena was used to show the mechanism and the main characteristics of
the combined model. Its validation and eventual comparison to experimental results are subjects
of the future work.
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Abstract
This work deals with the problem of reflux modeling in various computer programs. The main
motivation for this research comes from the treatment of convergence criteria in large complex
computer codes, such as MIELCOR which is subject of investigation.
1. Introduction
At University of Maribor we have amassed several years of experience running sophisticated
computer codes. Following the initial euphoria of obtaining results one need to ask oneself about
the validity of results. The usual answer to these questions is in computer code validation and
verification.

Experimental validation and verification is costly, and is, albeit underway, not reported in this
presentation. Computer validation and verification may be viable alternative. Having access to
several different types of computer codes such as FEEM, BEM, FDM, and FVM solvers can
prove extremely useful in assessing one type of computer code against another.
2. Physical model
In order to assess ability of various computer codes to deal with two phase flow simple set of
criteria must be established. For example, one may take a look at a long, horizontal, pipe
attached to infinite reservoirs at each end. These reservoirs contain both fluids, i.e. liquid water,
and air, and are propelling each in counter direction so that so called counter current two phase
flows occurs. For sake of this contribution, air flows from right to left, and water from left to
right.
This phenomena is well known in nuclear engineering as it may occur during postulated accident
scenario in nuclear power plant. Following the pipe break and vacation of hot leg hot vapor
flows through the hot leg, then rises through steam generator tubes, cools down and
subsequently condenses and returns in form of liquid through the hot leg. The driving force of
gas is buoyancy while the driving force of liquid is gravity. Ilence, constant pressure and
velocity profiles at inlet points can be used as inlet boundary conditions while free surface exit
conditions will be most likely most suitable for the problem at hand.
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In this work we were concerned with flow of water and air, for simple reason. Namely, the
commercial computer code FIDAP which was accessible to us has no capability of handling
simultaneous heat and mass transfer hence boiling could not be modeled conclusively. Hence,
counter current flow of water and air through horizontal tube with velocities as boundary
conditions will be modeled.
Thlis model was augmented to include analysis of small break LOCA of Krsko Nuclear power
plant with steam and water using MELCOR using three hot leg models. The results are offset by
disabling ESF functions to shorten the time to core uncovery. We believe that no loss in
generality occurs by this assumptions.
Figure 1 shows physical depiction of phenomena, and qualitative assessment of fluid flow
through the horizontal pipe.

air

- - -- - -- -- -

-

w ater

Figure 1: Geometrical setup of the model at hand.
For sake of calculation, the following physical properties were employed:
FIDAP
(a) tube height 84,5 mm
(b) velocity of air I mis
(c) velocity of water 0,01 mls

MELCOR
tube cross section 0.2 m2
velocity in FLOO 1 approx. 1 m/s
velocity in FL250 approx. 1 m/s

in case of water air flow.
Modified Krsko NPP MELCOR model (see Marn and Delia, 1998) was used in case of water
steam flow.
3. Criteria
In order to compare the results obtained with the methods outlined above certain set of criteria
needs to be established. We propose exit mass flows on either ends as the only determining
criteria as other criteria such as overall heat transfer and temperature change could not be
determined due to one of the methods we will be using lack of simultaneous heat and mass
transfer modeling capability. In addition, as pressure was one of input parameters it should not
be used as criterion.
4. MELCOR model description
MELCOR is an integral analysis computer code used for assessment of accident conditions in
postulated accident in nuclear power plant. It can track the condition of the plant during initial
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phases of the accident as well as throughout meltdown including containment break and source
term estimation.
Numerically, it is 0 dimensional multi-equation finite volume code capable of handling
multiphase multicomponent flow. It consists of several modules each of which is responsible for
different part of accident progression. One of more important modules tracks momentum
exchange, said momentum exchange obviously dependent on material properties and
composition. It is convergence of this part of computer code we are concerned with in this
contribution, and wish to draw conclusions about.
MELCOR being 0 dimensional control volume model obviously cannot handle two phase
counter current flow with any adequacy.. Yet, to be able to realistically assess the timeframe for
the problem at hand it must provide some kind of an answer to otherwise seemingly uncanny
problem. Hence, the people active in the field were concocting different approaches to overcome
this problem. For example, some would model the flow as flow through two adjacent yet
separate tubes each conveying flow in different direction, gaseous phase flowing through upper
pipe, and liquid phase through lower pipe.
This, of course, is of limited utility as no communication between both tubes is assumed.
Improved design include cross flow tube (Figure 2) or vertical connection tubes (Figure 3). In
both designs there can be momentum interchange despite opposite flow directions of each phase.
In addition to these we have also used regular sequentially connected series of finite volumes,
but do not show it here for brevity.
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CVI10

CVOO6
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C14O

C13
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FLS1O
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FL34CV102
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~~CV240
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FL250
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Figure 2: Cross flow model for MELCOR.
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Figure 3: Parallel flow model for MELCOR.
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Figure 4 depicts the nodalization of primary side of Krsko NPP without steam generators. The
words HIOT LEG indicate the cross flow, parallel flow and regular flow models, which were
used interchangeably. Figure 5 shows the steam generator used, and Figure 6 containment.
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Figure 4. The nodalization of primiary side without steam, generator for MELCOR.
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The boundary conditions are achieved by specifying a pump flow junction, i.e. special
connection between two adjacent finite volumes able to increase pressure head of the fluid
passing through said flow junction thereby achieving desired net flow in either direction. For
calculations using the full model of the plant no pump models were applied as the gravity and
buoyancy are driving both, liquid and gaseous, flows.
5. FIDAP model description.
FIDAP is finite element model based computer code used for wide area of fluid mechanics
applications including two phase flow. Figure 7 shows a mesh used for calculation of problem at
hand. It consists of finite elements of quadrilateral design arranged in structured mesh.

Figure 7. 1IDAP mesh.
The boundary conditions are no slip at the top and bottom of a channel, and prescribed velocities
at left and right boundary. In air phase case, the y direction velocity of both phases at interface is
set to zero which precludes formation of waves but should not significantly impede the results.
6. Results of MELCOR calculations
Figure 8 shows mass flows at inlet for FL001 and FLOO2 which are predominantly air, and
FL150 and FL250 which is predominantly water for cross model. Figure 9 shows mass flows for
parallel model. It should be noted that we were not able to model exclusively air, or water, in
either volume.
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7. Results of FIDAP calculations
There is a common denominator to all models using split hot leg system, namely, that the
direction of flow in lower part of the hot leg during reflux should be reverse of that in the upper
part. The FIDAP results show that this should be the case. Namely, Figure 10 show velocity
vectors at interface. The velocity (note exaggerated scale) of air is much higher that than of
water, and there seems to be a jump condition. however, Figure 11 depicting plot of air velocity
in x direction very close to water air interface proves that the velocity changes gradually.

z
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Figure 10. Velocity vectors close to the interface.
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8. Results of MELCOR analysis of two loop PWR Westinghouse design using different hot
leg models
The essence for Krlko NPP results are times to vessel failure and pressures at which the failure
will occur. Thereon, the accidents should progress irrespective of type of hot leg used. Figure 12
depicts the primary system pressure. vs. time plot for cross, and parallel hot leg models,
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respectively. Figure 13 shows mass flow of steam and water in the middle of hot leg for cross,
and parallel hot leg models, respectively.
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Figure 13. Steam and water mass flow for cross, and parallel hot leg models.
Table 1 shows comparison of important milestones in case of cross, and parallel hot leg models.
Table 1. Comparison of events in case of cross, and parallel hot leg models.
Event
Gap formation
Lower head failed
Melt ejection
Containment failure
Shield building failure

Cross [s]
16.342
66.043
66.795
71.057
71.058

Parallel [s]
15.917
36.333
36.597
117.490
117.495

The only conclusion one can make based on these results is that more work is needed.
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9. Concluding remarks
Finite element method was used as a benchmark. However, the treatment of boundary conditions
may not be truly representative of the problem at hand so this aspect remains to be addressed in
the future.
Initial question posed above, i.e. what would be closest representation to actual situation, and
assuming that finite element methods does indeed present such situation, cross arrangement
seems the closest.
Regardless of the comparison, the question which remains unanswered is whether conventional
convergence analysis should be used for integral computer codes such as MELCOR for
pinpointing the most appropriate model whereby both cost in terms of number of nodes used for
analysis and benefit in terms of accuracy can be constructed.
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ABSTRACT - The presented paper will mainly consider heat and mass transfer phenomenology in the
subcooled boiling regime of downward liquid flow at low velocities. More specifically, it will focus on the
effects of appearance and disappearance of two-phase flow at low liquid velocities, in the area where gravity
force has significant influence. Two among a series of tests performed on a high-pressure circulation loop,
installed in Vinea, will be analyzed. The experimental findings and theoretical consideration of these processes
and phenomena will be compared with RELAP5/NM0D3.2.2 predictions.

1. Introduction
Boiling heat transfer in vertical downward flow often takes place in chemical and petroleum
industry processes as well as in power industry including nuclear power plants. It appears
widely in U-shaped tubes or in boiler coil bundle suspending tubes. In nuclear power plants it
may appear on the primary or secondary side, especially during some transients or in some
accidental situations. Boiling in vertical channels is important in nuclear reactors because the
formation of vapor can affect the heat transfer rate from the channel surface and also because
the presence of vapor can increase the channel pressure drop resulting in flow instability
excursions. In upflow, the buoyant and the convection forces, which are acting in the same
direction, combine to sweep the voids out of' the channel before a significant pressure effect
can occur. As the flowratc continues to decrease, the point of void formation moves further
into the channel, and the bubbles, become larger and more numerous. Initially, the effect of
the bubbles is to increase the effective roughness of the channel. IHowever, as the process
continues, the presence of voids significantly increases the frictional head loss. Since the
phenomenon is occurring in a subcooled liquid, the pressure in the channel begins to oscillate
rapidly as bubbles are formed and then condense. In down-flow, the convection forces and the
buoyancy forces are in the opposite direction. Failure to sweep the voids from the channel can
have a significant effect upon the onset of flow instability. On top of that, because the
buoyancy acting on bubbles is in the contrast direction of main fluid flow, bubble motion is
hindered, so the vapor velocity is less than liquid velocity in downward bubble flow.
2. Experiment Description
The experiments were conducted on a high-pressure circulation loop, located in Institute of
Nuclear Science - Vinca, for studying steady state, transient and accident thermnalhydrodynamic phenomena and processes in nuclear power plants. The general layout of the
major components is shown schematically in Figure 1. The built-in test section, depicted in
Figure 2, consists of a 3.2-tn long insulated vertical channel with 22.7-mm inner diameter and
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1.15-mm wall thickness. The tube is electrically heated by attaching power leads to thick
copper flanges at the top and bottom. The tube is electrically insulated at both ends and
thermally insulated along its external surface. A 560 kW (4 x 20 V x 7000 A) stabilized DC
power supply is used as a heat source. The power input is measured by monitoring the voltage
across the test section and the current across a shunt in series to the tube. A close-coupled
turbine-pump is used to provide a steady forced flow of subcooled distilled water to the
bottom of the test section. The water is first heated in a storage tank to a predetermined
temperature, which is kept constant during the experiment. The flow rate is regulated by a set
of bypass and throttling valves. Fluid and wall temperatures have been measured by chromelalumel thermocouples with 0.5-mm diameter. Pressures have been measured with electrical
pressure transducers and mass flows by measuring pressure drops along Venturi tubes.
Legend:
I- test section
2 - preheater
3 - heat exchanger
4 - pressure control
system
5 - flow meter
6 - pump
7 - power supply

-

--

()
7~~~~~~

4
7

V~~~~~~~~~~~~~-I

~~~~~~~~

_

Figure 1: Experimental loop
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The measured parameters were the following: mass flow, temperature and pressure of the
fluid, temperature of the wall and heat flux of the heated channel section. The data acquisition
time for each experiment was 15 sec, while 930 data have been recorded in each channel.
The measurements results, obtained at the points marked in Figure 2, were used in
comparative analysis with available models for predicting the void fraction in subcooled
boiling fluid flow regime. On the basis of this analysis a selection of the physical model was
made that was the most adequate for considering structural and cinematic non-uniformity of
physical parameters in the channel cross section
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Figure 2: Test section scheme with locations of measurement instrumentation
The experimental methodology assumes stationary and non-stationary regimes. Nonstationary regimes are achieved by switching off the power supply, after which the transient
from boiling to single-phase forced convection flow regime is observed.
Prior to the experiment some necessary steps are undertaken. First the experimental loop is
filled with water and pressurized to a constant predefined value. Next, constant mass flow is
assured by starting the centrifugal pump. After switching on the power supply, the parameters
are tuned to the desired initial state.
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The experiments were conducted in the
following ranges:
- heated length has been varied
between 1 - 2.5 m
- mass flux was set between 50 - 500
kglm 2 _s

pressure varied between 0,1 - 0,8
MPa
- heat fluxes achieved were in the
-

range of 100 - 400 kW/m2
3. Theoretical background
Figure 3 shows schematically the
process of void appearance and
disappearance along the test section as

i

it was obtained during the experiments.

0

.

QOOH

pressure drop and axial temperature
profile, compared to the predictions

from Rouhani-Axelsson (1966) [21 and
Zuber-Findlay (1965) [3] correlation.
The adaption of models was performed
taking into account some parameters
describing flow non-uniformity, void
profile, local inter-phase velocities,
thermal non-equilibrium, as well as the
zo - axial coordinate at point of
incipient vapor formation. These
parameters were respectively: C0 distribution parameter, Vgj weighted mean vapor drift velocity and
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Figure 3: Void appearance and disappearance

Based on Zuber-Findlay correlation the following equation was derived to calculate the
average void fraction <a>:
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where the quality x is given by equation:
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where:

z
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°
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i

(3)

The characteristic length Al is given by:
A=-z-1

=- Xc god p 1f c,pTea -To]

z

(4)

The rest of the parameters in the above relations are: zi - axial coordinate at point of Tf = Tsat
assuming thermodynamic equilibrium, A, - cross-sectional area, q - heat flux gh heated
perimeter, To -liquid bulk temperature at zo, Tf - liquid bulk temperature, AT, = Tsa, - To, p density, i -enthalpy and G is mass flow.
The distribution parameter Co, is determined by the vapor velocity and concentration profiles
across the channel. In downward flow the vapor is transported more slowly than the average
flow, values of Co<1 seem reasonable. The mean drift velocity Vgj, represents the difference
between the gas phase velocity and the average mixture velocity. For vertical upward flow,
Lahey and Moody (1977) assume that the drift velocity may be set at the bubble rice velocity
and taken as independent of flow pattern. This suggestion is followed here and Vn is taken as
the plug or cap bubble velocity recommended by Collier (1981). For downward flow,

V == 0.35 [g ( p

p

)D l pa

(5)

1,

where g is acceleration due to gravity.
4. RELAP5 Model
For the purpose of RELAP5 analyses a simple input model was assembled. consisting of 34
volumes with 33 junctions, in contact with 32 heat structures [I]. The model enables
variations of inlet liquid parameters and power level with a simple regulator of initial
conditions in order to achieve satisfactory steady state condition before the test simulation.
5. Results
Among a series of experiments the following two have been chosen to demonstrate the
agreement of RELAP5 predictions with the experimental data. The parameters for the two
tests performed have been set as shown in Table 1:
Table 1: Characterizing parameters for the conducted tests
.r

=_

Test
Inlet pressure
Inlet temperature
Mass flow
Heater power

=_

_

_

___

._

_

_

_

_

41

49

0.21 MPa

0.26 MPa

362 K (89 0 C)

379 K (106 0 C)

0.297 kg/s

0.2 kg/s

41 kW

20 kW
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During the initial phase of RELAP5 modeling certain difficulties have been encountered in
modeling tests, where large void fraction with annular-mist flow regime should be predicted.
Whenever the code switched from plug to annular-mist, the test section was suddenly emptied
after short pressure oscillation. This indicated on some hidden discontinuity in RELAP5
correlations, which has not been further investigated. So the number of tests for comparison
with RELAP5 has narrowed down. Therefore, the two tests, numbered Test-41 and Test-49,
were chosen for simulation, since no annular mist flow regime has been obtained along the
test section. In the experiments in the first 8 seconds steady state has been kept, after which
the power has been shut off. In RELAP5 simulations the initial steady state was 208 seconds
to assure proper initial conditions.
Comparing the Test-41 data to calculation results it can be seen from Figure 4 and Figure 5
RELAP5 has predicted somewhat lower wall temperatures along the test section, while initial
steady state void profile has been slightly overpredicted. Besides, the onset of subcooled
boiling has been observed slightly higher in the test section in RELAP5 calculation than
experimental data indicated. Voids are collapsed faster in RELAP5 calculation than in the
experiment when leaving the heated section. Also, subcooled boiling is lost more rapidly in
the calculation than in the experiment after the power shut-off.
The comparison between calculation results and the Test-49 experimental data indicates
similar differences as for the above-described Test-41. Except that the differences in the
initial void profile between RELAP5 prediction and experimental data are slightly smaller.
6. Conclusions
The subcooled void appearance and disappearance has been experimentally investigated and
theoretically studied. The wall and fluid temperature has been measured at several points
along the test section as well as mass flow and, heat flux. The locations of the onset of
subcooled boiling have been determined.
The RELAP5 predictions have been shown to be in good agreement with experimental data.
The experimental data and RELAP5 results show variations in wall temperature, which
indicates the location of the onset of nucleate boiling. At these locations the decrease in wall
temperature is observed, while further along the test section wall temperature slowly
increases.
Certain difficulties have been encountered in modeling tests with RELAP5. When large void
fraction with annular-mist flow regime should be predicted, the code suddenly switched from
plug to annular-mist flow regime and the test section was emptied after short pressure
oscillation. This gives ground for future investigation.
7. Literature
1. Scientech Thernalhydraulic Group: REIAPS/MOD3.2.2 Beta, Formerly NUREG/CR5535, Rockville, Maryland, March 1998.
2. Rouhani, Z. Calculation of steam volume fraction in subcooled boiling, 1966.
3. Zuber, N. and Findlay, J.A. Average volumetric concentration in two - phase flow
systems. Int. J. of HeatTransfer. November 1965. 1965, pp. 453 - 468.
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The analysis of improvements of RELAP5/MOD3.2 model of the 'Beihsy' facility was performed. In our
previous calculations somc deviations from experimental data occurred, especially in the core region. Thus the
core upper head nodalization was changed in order to obtain better agreement with experimental data. The
problems with the flow stagnation were resolved, but all attempts to adjust the core level behaviour during
transient were unsuccessful. The main reason for this could be an incomplete loop-scal clearance. Thus the
RELAP5/MOD3.2 capability to predict the transient correctly was suspected.

1. Previous work on the Bethsy 6.2 TC test
In our previous work [21, [8] a post test analysis was performed to assess RELAP5/MOD3.2
computer code. A relatively good agreement with experimental data was observed, except
when core liquid levels were compared. The "Bethsy" 6.2 TC [1 1 test simulates a scaled 6
inch cold leg break transient with no safety injection (HPSI, LPS[) available. The test was
performed at the "Bethsy" facility to analyse the transient phenomena durino SB LOCA
accidents of the reference plant and as a comparative experiment for different test facilities
with different scales (Bethsy, LOBI, LSTF and SPES). The basic events of transient arc
summarised below:
*
*

large core uncovery and fuel heatup occurred
accumulator injection started when primary pressure dropped below 4,2 MPa
transient was terminated when pressurizer pressure dropped below 0,7 MPa

2. RELAP5 input model of the Bethsy facility
"Bethsy" is an integral test facility whose purpose is the investigation of PWR accident
transient. The reference plant is a three-loop 2775 MWt Framatome PWR plant. The volume
scaling is close to 1:100, while elevations and pressures were preserved [11. The main reason
for preserved elevations is an early RC-P trip in the course of most accidents, which causes
gravity dominant flow patterns. The hot and cold legs are scaled to preserve Froude number in

International Conference Nuclear Energy in Centra!Europe '99

225

1iwrmal Hydraulics

order to simulate all flow regimes correctly. The RELAP5 input model, which was developed
for the test 9.1 .b (OECD ISP-27) was used for analysis and was initialised to initial conditions
for test 6.2 TC.
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3. Transient calculation
The input model was initialised to correct initial values for test 6.2 TC. All caLculations were
performed with computer code RELAP5/MOD3.2 and were already presented in our previous
papers [2], [8]. In comparison with the Bethsy 9. i.h test, the pump speed was reduced from
2940 rpm to 250 rpm. This is something higher than in the experiment in order to obtain a
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required core outlet temperature. The first problem arrised during steady state initialisation. A
reduced pump speed caused enormous difficulties at the initialisation of the core bypass flow.
A zero steady state bypass flow was obtained, which contradicts with experimental data. The
second problem was significant deviation from experimental data when core liquid levels
were compared. The same problem has been also reported in other references [51, [61, [71.

4. Reactor vessel nodalization changes
In order to resolve problems with flow stagnation and to achieve better agreement with
experimental data a detailed nodalization of reactor vessel's upper head was performed. The
following criteria were taken in to the account:
* all parallel volumes should have equal elevations
* volume lengths should not exceed 0,5 m
* junction loss coefficients should be adjusted correctly
The performed modifications of the reactor vessel from figure 1 were the following:
*
*
*
*
*

guide tube (145) was subdivided into 7 volumes
upper plenum (147) was subdivided into 6 volumes
bypass volume ( 11) was subdivided into 7 volumes
junctions' 152,142,148 and 155-1 pressure losses have been adjusted
heat structures, connected to volumes 112, 151 and 153 were modelled according to their
real geometry

The detailed modified nodalization is shown on figure 2.

5,5703--,44-----.

14740304°
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Figure 2: The detailed nodalization of the reactor vessels upper head after modification

5. Transient calculation with detailed input model
First, a parametric analysis has been performed only on the extracted model of reactor vessel.
Main reasons for this were:
*
*

the impact of reactor vessel's parameters on bypass flow can be investigated separately,
without influence of other parts of the primary and secondary system
the calculations were faster in comparison to the full model
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Initial boundary conditions corresponded to test. 6.2 TC, only the total mass flow was varied.
A comparison of bypass flow between base and detailed model is shown on figure 3. As can
be seen, the problems with flow stagnation were resolved.
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Figure 3: The bypass flow to the upper head

Improved detailed nodalization was included in to the "Bethsy" input model. Break discharge
coefficients were set to 0.85, 1.25 and 0.75 for subcooled liquid, two-phase flow and
superheated vapour, respectively. Steady state in.itial conditions are shown in table 1.
Table 1: "lethsy" test 6.2 'IC initial boundary conditions

parameter

mcasured

RELAP5

core power 1kW]

2863 + 30
15.38 +,0,15
7,45 ± 0,2
238( 0,15
557,2 + 0,4
588 2 ± 0 4
1984 + 50

2863

6,84 00,07
11. I + 005
523 1 ± 4
577

6,73

54,82
16.81
0,047/0,28

75
16,81
0,048/0,28

pressurizer pressure [MPa]

pressurizer level [l i
pump rotation speed [rpm]
core inlet telmpcrature [K]
core outlet temperature [K]
primary coolant
inventory [kg]
SG pressure [MPal
SG level [Im]
feedwater temperature [KI
reactor vessel upper head
temperature [Kj
heat losses lkW]
total mass llowrate ko/s I
bypass flow [kg/slII%]

15,38

7,44
250,2
557,7
588,6
1948

12,1

523
560

Calculations were performed with RELAP5/MOD3.2 computer code. The results are shown
on figures 4 to 9.
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Calculated and measured integrated break flows are compared on figure 4. A slight
overprediction can be seen after loop-seal clearance, probably because of overestimation of
the two-phase discharge coefficient. The primary mass inventory agreed well with
experimental data until loop-seal clearance occurred. Then a large decrease in the primary
ma.Ss inventory can be observed, as is shown on figure 8. Other parameters describing the
transient scenario are reasonably well predicted. However, a significant deviation fromn
experimental data was observed when core liquid levels were compared, which can be seen on
figure 10. The same problem - second core uncovery - also occurred in our previous
calculation [2], [8] using the simple base nodalization of the reactor vessel.
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The first deviation occurred just after the transient beginning when calculated core liquid level

was about 30 cm deeper and about 15 s delayed, however a relatively good agreement can be
observed. On the other hand a large deviation from experimental data occurred after the loopseal clearance where the second core uncovery can be observed.
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11: Differcntial pressure at the upflow side of the cold leg 1

The reason for core uncovery was remained liquid in cold legs. which can be presented with
differential pressure at the upflow side of the cold leg, as is shown on figure 11. As can be
seen from figure 11 a complete loop-seal clearance was delayed for about 300 s. Changing of
the break discharge coefficients influenced only on the time and depth of the first core
uncovery, but the second core uncovery behaviour remained the same.

6. Conclusions
A detailed nodalization of reactor vessel was performed in order to improve agreement with
experimental data. 'rhe results of calculations show that RELAP5 predicts reasonably the
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evolution of major physical phenomena. However significant deviation with experimental
data was found when predicting core liquid level. RELAP5 predicted the second core
uncovery, which contradicts with experimental data. The reason for this was remained mass
in cold legs, which indicates an incomplete loop-seal clearance and overestimation of break
flow after the loop-seal clearance.
The problems with upper head bypass flow were successfully resolved which shows that
correct nodalization has a great influence on calculation results already in steady state.
Break discharge coefficients adjustment influenced only the first part of the transient and has
had no influence on the second core uncover.
Our further study will deal with improvement of core liquid level behaviour during the
transient.
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ABSTRACT - The premixing phase of a steam explosion covers the interaction of the melt jet or droplets with

the water prior to any steam explosion occurring. To get a better insight of the hydrodynamic processes during
the premixing phase beside hot premixing experiments, where the water evaporation is significant, also cold
isothermal premixing experiments are performed.
The speciality of isothermal premixing experiments is that three phases are involved: the water, the air
and the spheres phase, but only the spheres phase mixes with the other two phases, whereas the water and air
phases do not mix and remain separated by a free surface. Our idea therefore was to treat the isothermal
premixing process with a combined single-multiphase flow model. In this combined model the water and air
phase are treated as a single phase with discontinuous phase properties at the water-air interface, whereas the
spheres are treated as usually with a multiphase flow model, where the spheres represent the dispersed phase
and the common water-air phase represents the continuous phase.
The common water-air phase was described with the front capturing method based on the level set
formulation. In the level set formulation, the boundary of two-fluid interfaces is modeled as the zero set of a
smooth signed normal distance function defined on the entire physical domain. The boundary is then updated by
solving a nonlinear equation of the Hamilton-Jacobi type on the whole domain.
With this single-multiphase flow model the Queos isothermal premixing experiment Q08 has been
simulated. A numerical analysis using different treatments of the water-air interface (level set, high-resolution
and upwind) has been performed for the incompressible and compressible case and the results were compared to
experimental measurements.

Nomenclature
a, b,c
d
g
G
Ah
Al
m

derivatives
diameter, distance or derivative
gravity
expression
mesh size
characteristic length
mass

Greek Letters

M

number of mesh points

Subscripts

M

friction
coordinate
sign function
time
iteration time step
temperature
velocity

0
a,s, w
b, s
c, d
j,l
n
p

initial level set function
air, spheres, water phase
boundary, water surface
continuous, dispersed
spatial coordinate
time step, number of iterations
phase

pressure

r, z

coordinate

sign
t

At
T
p

InternationalConference Nuclear Energy in Central Europe '99

a
9
0
2
p

phase presence probability
interface thickness
level set function, mass flow rate
thermal conductivity
density
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1. Introduction
The premixing phase of a steam explosion covers the interaction of the melt jet or droplets
with water prior to any steam explosion occurring. The form of the premixture determines the
coolability of the resulting debris and gives the initial conditions of the possible steam
explosion. To get a better insight of the hydrodynamic processes during the premixing phase
beside hot premixing experiments, where the water evaporation is significant, also cold
isothermal premixing experiments are performed. In these isothermal premixing experiments
different jets of spheres are injected in a water pool [l].
The speciality of isothermal premixing experiments is that three phases are involved:
the water, the air and the spheres phase, but only the spheres phase mixes with the other two
phases, whereas the water and air phases do not mix and remain separated by a free surface.
Our idea therefore was to treat the isothermal premixing process with a combined singlemultiphase flow model. In this combined model the water and air phase are treated as a single
phase with discontinuous phase properties at the water-air interface, whereas the spheres are
treated as usually with a multiphase flow model [2], where the spheres represent the
dispersed phase and the common water-air phase represents the continuous phase.
2. Governing Equations
Each phase p in the multiphase flow - the continuous common water-air phase p = c and
the dispersed spheres phase p = -dis described using the probabilistic mass
t

VPP)+V
(aXp VJ)=O

(1)

and momentum equations
,0p

a~

+ pp(Vp

V kp =Vp+ ppg+

MP

(2)

obtained by ensemble averaging. The interfacial friction force M is defined as
Md-Md~a ±M- +M',
crM, = -a M
where the drag force is calculated from [3]
~dra,
3
1
M g= 044 -- cl c C v d( v C vd),
d~~4d

(3)
(4)

the virtual mass force from [3]
Men z=O 5-cZdp
M27

( D

D-vd)

(5)

and the lift force from [31
M't =X.c2.p
- (v,
s
(x
c)
6
The pressure equation for the assumed common pressure field p was derived from the sum
of the conservative form of the compressible flow continuity equation (1) over all phases
using the projection method

a
ok

p

n±I Vp`1 At

p)±VkanvnAtV

O,

(7)

where
2nn+3n2c==4n-
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and
nl+~ l

-n+l

PC

aw p

04ni

+ a0

an4' + an7

fl

Pa

n+l = n

P-d

'

=PS.

(9)

3. Level Set Method
There are two types of numerical approaches for solving free surface problems. One is based
on front tracking where the free interfaces are explicitly tracked and the second is based on
front capturing. The drawback of the front tracking methods is that they are difficult to
continue beyond the singularity time when the interface forms a singularity or changes its
topology. For our combined single-multiphase flow model we therefore chose the front
capturing method based on a level set formulation which is widely used in the last years [41.
In the level set formulation, the boundary of two-fluid interfaces is modeled as the
zero set of a smooth signed normal distance function 0 = 0 defined on the entire physical
domain as O(r,t = 0)= ±d(r), where d(ir) is the signed minimal distance from the two-fluid
interface at the initial time t = 0. The boundary position is then updated by solving a
nonlinear equation of the Hamilton-Jacobi type on the whole domain
Vp
@
+( = O.

((10)

which moves the zero level of 0 exactly as the actual two-fluid interface moves. Such a level
set formulation of the moving interface is capable of computing geometric properties of
highly complicated boundaries without explicitly tracking the interface. Hence, the moving
boundary can develop corners, cusps, and undergo topological changes quite naturally. The
problems of grid surgery encountered in the tracking approach are so eliminated. Since 0 is a
smooth function, unlike the fluid density p, which undergoes a jump at the two-fluid
interface, the level set equation (10) is more easily solved numerically.
The density of the common water-air phase is determined by the level set function as

p(o0)= (Pw+Pa)/2,

=°

(110)

'Cl.1
,0< 0
If this prescription is used straightforward a graded solution will be produced and instabilities
will occur, especially for large density ratios. Therefore it is desirable to smooth the density
at the interface with

2

2

where E is the prescribed interface thickness as long as
computations we used

=

2

L

(c±ipin(

0

,

(12)

is a distance function. In our

Ah.

It should be noted that while q is initially a distance function it will not remain so at
later times since the level set equation (10) deforms it. To maintain the interface thickness
fixed in time the level set function 0 has to be reinitialised at each time step so that it
remains a distance function. The reinitialisation is carried out by solving the equation

2Ž = sign(OOXI -jvOI),
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for the steady state solution, where 00 is the calculated level set function at time t. The
solution of equation (13) will have the same sign and the same zero level set as 0., and since
it satisfies 1V01 = 1, it will be a distance function. The steady state solution of the
reinitialisation equation (13) was numerically obtained with the following iteration procedure:
+ At sign((00
- Gj1 ),
(14)

1%p

{imax

where GJ is defined as

(a,,)21b;I)
) (b.

Gij

max
> c;,)d,7),
l
d.5Ah

+max(5c,
=

(a;, )2

,

) +
,(d;,7)

boyI
-0.5Ah
-max
.
-

0.5Ah < ooj ,

(15)
<

0.5Ah

with
j,, = (0j, - 1

,

(16)

by ] = (pj.,l - 0¢j~r )/iAh
dj"

0lx-j),

and
a'+ max(0, a), a- = rin(0, a).
The stopping criterion for the iteration of the steady state solution was
E

Ionl

-on,

< AtAh 2 M,

where M is the number of grid points where

'i, <c.

(17)
(18)

For the time step of the iteration

At = A h/10 was chosen.

4. Premixing Experiment Simulation
For the analysis of our combined single-multiphase flow model the QUEOS premixing
experiment Q08 [5] has been chosen. In this experiment molybdenum spheres with a
diameter of 4.2 mm and a total mass of 10 kg were discharged from a height of 1.3 m through
a tube into a water filled vessel with an inner cross section of 70 cm x 70 cm and a height of
138 cm. The spheres jet diameter was 9 cm and the spheres entered the water at a velocity of
5.12 m/s and a phase presence probability of 0.17. The water level in the vessel was 100 cm.
To get a qualitative impression of the premixing process two characteristic images of
the experiment - one taken from the "North" side (with back-lighting) and the other from the
"West" side (with black background) - are shown on Fig. 1. On Fig. 2 the pressures measured
in the vessel at different levels are presented. Pressure pI was measured in the gas space
above the water level and shows the barometric pressure, whereas the other pressures were
measured in water therefore showing also the static head according to their position. Pressure
p 2 and p3 were measured at the position 838 mm, p5 at the position 450 mm and p6 at
the position 250 mm above the bottom of the vessel. The pressure rise after 0.5 s of the
spheres release indicates the entry of the first spheres in the water and the pressure peak after
0.76 s the collapse of the gas chimney.
In the experiment simulation only the part of the vessel filled with water together with
a 20 cm wide air zone over the water surface has been modelled. All other experiment features

236

InlerajlionalConference Nuclear Energy in Central Europe '99

Thermal Hydraulics

1.20

1.2
PI(gas)
P
P3
-

1.10

PS
P

0K
0.8
1.12
E~~~~~~~~~~~~~
5

a''

' 11|1
:;1

1JN'X'^

~~~

- - a--:

TIME [s]

Fig. 2: Pressures measured in the vessel at different
levels (p2, p3 : 838 mm, p5: 450 mm and p6: 250 mm
above the bottom of the vessel).

Fig. 1: Image of the experiment from the "North"
(back lighting) and "West" (black background) side
after 217 ms and 180 ms of the water surface impact.

have been taken into account with appropriate boundary conditions. The experiment
simulation has been performed in the cylindrical coordinate system presuming axial
symmetry of the problem. This was not really the case in the experiment since the release
mechanism with two doors opening along one dimension caused especially at the front of the
spheres cloud an initially not axial symmetric distribution of the falling spheres (Fig. 1). To
match the cross-sectional area of the vessel an equivalent radius of 41 cm was used in the
axial symmetric model. The falling spheres were introduced in the model with boundary
conditions. The appropriate boundary conditions for the spheres velocity and the spheres
presence probability at the upper edge of the simulated region 20 cm above the water surface
were determined from the known values at the water surface (v,, = 5.12 m I s, a, = 0.17 ) as
V

-

V

==
b

a5 =a5
S

2 gh

__

b

b

=

=

0.17

-2_ 9.81 m/

.i2

5.12m/s

~~4.72m/s

2

*0.2m = 4.72m/s,

(19)

=0.184.

The time interval the spheres are falling through the upper boundary of the simulated region
was established from the total spheres mass and the calculated spheres mass flow rate
tb=M,
0m s

4 m,
2
ayp.srdi vz s

443_12S.
4. 10kg
0.17 .10200kg /m3 3.14 .0. 8 2m 25. 12m/=

20

(20)

After that time the spheres presence probability at the upper boundary is zero a b = 0 and the
boundary condition for the spheres velocity is the same as for the common water-air phase
= 0,
Dz

ZP

az

= 0.

(21)

The experiment simulations have been performed in the cylindrical coordinate system
on a mesh 41 x 120 grid points. So the grid spacing was exactly 1 cm, which is adequate for
such kind of simulations as the convergence analysis showed. The continuity (1), momentum
(2) and level set equation (10) were solved using the second order accurate high-resolution
method based on the first order accurate upwind method and the second order accurate LaxWendroff method. The pressure equation was solved using the CGSTAB method [6].
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5. Results of the Simulations
To get a better insight of the advantages of the level set method for free surface problems the
water-air surface was in comparison calculated also with the second order accurate highresolution method and the first order accurate upwind method. The results of the simulations
are presented on figures 3-5. The first three pictures on Fig. 3 show the water presence
probability in the cylindrical coordinate system after 218 ms of the water surface impact
calculated with the level set, high-resolution and upwind method. The contours correspond to
0.01, 0.05, 0.1, 0.2, ... value. As expected the water-air surface remains sharp only at the level
set method calculation, whereas the upwind method produces the strongest unphysical waterair mixing. The right picture represents the spheres presence probability intensity, which is
defined as the integral of the spheres presence probability in view direction and is therefore
directly comparable to the images in Fig. 1, with contours showing 0.002, 0.005, 0.01, 0.02,
... value. Since the selection of the numerical method for the water-air surface calculation has
a minor influence on the spheres presence probability development only the result of the level
set method calculation is presented.
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Fig. 3: Water presence probability in the cylindrical coordinate system calculated with the level set, highresolution and upwind method, and the spheres presence probability intensity in the rectangular coordinate system
for the level set method calculation after 218 ms of the water surface impact.

During all simulations also the pressure has been traced. In the first set of simulations all
three phases, the water, the air and the spheres phase, have been treated as incompressible.
The pressure curves for the upwind, high-resolution and the level set method calculation are
shown on Fig. 4, where for clarity only the pressures p2 and p6 are presented. Since the
simulation started 0.04 s before the spheres enter the water the time axis had to be shifted for
0.46 s to get the same time axis as on Fig. 2, where the time is measured after the release of
the spheres, that is 0.5 s before the water surface impact. In the simulation the ambient
pressure at the upper boundary was set to 1 bar, whereas in the experiment the average gas
pressure was 0.975 bar (Fig. 2). So a pressure difference of 0.025 bar has to be considered
when comparing the measured and calculated pressure values. As seen on Fig. 4 the pressure
produces a spike when the gas chimney collapses, most pronounced at the level set method,
whereas the pressure oscillations, which where observed in the experiment (Fig. 2), do not
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occur. This qualitatively different pressure
behaviour is due to the incompressible air
treatment in our model, since the reason for
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Fig. 4: Calculated pressures in the vessel at different
levels for the upwind, high-resolution and level set

compressibility, which lies somewhere in
the range bounded with the maximum

method simulation for the incompressible case.

isothermal and the minimum adiabatic

value, has to be determined. A simple estimation shows that the heat diffusion in the air
bubble during one oscillation period is negligible
dT
A dt
257.104W/Km 0.06s
10 4
2
3
2 2
AT pcPA1
1.29kgI'm .lOOOJ/kgK_0.1 M
(22)
and that consequently the adiabatic compressibility is a very good approach. Despite of that
the simulation has been performed also with the isothermal compressibility, above all to
establish the compressibility influence on the results. The pressure behaviour in the
compressible case taking into account the isothermal and the adiabatic compressibility is
presented on Fig. 5. As expected pressure oscillations occur and they are most pronounced at
the level set method, where the water-air surface remains sharp.
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Fig. 5: Calculated pressures in the vessel at different levels for the upwind, high-resolution and level set method
simulation considering the isothermal (left side) and adiabatic (right side) air compressibility.

To make the comparison of the simulations easier the main results are assembled in table 1.
The maximum pressure difference between p 6 and the ambient pressure, the time when the
pressure peak is reached and the time interval between the first pressure maximum and
minimum during the pressure oscillations are listed for all presented simulations. The
experimental values are also added for completeness and as a reference but not for rigorous
comparison since the experimental conditions were different.
The reason for so various pressure behaviour at the upwind, high-resolution and level
set method calculation is the different extend of water-air surface spreading these numerical
methods produce. The upwind method produces the highest spreading, so the air chimney
starts to close the fastest. Since the density of the spread water-air surface changes gradually
also the pressure rise is the lowest. The high-resolution method produces a sharper water-air
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interface; therefore the amplitude of the pressure oscillations is greater. The small oscillations
appearing in the pressure in Fig. 4 are not real oscillations, since they originate in the closure
of the air chimney at two different points at nearly the same time. The pressure changes are
highest at the level set method since it remains the water-air interface sharp during the whole
simulation like it was observed also in the experiment. As expected the compressibility has a
direct influence on the pressure oscillating frequency, which is higher for the lower adiabatic
compressibility.
Exp.

Simulation
Isothermal
LS
HR UW
.194
.132
.093

Adiabatic
LS
HR UW
.209
.133
.092

.723

.76'2

.745

.735

.760

.741

.731

I

.028

.031

.037

.024

.027

.031

Apma (bar)

.244

Incompressible
LS
HR UW
.376 .119 .080

to (s)

760

.750

At, /2(s)

.030 /

/

.728

Table 1: Main results of the incompressible and compressible simulations with different numerical methods
together with the experimental measurements.

6. Conclusions
A new concept of multiphase flow treatment, the combined single-multiphase flow
formulation, has been presented and applied to isothermal premixing experiments. The idea
of the combined single-multiphase flow formulation is to treat the phases, which remain
separated by a free surface (water and air) as a single phase with discontinuous phase
properties, whereas the other phases (spheres) are treated as usually with a multiphase flow
model. The free surface (water-air interface) has been determined with the front capturing
level set method, which is widely used in the last years.
For the analysis of the combined single-multiphase flow model the QUEOS
premixing experiment Q08 has been chosen. A number of simulations has been performed
using different numerical methods for the water-air surface determination (level set, highresolution and upwind) treating the air as compressible or incompressible.
As expected the results of the simulations showed that the water-air surface remains
sharp only at the level set method calculation and that the upwind method produces the
highest spreading. Consequently the pressure variations are highest for the level set method
where the density at the water-air interface changes most rapidly. The pressure oscillations,
which were observed in the experiment, could be reproduced only in the compressible case
since they are a consequence of the entrapped air bubble oscillations.
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CAN WE SIMULATE THE DEVELOPMENT OF ODSCC DEFECTS
IN STEAM GENERATOR TUBES?
Leon Cizelj, Marko Kovac, Tomai Dvordek
"Jozef Stefan" Institute, Ljubljana, Slovenia

Leon.Cizelj @ijs.si

ABSTRACT
The qualitative and quantitative aspects of degradation mechanisms causing early
retirement of SG tubing are not yet explained to the level allowing for accurate predictions of
future behavior. On the other hand, a large amount of data related to tube degradation,
inspection, repair, and plant operation have been collected during recent years. It allows for
reasonably accurate quantitative predictions, based on statistical analysis of past events and
assumption of reasonably constant operating conditions.
A computational algorithm was developed to simulate life cycle of ODSCC defects:
initiation, growth, measurement, and repair. The main feature of the algorithm is the
possibility to address some important changes in the operating parameters, especially those
related to the conditions during the plant shutdown. The algorithm can be used to get better
insight into the background of SG aging and to predict the future populations of defects, as
shown in a realistic numerical example.

1

INTRODUCTION

The qualitative and quantitative aspects of degradation mechanisms causing early
retirement of SG tubing are not yet explained to the level allowing for accurate predictions of,
for example, impact of changed operating conditions on the initiation and growth of ODSCC
(Outside Diameter Stress Corrosion Cracking) defects [1]. On the other hand, a large amount
of data related to tube degradation, inspection, repair, and plant operating parameters have
been collected during recent years ([2], [3] and [4]). It allows for reasonably accurate
quantitative predictions, based on statistical analysis of past events and assumption of
reasonably constant operating conditions.
A computational algorithm was developed to simulate life cycle of ODSCC defects as
a stochastic process. Currently, the life cycle is composed of four stochastic subprocesses:
initiation, growth, measurement, and repair. The main feature of the algorithm is the
possibility to address some important changes in the operating parameters, especially those
related to the conditions during the plant shutdown. The algorithm can be used to get better
insight into the background of SG aging and to predict the future populations of defects.
Numerical example explains the input data for the algorithm, which was obtained from
past plant data and compares the predictions with results of the recent in-service inspection.
Some comments on the possible future behavior are given.
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2

MATHEMATICAL MODEL

2.1

Life Cycle ofDefects

Let mi denote the size of a randomly selected defect. i+ I indicates, that the particular
defect was sized during the (i+ 1),h inspection. Its measured size is assumed to depend entirely
on the history of the defect:
m, +g,,mn >0
M,+=

n,+, mi= 0

to if

in. +g

(1)

exceed repair criteria

no,..,

m, represents the size of the same defect at inspection i and gi represents its growth
between inspections i and i+ 1. n,, l accounts for the new defects, which are detected and sized
for the first time during the inspection i+1. Both g, and n,, 1 may heavily depend on the
operational conditions (see Section 2.4).
The size of the defect is set to 0, if its current size exceeds the repair criteria. The repair
criteria used in the analysis are consistent with repair criteria used in field.
Simulation of the life cycle over more than two inspections is straightforward and
requires only successive applications of eq. (1).

-

-_g

Figure 1

2.2

Schematic view of the algorithm simulating the life cycle of defects

Defect growth

The defect growth as observed from the results of in-service inspections is depicted in
Figure 2, which is discussed in some more detail in Section 2.3. Two conclusions however
are relevant for our discussion here:
i A significant fraction of defects experience negative growth;
The negative growth seems to be limited by approx. 50% of the defect size before growth.
M
Since there is no known physical reason for negative growths, it is assumed here that the
negative growth is caused by the measurement error. The observed defect size m is therefore
composed from the "real" defect size a and measurement error e:

244

InternationalConference Nuclear Energy in Central Europe '99

Structural Analysis

m,+ = m, + gi => a,,, + e,,, = al + el + gi

(2)

Since the same inspection equipment was used during recent inspections, we may
assume that the measurement error does not change with inspections:
e,+, ; e, 2:? (a,., - ai) = Aai+, = g, + 2 e,

(3)

Solved for g and rewritten in terms of marginal and conditional probability densities, eq.
(3) yields:
f, (g) =

(giAa).

f,

(Aa). dAa

(4)

fG(g) represents the marginal probability density of measured (observed) defect growths,
fGI 4A(glda) conditional probability density of measured (observed) defect growths given a real
growth of Aa (acould also be termed measurement error!) andfA(a) the marginal probability
density of real defect growths.
Solution of eq. (4) forfdA(Aa) is needed to obtain the estimate of defect growth without
the noisy measurement errors. This represents a rather challenging inverse numerical
problem. A subjective choice of densities fc, M(glIAa)
and fm(Ada) represents an additional
4
challenge and, of course, potential source of uncertainties.

SG 1 (1997->1998)
1,5
ATSP
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TSP 7
O0ther

-Error

0,5
zigb~~~~
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1
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Figure 2
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1

Size
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Before Growth

M

2
2

2,5
2,5

3I

Defect growth as function of defect size before growth (sample)

Measurement Error

A typical example of observed defect growths is given in Figure 2. The growth of
about 2000 defects is plotted against their size before growth. It should be mentioned here,
that the bobbin coil signal amplitude in Volts is used as the measure of the defect size in this
paper. The vast majority of points in Figure 2 are clustered along the zero growth line, which
is also consistent with the trend of plotted points (Trend of TSP 5 is given in Figure 2 as an
example). Similar behavior is observed for growth at different tube support plates (TSP),
although the TSP 5 seems to generate the largest individual growth values. Lower limit of
observed growth seems to be (at least in probabilistic sense) consistent with about -50% of the
size before growth.
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As already mentioned above, we assume that the measurement errors are fully and
solely responsible for the negative growth. Further, a random error with standard deviation of
about 23% of the initial defect size was reported for the technology used in field (see [5] and
references therein). In two consecutive measurements (typical for empirical growth data!),
two independent measurement errors would accumulate to the standard deviation of 23%.V2
= 32.5% of the initial size of the defect. At least 90% of all points should therefore reside
above the line of -50% (;I.5.32.5%) of initial defect size, which in fact is shown in Figure
2.
Numerical investigations of eq. (4) confirmed above discussion. The following model
was therefore adopted to describe the measurement error:
fGJM(g~Aa)1
_(quAu)2

tC~jM =
(gala)
_
1
an2rz(cr

e

(5)

Aa)'

with cr set at 0.325.

2.4

Variability of Operational Conditions

The qualitative and quantitative impact of operating conditions on the development of
ODSCC is not yet explained to the level allowing for accurate modeling [6]. However,
previous work [7] indicated that certain irregularities in the inspection results could be
attributed to the changes in operating conditions during different periods between successive
inspections. The following consequences were noticed during cycles with more demanding
operating conditions:
m Significantly faster growth of defects;
m Moderate increase in number of new defects.
Both observations were correlated with the conditions during the (planned and
unplanned) plant shutdowns included in the simulation through appropriate changes in
magnitudes of defect initiation and growth.

3

NUMERICAL EXAMPLE

3.1

Input Data

All simulations presented in this paper are using the distribution of defects in SG 2 as
reported after ISI 1995 as the starting distribution of defect sizes.
Data for simulation modules representing defect initiation, growth, repair and
measurement errors were derived from the inspection results ([2], [3] and [4]) using classical
statistical methods. It is beyond the purpose of this paper to describe the results of the
statistical analyses performed.

Table 1 Differences in the operational conditions
C

-

070X;:T;\0000Intensity
of

1995-> 1996
1996->1997

adInititation
2
3

Growth
1
3

1997->1998

2

1

1998->1999
1999->2000

2
2

I

___-________
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Comments
Most severe development of ODSCC observed!
_-

1
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The differences in the operating conditions were modeled by a rather simple approach
summarized in Table 1. Intensity figures denote number of recursive levels applied while
modeling initiations and growth, respectively. For example, intensity of growth of 3 during
the cycle 1996->l1997 indicates that the average defect growth was targeted at about 3 times
the defect growth during for example 1995-> 1996.

3.2

Testing the Algorithm

This section describes the basic test performed to validate the algorithm. The basic idea
of the performance testing was to simulate the development of the defects over a few of
cycles and to compare the results with inspection results available. The period between
inspection in 1995 (starting distribution of defect sizes) and 1998 was chosen, since it exhibits
rather high variability in the operating conditions encountered.
A simple sensitivity analysis was performed during the demonstration of the
performance. The results are presented in Figures 3-5: the predicted relative frequency of
defect sizes after the 1998 inspection and repair campaign are compared with observed
distributions. 1000 direct Monte Carlo simulation runs were performed for each figure. The
results are plotted in form of 5-95% confidence intervals with average predictions indicated.
New Defects Only With Repair
0, 3

r-1-.i-....-...-.----.

E1Average
DCObserved 1998
I

I
I
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I
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~

,,,
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CD~~~II

k

Defect Size MV
Figure 3

Simulated development of defect initiation (Baseline 1995

->1998)

Fig. 3 depicts the predicted defect size distribution for the case, which was limited to the
initiation of new defects only. No defect growth was simulated here. Very good fit can be
observed, but only for defect sizes below 1 V. From Fig. 3 it is quite obvious, that `no
growth" also means --no repair"-.
Fig. 4 depicts the predicted defect size distribution for the case, which was limited to the
growth without any initiation of new defects. Excellent fit is observed for defect sizes
exceeding IlV, which also indicates dominance of old (grown!) defects among the repaired
defects.
Fig. 5 depicts the predicted defect size distribution for the mixed case: the initiation and
growth rates were balanced appropriately to comply with observed rates. Reasonable fit is

InternationaiConference Nuclear Energy in Central Europe '99

247

.)iruciuraiAnaiysis

observed here for the entire range of defect sizes. Slight discrepancy at defect sizes just below
1 V suggests overprediction of tube repair rates. Visual comparison of Figs. 3-5 suggests the
dominance of old defects in the 1998 population of defects.
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Simulated development of defect initiation and growth (1995

->1998)
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3.3

Predictions for 1999 and 2000

Predicted development of defect size distributions for potential inspections 1999 and
2000 are shown in Fig. 6. The distributions of defect sizes are predicted to remain relatively
stable for the period 1998-2000. This is attributed to the fact that the old defects survive a
significant number of inspections. With time, they increasingly outnumber the newly
developed defects and therefore completely dominate the population.
This observation is very important from the viewpoint of safety and reliability. The
increasing dominance of old defects namely increases the predictability of the process and
increases the confidence in the inspection methods implemented in the field.
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Predicted development of defects for 1999 and 2000

CONCLUSIONS

A computational algorithm was developed to simulate life cycle of ODSCC defects:
initiation, growth, measurement, and repair. The main feature of the algorithm is the
possibility to address some important changes in the operating parameters, especially those
related to the conditions during the plant shutdown. The algorithm can be used to get better
insight into the background of SG aging and to predict the future populations of defects, as
shown in a realistic numerical example.
One of the main values of results is valuable insight in the relative importance of new
and old defects. In the examples studied, the defects tended to survive two or more
inspections before exceeding the repair criteria. This is consistent with field observations in
Krsko steam generators.
The future improvements of the model may be gained by (1) more rigorous modeling of
the measurement errors and (2) further investigations of the correlation between operating
conditions and defect initiation and growth.
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Piping reliability improvement through passive seismic supports
Robert BALTUS and Antoine RUBBERS
Westinghouse Electric Europe
Brussels - Belgium
ABSTRACT: The nuclear plants designed in the 1970's were equipped with large quantities of snubbers in
auxiliary piping systems. Thie experience revealed a poor performance of snubbers during periodic inspection.

while non-nuclear facility piping survived through strong earthquakes. Consequently, seismic design rules
evolved towards more realistic criteria and passive dynamic supports were developed to reduce snubber
quantities. These solutions improve the pipe reliability during normal operation while reducing the radiation
exposure and the costs of snubber inspection, without jeopardizing the plant safely. A simulation of snubber

failures in a sample line is presented with the impact on pipe stresses compared to the results obtained with
passive supports named 'Limit Stops".
1. Introduction
The design of nuclear pipe support arrangements is driven by conflicting requirements. On
one hand. the pipe should be as flexible as possible to allow thermal movements with a
minimum of stress and fatigue. On the other hand, it should be well restrained to sustain its
deadweight and the dynamic forces induced by earthquakes and by hydraulic transients. This
design issue was solved with the use of snubbers, which allow free movements at low velocity
and lock up in case of fast motion.
The seismic design criteria retained by US Nuclear Regulatory Commission (NRC) and by
the ASME code for nuclear piping turned out to be very conservative and resulted in intensive
use of snubbers. An EPRI report [I] indicates that the US nuclear plants started in the 1980's
were equipped with an average of 1600 snubbers per unit. The snubbers were submitted to inservice operability tests (IST) and demonstrated a relatively poor performance. This led to
increasing regulatory requirements for IST and to an increasing effort for operation and
maintenance. The nuclear plant utilities started to launch snubber reduction programs and the
industry started to develop alternative support devices in replacement of snubbers.
The cost-benefit evaluation of snubber reduction programs has been addressed in past
articles like [I] and [21 and will not be discussed here. The present article will focus on the
technical and safety related aspects of the snubber replacement with passive supports called
"Limit Stops", including a discussion of snubber failure impact on pipe failures and its
illustration on a sample line taken from Krsko Modernization Program.
2. Piping and support failure
2.1 Snubber failure modes
There are four basic types of malfunctions which may affect the snubbers:
a) excessive drag force or friction during thermal movements
b) inadvertent lock up during thermal movements
c) excessive bleed rate under dynamic Icad
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d) no lockup during dynamic event (broken gears, oil leakage)
For simplicity, this paper will consider only the extreme cases of total lock up (b) and total
failure (d) as snubber failures which can affect directly the pipe integrity.
Mechanical snubbers are more prone to inadvertent lockup while the failure to lock is
more likely with hydraulic snubbers. Based on failure data compilation in [11], the order of
magnitude of the failure rate for either mode has been estimated to 1.8 x O103 per year.
2.2 Piping failure modes
Pipe failure can occur during load variations due to earthquakes, thermal transients,
pressure transients or a combination of these events. The failure probability will increase if the
pipe is degraded by corrosion or cracking when the event occurs. Snubber failures may also
lead to pipe failure. These failure modes are briefly discussed hereafter and are taken into
account in the probabilistic model in [ 1].
A) Seismic failure
The ASME design rules address two failure modes:
a) pipe yielding and collapse under inertia forces
b) fatigue failure due to alternating forces or displacements.
Real world experience data collected in industrial facilities subject to real severe
earthquakes indicate that mode (a) does not occur in real world. The only pipe failures
observed resulted from differential movements between pipe supports. Typical examples
include pipes attached to two different buildings with out-of-phase motion, or rigidly
supported branch pipes connected to large pipe headers with flexible support arrangement. In
absence of differential motion, the next failure mode is fatigue with alternating plasticity.
Several test programs have shown that this mode requires stress levels that are 12 to 24 times
larger than the ASME level D allowables. This tremendous margin is due to the extreme
ductility of piping systems and to the high conservatism of the linear elastic stress analysis
methods and criteria imposed by NRC Standard Review Plan.
B) Thermal fatigue
Thermal fatigue is an important contributor to pipe failures occurred in nuclear plants
systems. These failures resulted from cracks initiated by local peak stresses or local defects,
thus propagated through the pipe wall by pressure and global pipe load cycles resulting from
plant operation transients.
The risk of initiating and propagating a fatigue crack is obviously aggravated by the risk of
inadvertent lock up of snubbers during thermal expansion of the pipe, as snubbers are normally
installed at locations with large thermal movements. For example a mechanical snubber locked
up during the plant heat up. may induce unexpected thermal stress cycles during the cooldown
without any visible malfunction nor damage. This case is simulated numerically in this paper.
C) Pipe degradation due to Erosion Corrosion
Erosion-Corrosion phenomena has been observed in certain piping systems with specific
materials and fluid characteristics. The resulting pipe wall thinning may reduce the margins
against pipe failure. The potential thinning is taken into account in nuclear piping design
through specification of a corrosion allowance and it is monitored by periodic measurements of
pipe thickness at critical locations. This effect needs to be accounted for in the evaluation of
the global pipe failure pi obability.
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2.3 Effects of snubber reduction on piping failure probability
All phenomena mentioned above have been modeled and quantified in terms of pipe
failure probability for a typical nuclear plant piping system [ I] made of a 6 inch stainless steel
pipe with 10 snubbers. The model has been used to simulate the effect of snubber reduction on
pipe failure probability for two cases i.e., with or without an earthquake occurrence during the
plant life. The results are shown on Figure 1:
Without earthquake:
If no earthquake occurs, the pipe failure probability decreases from 1.8 x 10-3 to l.x 10-4
when all snubbers are removed, as the risk of thermal fatigue due to inadvertent snubber
lock up is eliminated.
With earthquake:
Even with earthquake, the pipe failure probability decreases until snubbers quantity is
reduced by about 80% of the initial population. Only the last few snubbers are contributing
significantly to the seismic margins and their removal would increase again the overall pipe
failure probability.
The numerical results may vary for different piping systems and for different plant designs,
but the essential conclusions are likely to remain applicable to most of the plants with
numerous snubbers:
l. the wide majority of the snubbers are detrimental to the pipe reliability
2. only a small percentage of dynamic supports are really contributing positively to the
pipe reliability.
3.

Passive support technology

By studying the consequences of real earthquakes on non-nuclear piping systems.
american researchers observed that displacemnents limiters with large gaps had preserved the
pipe integrity during the earthquakes while allowing free thermal movements during normal
operation Based on that principle, Robert Cloud and Associates (RLCA) and EPRI developed
a unidirectional support named `Limit Stop` as a replacement device for snubbers. It is made
of a piston attached to the pipe, guided in a cylinder and moving freely between two stops
[Fig.2]. When the dynamic motion amplitude exceeds the gaps, the support provides an elastic
reaction force and limits the pipe displacement. This simple device offers a long term reliability
during thermal transients and during dynamic events. It does not need any maintenance nor inservice testing.
The non-linear response of piping supported with Limit Stops can be calculated by the use
of time history analysis method, or by using an equivalent linearization technique. The latter is
more cost-effective for seismic analysis with response spectrum input. It has been automated in
GAPPIPE computer program and validated against numerous tests results obtained in
laboratories and in high pressure reactor test facility (HDR) in Germany.
The Limit Stop technology has been approved by the NRC for generic application to
nuclear power plants [3J. It has been implemented in several US plants as well as in a spanish
plant [41, where all auxiliary piping snubbers have been either removed or replaced with Limit
Stops (except few snubbers left in the pressurizer safety valve discharge line). Similar
replacement program has been included in the Krsko modernization program.
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4.

Modern criteria for seismic qualification of piping systems

The nuclear industry has attempted to reduce the excess of conservatism in seismic design
rules by several means:
a) relaxation of seismic stress criteria in ASME code since 1995 (not approved yet by NRC)
b) increase of damping ratios (approved as ASME Code Case N41 )
c) use of Independent Support Motion method for response spectrum analysis (approved by
NRC with some limitations)
d) realistic combination of closely spaced modes (algebraic combination recommended in
NUREG-1061, approved by several Safety Authorities in Europe and currently reviewed
by NRC).
The snubber optimization programs in Spain and at Kr.ko have retained the new criteria
(b) and (d), ie. N411 damping and Generalized Algebraic Combination (GAC) of closely
spaced modes [5].
5.

Sample line application

The influence of snubber behavior on piping response is evaluated for a typical line taken
from Krsko modernization program, namely the Residual Heat Removal (RHR) suction line
RH02 [Fig.3]. This is an 8 inch stainless steel pipe connected to the Reactor Coolant Loop 2
(RCL). It contains two heavy motor operated valves. The line is classified as ASME Class l up
to the second valve, and Class 2 up to the fix point (node 590). There is also a small branch
line (3/4 inch) connected to the main Class 1 pipe.
Between the terminal ends, the line is supported by three spring hangers (shown in dotted
line on Fig.3) and ten snubbers, including one on the branch line. It can accommodate the
thermal expansion in different operating modes with very low stress and fatigue in the pipe and
in the RCL branch nozzle
The line has been analyzed for thermal and seismic loads with different support
configurations including:
a) all snubbers behaving as designed
b) inadvertent lock up of one snubber
c) snubber failure (no lock up) during an earthquake
d) recommended configuration where all snubbers have been removed and four of them
replaced with Limit Stops (shown in bold on Fig.3).
The results selected for comparison include the support loads and the ASME moment
stresses along the pipe up to the RCL branch nozzle safe end (node 415).
5.1 Impact of snubber blockage on thermal expansion stresses
The thermal stress ranges were calculated in cases of inadvertent lock up of three snubbers
(one at the time) located in the main pipe (at nodes 445 and 500) and in drain line (node 625).
The Figure 4 shows that the stresses would increase by up to a factor of three in the main pipe.
In the drain pipe (nodes 600 to 645), the stress will increase from nearly zero to 119 KS1 (i.e.
more than five times the yield stress 21.6 KSI) and the socket welded branch would reach the
fatigue usage tactor limit after 44 cycles of alternating plasticity.
The thermal loads on the blocked snubbers would be 5.9 Kips, 9.4 Kips and 864 Ibs, i.e.
respectively 151%, 222%/, and 219% of their faulted load capacity. This means that the
snubbers could either fail or remain definitively blocked.
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Finally, with the optimized Limit Stop configuration, the thermal stresses will remain as
low as with perfect snubbers, because the gaps are at least equal to the maximum thermal
displacement at each limit stop location.
5.2 Impact of snubber failure on seismic stresses
Seismic analysis has been performed for SSE spectra with the set of modern criteria
mentioned in section 4 above and using a dynamic model coupled to the RCL, model. Figure 5
shows Equation 9 Faulted Stress distribution for different support configurations compared to
the ASME 1986 allowables. One case of snubber failure (node 470 H) was simulated. The
following conclusions can be drawn:
a) In the main Class I pipe (nodes 415 to 545), the old analysis method was slightly more
conservative than the new one. In the main Class 2 section (545-590), the old method was
about two times too conservative. In the small branch pipe (600-620), the old stresses
were grossly overestimated and reached the ASMIE limit, due to differential motion
between the main pipe and the small snubber at node 625.
b) If the snubber 470 H fails, the pipe stresses increase marginally in the main pipe, but they
increase dramatically in the branch pipe (sheared offby differential motion).
c) With only four Limit Stops installed in the main pipe, the stresses remain widely under the
ASMIE allowables and the branch line problem is solved.
6.

Conclusions

The review of pipe failures induced by snubber failures indicate that the large number of
snubbers may be indeed detrimental to the piping structural reliability.
New methods and criteria are available today to calculate seismic stresses in a more
realistic manner. These methods permit to reduce snubber quantities and to find a better
compromise between the need for seismic supports and the risk of inadvertent blockage of
snubbers in normal operation.
Passive supports like Limit Stops allow to maintain the pipe flexibility and reliability in
thermal events, while providing efficient restraint against excessive pipe motion during
earthquakes.
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NUMERICAL ANALYSIS OF INTERACTING CRACKS
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ABSTRACT
The stress corrosion cracks as seen for example in PWR steam generator tubing made of
Inconel 600 usually produce highly irregular kinked and branched crack patterns. Crack
initialization and propagation depends on stress state underlying the crack pattern. Numerical
analysis (such as finite element method) of interacting kinked and branched cracks can
provide accurate solutions. This paper discusses the use of general-purpose finite element
code ABAQUS for evaluating stress fields at crack tips of interacting complex cracks. The
results obtained showed reasonable agreement with the reference solutions and confirmed use
of finite elements in such class of problems.
INTRODUCTION
Intergranular cracks develop in random and complex patterns [1] (e.g., cracks caused by outer
diameter stress corrosion cracking in PWR steam generator tubing made of Inconel 600). The
shape of cracks depends strongly on the shape of grains. A significant degree of crack
branching and coalescence may be observed. The methods currently implemented in similar
problems have limitations with respect to crack shape (e.g., decree of branching) and level of
details implemented in crack interaction modeling [2].
The aim of this paper is to validate the use of finite element for analysis of stress fields around
tips of randomly shaped complex interacting cracks [3, 4]. Crack shapes and interaction
effects are limited only with the shape of underlying random grain structure. No limitations
are due to the analysis method.
Stress fields around tips of complex shaped cracks in crack patter are calculated by finite
element method. Finite element method also accounts for the influences of crack shape and
interactions between two or more shapes and supports use of general biaxial stress field. As
such, finite element method is more suitable for stress field analysis than previously adopted
empirical models [2], which correlate the actual crack shape in equibiaxial stress field with a
simple equivalent replacement crack. This approach is unpredictable, when unknown crack
forms are considered.
The paper discusses the mathematical model, followed by the numerical example and results.
Conclusions are added at the end.
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MATHEMATICAL MODEL
Finite element models of random crack patterns for finite element analysis were evaluated as
follows:
1. Selection of crack shapes
Generate model of random grain structure
Incomplete random tessellation as one of methods of stohastic geometry tessellation is
utilized to model randomly distributed grain boundaries. Model of randomly distributed
grain boundaries is currently limited to 2-D., which can be directly compared with
results of metalographic analyses [ 1, 2].
Crack initializationandpropagation
Cracks are generated on randomly selected grain boundaries. The initialization and
propagation of cracks depends, among others, on the evaluated stress field at crack tip.
Details are given in [1, 2].
2. Automatic generationoffinile element mesh
Current meshing strategy takes grain boundaries fully into account [5]. Grains are
irregularly shaped [2] (e.g. acute or obtuse angles, polygons of high order) and as such
can not be used as finite elements in most commercialy available finite element codes.
Therefore, the grains are further subdivided in finite elements. Grain structure was
automatically meshed by CADfix [6] and then exported for evaluation to finite element

code ABAQUS [71.
3. Calculationof.l-inlegral and comparison with reference solution.
J-integral was selected as a measure of stress field around the crack tips. It provides
stability of results obtained using coarse meshes and therefore reduces computational
efforts [3, 4].
Results of J-integral by finite element method for each of the crack tips were compared
to the reference solutions. Reference solutions for straight cracks were obtained
analytically, but without accounting for interaction between the neighboring cracks.
Reference solutions for kinked and branched cracks were obtained by empirical model
[2]. The interaction between neighboring cracks is only approximately accounted for in
reference solutions.
Expected accuracy of used finite element code ABAQUS [7] was obtained from
extensive evaluation of simple shaped cracks with analytical J-integral solutions [8].
Expected accuracy depends on the finite element mesh size.

NUMERICAL EXAMPLE
Evaluation of the stress Field around crack tips within a plate is presented here as a numerical
example. The plate is divided into 101 randomly shaped grains and loaded with remote
biaxial stress (cy, = 2 N/rn 2, ayr = I N/m2 , E = I N/M2 , v = 0.3).
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Figure 1 presents random grain structure (thin lines), which was generated using incomplete
random tessellation with cracks (wider lines) generated on randomly selected grain
boundaries. The cracks in Figure 1 are an outcome of both crack initialization and crack
propagation. With further propagation complexity of crack shape usually increases.

Figure 1: Graiii structure with crack pattern
Figure 2 puesents proP.ition ol a selected single crack (hick, Iines) over adjacent grain
houndaries (thin hes) diuring several simulation steps.

Step 0

Step I

Step 2

crack initialization

crack propagation from step (i

crack propagation fron: step I
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Hgure 2 clarl sho\,'s thc processes ol crack initialization in step () and propagation in .teps
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Model Ineshling is an essenuial part of Finite element method. In Iparticular case, automatic
generation of' liite element mesh with quadrilateral is;op)araiielricai elements was used.
Figure 3 showvs Finite celment mesh generated over the randonm grain boundaries and crack
pattern (presented in fligure I). Cracks are denoted as thick bright lines and mesh as thin gray
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Stress field around each of the crack tips of the crack pattern was calculated using generalpurpose tinite element code AL3B\ALS.
IFigure 4 shows Von Niises ce(rtaalent stress \vithin grain structure with crack pattern. Cracks
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RESULTS
J-integral was selected as a measure of stress field around the crack tips. Results of J-integral
for each of the crack tips in the crack pattern were compared to the reference solutions.
Results of J-integral were studied as a function of relative size of typical element, which is a
measure of a finite element mesh density: size of a typical element at the crack tip divided by
the crack length. Smaller relative size of the typical element means more dense mesh and
higher accuracy of the results [3, 4].
Results of J-integral were obtained for patterns with increasing complexity and number of
cracks. With larger number of cracks in the pattern the impact of interactions between cracks
becomes more important and causes larger discrepancies of the results with the reference
solutions, which do not model the interaction very accurately.
In further discussion the cracks were divided into straight, kinked and complex cracks.
Straight cracks
Reference solutions for straight cracks were obtained analytically [8]. These solutions
however do not account for interactions between neighboring cracks.
Figure 5 shows the accuracy of J-integral estimates for straight cracks as a function of typical
element. Thin black line (0%) represents reference solution, thick black lines represent
expected numerical accuracy of finite element method [4].
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Figure 5: Accuracy of J-integral compared with analytical results for straight cracks
The discrepancy of results obtained is mainly due to the interaction between neighboring
cracks, which are not accounted for in reference solutions. More interactions are produced by
more cracks in the crack pattern. Crack pattern of step 2 has, in principle, more crack
interactions than crack pattern of step I and the latter more than crack pattern of step 0, which
is in accordance with observed discrepancy.
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Kinked cracks
Reference solutions for kinked cracks were obtained by empirical model [21. The interaction
between neighboring cracks is only approximately accounted for in reference solutions.
Figure 6 shows the accuracy of J-integral estimates for kinked cracks as a function of typical
element. Thin black line (0%) represents reference solution, thick black lines represent
expected numerical accuracy of finite element method [4].
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Figure 6: Accuracy of J-integral compared with results of an empirical model
for kinked cracks
The discrepancy of results obtained - more pronounced in steps 1 and 2 - is mainly due to the
interaction between neighboring cracks, which is only approximately accounted for in
reference solutions.
Complex cracks
Reference solutions for complex cracks were obtained by empirical model [2]. The interaction
between neighboring cracks is only approximately accounted for in reference solutions.
Figure 7 shows the accuracy of J-integral estimates for complex cracks as a function of
typical element. Thin black line (0%) represents reference solution, thick black lines represent
expected numerical accuracy of finite element method [4].
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Figure 7: Accuracy of J-integral compared with results of an empirical model
for complex and branched cracks
The discrepancy of results obtained is mainly due to the interaction between neighboring
cracks, which is only approximately accounted for in reference solutions. As in Figures 5 and
6, the discrepancy is more noticeable in latter steps.

CONCLUSIONS
This paper discusses the use of general-purpose finite element code ABAQUS to evaluate
crack tip stress fields in crack patterns with multiple interacting complex shaped cracks. The
main conclusions are:
*

Reasonable agreement with the reference results.

*

Discrepancies between results obtained and reference results are mainly due to
different assumptions in available reference cases.

Accuracy of results supports use of finite element analysis in simulations of developing
intergranular crack patterns.
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About Criteria of Inadmissible Embrittlement of Zirconium
Fuel Cladding (luring LOCA in the PWRs
Dr. V.S. Osmachkin
NUCLEAR SAFETY INSTITUTE RRC KI Moscow Russia

Abstract
According the licensing procedures the designers of the PWRs reactor have to prove the meeting
of special safety requirements. One criteria on effectiveness of the Emergency Core Cooling
System is not to exceeding some limited conditions of the fuel cladding during LOCA accidents
(typical example Tna. <1200 0C, ECR<0,17 & oth.).
The damage of fuel element in the core during LOCA is caused by the oxidation of the cladding,
its embrittlement and thermal shock stresses after initiation of the heat removal by a cold water
from emergency core cooling system.
In the paper the conservatism in criteria Lo avoid brittle ruptures of the fuel elements is discussed.
Taking into account the influence of fuel burnup on the property of the cladding and a potential
presence of air in the steam, it is believed that criteria of survivability of the zircaloy fuel cladding
during LOCA may not be enough conservative.

1. Regulatory requirements on PWRs fuel elements during LOCA
The safety of the nuclear power plants is achieved by responsible activities during the
designing, equipment manufacturing, construction, testing and operation of the plants,
based on strict Safety Standards. To get a licensing permission a designer have to prove the
meeting of many criteria and conditions for a normal operation and for the accidents.
Among such criteria there are acceptance criteria for emergency core cooling systems
(ECCS), which have to be actuated (luring a loss of coolant accidents (LOCA). A key
question of the studies is to show that conditions of the fuel during or after an accident
could be considered as admissible from the point of view of the integrity of the fuel and its
handling.
In short ((Acceptance criteria for ECCS for PWR reactors>> demand the ensuring [1]
*
peak cladding temperature shall not exceed 1200 'C,
* a total oxidation of the cladding (equivalent cladding reacted- ECR) shall nowhere
exceed 0,17 times the total cladding thickness before the oxidation,
* maximum hydrogen generation shall not exceed 0,01 times the total hypothetical amount
of hydrogen from a reaction of the total metal of the fuel with water or steam,
* changes in core geometry shall be such that the core remains amenable to cooling (and
* handling).
<1200 TC, ECR<0,18 & oth.) are in the Russian
Similar to these requirements (Tarz
nuclear standards and norms for Zrl%Nb claddings [ 2 ]. In Japanese nuclear standards
ECR=O, 15 is adopted.
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Such criteria have been established in the middle of the seventies to limit the excessive
oxidation of the claddings and to avoid the decreasing of its resistance for embrittlement
and ruptures after LOCA.
A lot of experiments have been carried out to check the sufficiency in such limits for
unirradiated fuel. A vast scattering of the results was observed, caused by differences in
conditions of tests, in properties of specimens and by influence of many uncontrolled
factors (fuel constraint, cooling rate et al). It was shown such specification provide
sufficient margins of safety for fresh unirradiated fuel with zircaloy cladding [3]. On the Fig
I results of Japanese investigation of the rupture of the zircaloy fuel after LOCA [4 ] are
shown.
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It is worthwhile to investigate also the validity of such ECCS criteria during fuel life in
the reactor. Are they rather conservative for fuel element during the long operation and
significant bumup?
Here we discuss the question about the chances of the loss of the function of the claddings
during the LOCA accident caused by embrittlernent of the irradiated fuel of PWR. Taking

into account an influence of the burnup of the fuel on mechanical properties of the Zircaloy
cladding and influence of the air in the steam on the oxidation rate it seems that adopted
criteria are not enough conservative.
2. An Oxidation of the Cladding of the Fuel during LOCA.
During a LOCA an inadequate heat removal from core causes an overheating of the fuel.
High temperature of the fuel stimulates the chemical interaction of the cladding with the
uranium oxide and a vapour of water.
To prevent overheating of the fuel the ECC Systems have to be actuated.
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A lot of tests and analytical investigation are devoted to problems of the effectiveness of
such ECCS. A key question of the studies is the ability of the fuel to overcome the
dangerous regimes and to avoid the ruptures of the cladding.
A high temperature oxidation of the cladding is a process of decomposition of the water, a
creation of the layer of the zirconium oxide and diffusion of 02 in the body of cladding.
The distribution of oxygen in the cladding is being usually described by the equation of
diffusion of oxygen
VD(r, T)VC
and equation of the energy
cp dY = V(r, T)VT` + q
with proper initial and boundary conditions.
A specific feature of the high temperature oxidation of Zr is production of heat, creation of
the film of ZrO 2 and layers of Zr with allotropic transformation of the a, 13forms (ahexagonal close packed , P-body centered cubic structures).
A diffusion of the oxygen in the body of the cladding is accompanied with the precipitation
of the additives and creation of the enhanced paths along the grains for migration of the
oxygen.
The layers of the oxide and a-Zr stabilized by the oxygen are brittle and can't carry loads.
Only P-phase in Zr is in a position to withstand the stresses. But the real chance for the fuel
to survive depends on thickness of 13-phase .
In the literature there are many approaches for solving the problem numerically or
experimentally [ 5,6 ].
A simplest method of presentation of results of the oxidation of cladding is the empirical
Arrhenius -type correlation of the parabolic growth rate of oxide scale
j2(i,
6

T) = A exp(- -07

where 6 is a parabolic rate constant of oxygen consumption, which can be determined on
weight gains during the oxidation, Q-energy of the reaction, R- universal gas constant.
R=8,314 J,/mol.0 K ,T- effective temperature, "K.
The situation is complicated by the temperature dependent deformation of the claddings.
Besides burst rupture of the cladding provides the intake of the water into inside of the fuel
and caused the internal oxidation of the cladding [ 7 ].
In some research considerable influence of a presence of the air in the steam on the
kinetics of cladding oxidation was observed [ 8 ].
Another peculiarity of the LOCA accident is a strong interaction of the uranium oxide
pellets with cladding [ 7 ].
3. Embrittlement of the cladding after oxidation.
On the last stage of the accident, during operation of the emergency core cooling system,
the fuel elements are being exposed to a very quick cooling down with appreciable thermal
stresses.
The layers of ZrO 2 and a-phase of Zr are considered as brittle ones. The P-phase
undergoes the transition in P'-phase, a mixture of a-phase seeds and regions with high
concentration of the oxygen. This structure is also rather brittle if the initial oxygen
concentration is high.
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It is important to remember, that during operation of the reactor, as burnup of the fuel is
increasing, mechanical properties of Zircaloy cladding are noticeably degraded, particularly
through the precipitation of hydrides and radiation damage. Such phenomena cause the
rather large decrease of the peak fuel enthalpy at failure during Reactivity Initiated
Accidents (RIA) [9]. On next Figure data from various RSA experiments with irradiated
fuel are shown [10].
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It can be expected that similar influence of the burnup can be in the case of the LOCA.
4. Probability of brittle rupture of the cladding during reflooding or handling.
It was clear for a long time a probabilistic approach to the problem of brittle rupture of the
fuel element in LOCA accidents mav be rather informative. Based on known data it is
possible to propose a criterion for the assessment of the probability of brittle rupture during
cooling phase or post accident handling as a Weibull distribution function,
W(x, T)= 1- exp{- (7 Xo/Xol-Xo) }
where P-parameter of distribution, -/m-oxidation with probability cladding rupture equals
0,632, X, -oxidation where embrittlenment is enough to start the brittle rupture (a threshold
for loss of load-bearing abilities of thc fuel). As X a relative thickness of the cladding with
P-phase may be used. Data on Eailure probability of the Zircaloy cladding can be rather well
described with XO==0,1 7 and X,2=0,2, f3=2.
It is important, that

,,is a function of burnup of the fuel (Xa is decreasing when burnup is

increasing). And in high temperature situation during LOCA, despite of annealing some
burnup effects, it is possible to expect, that the ECCS criteria for Zircaloy fuel may be non
conservative.
From RIA experiments with fuel elements having Zrl%Nb cladding it is known that a fuel
burnup influence to the failure threshold is rather weak [ 1 1. It is believed to be connected
with better corrosion resistance of this alloy.
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Abstract
The structural integrity of the primary components in pressurized water reactor nuclear power
plant is very important in the respect of safe and efficient operation. These components have to
be subjected to periodic controls.
In the light of fracture mechanics concept, the acceptance criteria for detected defects (flaws) are
developed. Flaw evaluation procedure is necessary, to evaluate the defects regarding their
acceptability for further operation.
'I'he objective of the flaw evaluation charts is to provide a series of simple graphs as decision
maps, that immediate decision may be taken regarding the acceptability of a detected defects, on
the basis of ASME Code Xl criteria.
1.

Introduction

The reactor pressure vessel is one ofthe vital parts of reactor primary coolant system. It's
structural integrity is controlled periodically within the scope of inservice inspection program,
which deals with integrity of the primary reactor coolant pressure boundary. This program is
established in Section XI of the ASMI' Code. Minimum periods required for such inspection are
specified in this document. The locations of pressure vessel for inspection are determined in this
documents, most critical locations are the longitudinal welds and the welds of the nozzles.
Nondestructive techniques (ultrasonic, eddy current. surface tests) are the common techniques
used in inservice inspection.
To develop flaw evaluation chart the fracture mechanics analytical analysis is necessary. This
analysis is relatively complex because of the large volume of data to be handled, such as the
different stress and temperature distributions with time in the different transients contemplated in
the design specifications.

InternationalConfrrence Nuclear Energv in Central Europe '99

273

Structural Analysis

2.

Objectives of the flaw evaluation chart

The main objective of flaw evaluation chart is to provide a simple graphic presentation of the
acceptability of a postulated defects (flaws) on the basis of its characteristic dimensions: shape
factor and relative depth.
Characteristic dimensions are those described in relevant articles of the ASME Boiler and
Pressure Vessel Code, Section XI. By this code, the following characteristic dimensions are used
for characterisation of the flaw:
shape factor a/l: depth of the flaw (a) versus length of the crack (1),
relative depth a/t: depth of the flaw (a) versus thickness (t) of the observed loction of the
reactor pressure vessel
surface proximity parameter /t : distance from flaw centerline to surface (6), for
embedded flaws only, versus thickness (t) of the observed location
The dimensions of the flaw must not exceed the maximum permissible values established in
article IW1B-3500 of the ASME Code applicable to the plant. In the case, that the flaw dimensions
are exceeded, the flaw have to be repaired. On the other hand, the ASME Code allows the plant
to continue with the operation without the flaw to he repaired as long as an analytical fracture
mechanics study, performed in accordance with the article of the ASME Code article IWB-3600,
demonstrates that the dimensions oflthe flaw will nAt grow to a given critical value within a
certain evaluation period.
The overall acceptability of the flaw observed is governed by the acceptance criteria in the
articles listed in ASME Section Xl.
The flaw evaluation chart should be developed in advance for different locations (areas) of
reactor pressure vessel inspection, or consequently fOr other components and its locations in the
[rame of inservice inspection program, like primary coolant piping, primnary reactor coolant pump
casing etc.
In the case of indications (flaws) discovered during inservice inspection one can use flaw
evaluation chart for immediate comparation of their typical parameters (shape factors) regarding
their acceptability without analytical evaluation at that timie. Il aw evaluation chart prepared in
advance shows the acceptable region regarding flaw depth ratio versus flaw shape, for each
period of inservice inspection program.

3.

Different evaluations needed

The flaw evaluation is based on the principles of fracture mechanics. Its basic equations relate the
following parameters:
-

flaw size and shape

-

stress field applied to the structure for normnal operation or emergency conditions
(transients)
fracture toughness profiles of the material far different evaluation time increments in
transients
stress intensity factor in accordance with the effect of neutron irradiation

-
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fatigue induced crack growth rate as a function of the fluctuatuion of the stress intensity
factor
To establish the flaw evaluation chart for certain position (weld) of a reactor pressure vessel all
necessary fracture mechanics parameters shall be collected and used in mathematical expressions,
listed in relevant articles.

4.

Flaw evaluation charts

The results of previous listed evaluation lead to the chart on which the shape factor all (shape
factor) varying from 0 to the ASME Code Section Xl limit 0,5 is represented on the abscissa and
on the ordinate side are the maximum permissible values of the a/t ( depth/thickness)
relationship.

An example of the flaw evaluation chart is presented on Figure 1.
Such chart should be developed in advance., that means in the case some of flaws were found
during inservice inspection periodic examination, their indication parameters may be plotted
directly on the chart to determine their acceptability. In such case, real flaws are compared to the
flaws previously analysed and on which characteristics flaw evaluation chart was developed.
On such chart more curves should be established on the basis of the time intervals from fatigue
crack growth calculation, tipically such as 1, 10, 20 and 30 EFPY (Effective Full PowerYears).

5.

Conclusions

'or development of flaw evaluation chart it is necessary to perform detailed analysis of all above
mentioned parameters and what is most important, consideration of all transient conditions.
Usually, only the governing transients for different operational modes are considered.
It is obvious that for the calculation of all input parameters the computer code specially
developed for this purpose is needed, specially in the case of adjusting important values as a
result of destructive testing of reactor vessel material samples or changes in some guidelines and
rules for analytical fracture mechanics procedure.
ASMML' Code in Section XI provides guidelines and evaluation procedures with acceptance

criteria tor pressure retaining components of different classes. Some of the important parameters
are idealised, like for example, representation of stresses in pressure vessel shell or method for
stress intensity factors determination. Using the results of different relevant studies for behaviour
or pressure vessel during transients the procedure for flaw chart development should be
signiticantly improved.
Nevertheless flaw evaluation charts shall be treated as a tool for quick and reliable evaluation of
the indications discovered during inservice inspection and no further time is needed for analytical
fracture mechanics evaluation at that time since it is in such form already done in advance.
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ABSTRACT
The paper deals with the following postulated main goals of outage scheduling with Primavera
tool at Krsko NPP:
- Planning and controlling of resources (people, equipment, locations, sources),
- Controlling the safety aspect of an outage and assuring defense-in-deptil philosophy
(through integrated safety assessment by ORAM code),
- Diversity use of the plan during preparations period and outage progress (MCB, work
leaders, management, planning department, subcontractors, support, etc.),
Allowing for optimization of outage duration,
A snapshot in Primavera of what actually happened in outage 1999, lessons learned and a new
work template is the scope of the next year outage.
1.

Planning and scheduling of Outage 1999
Outage is proved to be complicated: the scheduling network has more than
6,000 activities. But the ability to plan at this level of detail is one of the things
that makes it possible for NPP Krsko to reduce the duration of the refueling
outage. The first time in the outage 1999, Primavera's P3 enabled NPP Krsko
to schedule its 6,000+ outage activities in such a way that the management
maximized its control over the project. There were more than 90 plant systems
that have been tested and maintained, and there were numerous regulations
and requirements that dictated how and what could be done when. There were
also a lot of planned maintenance works that could not be performed while the
plant is running, as well as unplanned maintenance requirements that must be
put off until the unit is off-line.
NPP Krsko outage schedule comprises some 6,000 work activities and 13,000
relationships. Many of these activities are repetitive, planned maintenance
activities or plant modifications. A plant team and supporting crew, working
round-the-clock, will complete an average of 400 activities per day and
complete the full set of 6,000 activities in just over four weeks.
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The basic unit of planning is now the unique activity placed in certain time
window related to defense-in-depth philosophy (defined by plant procedure
ADP-1.3.030 "Plant Safety During Shutdown", see figure 3). Predefined
activities are related to the changes of plant sates that determine terms and
duration of systems windows. The Primavera P3 code is used as a primary tool
to establish relations between all time windows and predefined outage
activities related to plant, systems and components requirements. Work orders
are now issued, in the planning phase, under known conditions and time
windows.
The basis for Outage 1999 Plan was the list of activities necessary for plant
shutdown and cooldown, refueling and start-up that have to be repeated every
year. Basis activities can be resolved by the Operations Department (through
plant procedures without issuing of work orders) or Maintenance Department
and Engineering (through the work ordering system - WOS). At Krdko NPP,
the Primavera system exchanges data online with the site's work order system
(WOS, for Working Order System).. WOS resides on the mainframe and
contains vast amounts of information about specific activities associated with
virtually every aspect of running the nuclear station. During outage, after each
update of schedule in P3, the plant safety is examined according to the NEK
SSFAT (Shutdown Safety Function Assessment Trees) models by the ORAM
code. Deviations can be easily obtained and corrected on-line. The backbone
of the NEK outage plan was made in -PERT view that allows us to control the
logic relations. WANO advice team visited Krsko NPP in September 1998 and
agreed with the presented approach. The principle of the Krsko NPP Outage
1999-plan development is shown in Figure 1.
2.

Outage Risk Assessment
The Outage Risk Assessment and Management (ORAM) Package is a
software tool developed by ERIN Engineering and Research, Inc. for the
Electric Powver Research Institute (EPRI) to aid to the management of nuclear
power plant outages from a safety and risk perspective. There are two major
modulcs within the ORAM software:
Probabilistic Shutdown Safety Assessment (PSSA) and
i)
ii)
Risk Management Guidelines (RMG).
Each module accomplishes somewhat different objectives, and can be
developed and used separately.
Within the OGAM RMG model, the following key Safety Functions are
evaluated:
- Containment Integrity and Cooling
- Decay Heat Removal
- Electrical Power Availability
- Inventory Control
- Reactivity Control
- Spent Fuel Pit Cooling
- Cooling Water and Other Vital Support Systems
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In addition to the above Safety Functions, elements of Shutdown Fire and
Shutdown Flooding vulnerabilities are also captured within the ORAM RMG
model.
ORAM can receive equipment unavailability information by electronic
interface with outage/maintenance planning schedules. In the case of NPP
Krsko, this is the PRIMAVERA Planning Program (P3). This interface
populates the ORAM Plant States Database (PSDB). This interaction with the
maintenance schedule allows plant personnel to immediately reevaluate safety
based on the latest changes to the overall schedule. Users can also manually
change the PSDB to conduct sensitivity scenarios or evaluate inadvertent
equipment unavailability that is not in the schedule. The PSDB does not only
contain equipment unavailability, but also provides important configuration
information such as RCS level.
The Risk Management Guideline (RMG) framework of the ORAM program
forms the basis for complete and consistent safety reviews of outages during
the planning phase, the actual outage, and for post outage/evolution critiques.
The RMG model provides a methodology to improve technical basis for safety
management decisions. It focuses on two important inputs:
(i)
a measure of defense in depth, given plant conditions, and
(ii)
safety enhancement actions commensurate with the degree of defense
in depth.
This methodology further provides discipline to the decision process and
attempts to remove subjectivity from the process. The result is an approach to
safety management that produces traceable and repeatable decisions.
The most important process under ORAM evaluation of plant shutdown states
is the importing data regarding unavailability of components, systems or
structures. NPP Krsko ORAM model takes both equipment unavailability
information from P3 by electronic interface with outage/maintenance planning
schedules through p2o.exe program and predefined set of necessary ORAM
input data.
During the presetting of ORAM the following disadvantages of the previous
NPP Krsko planning/scheduling process were obtained:
l.

Outage activities were not defined to cover plant states as it is
described in ADP- .3.030. The outage phase is visible from the
Activity Id. but, from the safety point of view, the plant status has to be
obtained.

2.

Transparency of components, systems or structures unavailability to
the smallest scheduling units (working orders) was not possible. NPP
Krsko scheduling, with SuperProject and previous P3 version in '97
and '98, was based on artificial activities and thereafter activities were
linked with the working order to the so-called WOS (working order
system). The trace option in ORAM showed the description of an
artificial activity not a real working order (or hammock that links
several activities under one ORAM code).
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3.

ORAM evaluation and performing of ADP-1.3.030 should help the
shift engineer to evaluate plant status during one shift and scheduling
through P3 has to show the current status of the working order in a
particular moment and a predefined working order in the near future
period. Shift personnel have no direct entrance to P3 or different type
of electronic interface. Procedures for more frequently updates of P3 or
the use in the main control room do not exist and the updating is not
On- Line.

4.

Defense of depth philosophy was not traceable through the current
working order system (e.g. work on a particular support system does
not define unavailability of front line components, systems or
structures).

5.

Start and finish data in a particular WOS form were not satisfied
immediately after the associated work is done. The overall rule said
that work is not completed tmtil the responsible engineer/technician
completes all the required documentation or electronic forms. This
presents a problem for the GRAM evaluation of current safety status of
the plant because imported data from P3 do not give real the status of
available equipment.

6.

MIOS did not expose fields for time of actual start and finish what is
very important for deterministic evaluations with ORAM. The
presumed time of unavailability directly impacts all calculations in the
ORAM due to the fact that the smallest unit recalculated in ORAM
becomes day/date not time (hours/minutes).
The other possible communications between P3 and the users (e-mail,DataStore,
Webster, etc. ) will be considered for next outages.
3.

284

CONCLUSION

l.

Early in the development of the outage 1999 plan. there was a need for
establishing a Procedures Guide that would cover the rules and practices to
be observed during the project:
*
Overal concept of schedule
*
Involved parties in planning and scheduling
*
Definition of electronic interfaces between P3 and WOS
*
Interfaces between safety tools (ORAM), P3 and WOS
The basic process diagram as shown in Figure 1.

2.

Working Orders have been successfully planned with P3 according with
Figure 1. After basic work order had been planned, ORAM codes were
defined in relation with artificial hammocks or milestones.

3.

The ORACLE (SQI) tables for WOS have been modified in the light of
more detail data that are required by P3 and ORAM tools. Interface was
established, however it was crucial to assure on-line and on-time completed
forms by responsible engineers. Actually, the activity was not assumed
finished if scheduling staff did not recognize it from P3.
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4.

The interface between WOS and P3 assures recognition of actual start and
finish of the activity in time and date format. Both were transmitted to P3.
The previous interface recognizes only the time of planned P3 activity start
and finish. The Main Control Room staff filled-in actual start and finish of
activities and P3 schedule was daily updated

5.

The probabilistic Shutdown Safety Assessment was performed almost online through P2 to ORAMV1 interface. CDF during outage remained similar to
previous outage PSSA evaluations: 3.2E-5 per year (2.7E-8 per hour
cumulative) but integrated transparence of considered activities was greatly
increased. This approach assures that managers make decisions, they do not
think about ordinary administration.

6.

The safety Function Assessment was performed almost on-line. The status is
shown in Figure 2.

General comments to furthermore available tools in P3 that were not used in the NEK
outage plan 1999 are the following:
7.
Human Resources were not coordinated through P3 scheduling. If the outage
staff is entirely from the company (NEK operates in a matrix organization
structure) then the staff will return to their routine assignments within their
functional departments when their outage effort is completed. If the outage
staff has been obtained from a contract service company, then they will
return to that company when their outage effort is completed. Coordination
of human resources through P3 will improve the reassignment of outage
staff, the assessment of required and currently available human resources and
the monitoring of staff performance.
8.

The modeled resource allocation should assure resolution of a problem with
a restriction in the personnel available for a given task, or there are
environmental constraints that prevent the use of the maximum number of
human resources within the work space and/or for the equipment and/or tools
available.

9.

Outage budgeting was not estimated through P3 option. The cost can be
estimated to develop the outage which could generally begin with labor and
material, and extend through equipment (and its associated depreciation),
overhead, facilities and contingency costs.

4.
4.1

4.2
4.3
4.4
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DETERMINISTIC AND PROBABILISTIC METHODS TO ASSESS THE
SAFETY LEVEL OF OPERATING NUCLEAR POWER PLANTS
Heinz Peter Berg
Bundesamt fur Strahlenschutz (BfS), Salzgitter
Federal Republic of Germany

ABSTRACT - The German safety concept for nuclear power plants gives priority to the
deterministic approach, i.e. deterministic analysis and good engineering judgement are
primary tools of design evaluation. Probabilistic safety assessment is seen as a supplementary
tool to the deterministic approach which provides quantitative information on the occurrence
of incidents and thus can be used to check deterministic design assumptions, to evaluate
desired plant and system modifications, to optimize backfitting measures and to quantify
existing safety margins of operating nuclear power plants, e.g., in the frame of periodic safety
reviews.

1.

Introduction

In the past, the safety concept of nuclear power plants as well as licensing decisions by the
competent authorities and their experts in the Federal Republic of Germany were mainly
based on deterministic principles, such as
- safety features to prevent or control abnormal operation conditions and incidents,
- passive barriers against radioactivity releases in case of an incident,
- redundancy and diversity of safety systems to ensure high reliability.
Safety decision making during design and licensing has essentially been based on the
verification of compliance with predescribed technical requirements as laid down, e.g., in the
German nuclear safety standards. Boundary conditions for the safety analysis, safety margins
with regard to the prevention and control of incidents as well as specific, partially detailed,
requirements concerning safety functions are deterministically postulated.
Due to improved data bases and analyzing methods implemented in suitable computer codes,
probabilistic safety assessment (PSA) methods are now considered to be more mature. Due to
its nature to provide quantitative information about an established or scheduled design, PSA isable to check deterministic design assumptions within acceptable limits of confidence.
Because PSA yields interesting insights which are not revealed by the deterministic approach,

in Germany PSA is currently seen as an useful additional tool being able to give information
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on plant vulnerabilities and potential unbalancedness of the design. Deterministic and
probabilistic approaches are now jointly being used in evaluating and improving nuclear
safety.
In addition to these general benefits offered by PSA, for nuclear power plants in operation this
tool can be applied to
- quantify existing safety margins,
- evaluate desired plant and system modifications,
- optimize backfitting measures,

- evaluate changes of safety-related operational procedures,
- optimize maintenance, surveillance and test procedures and test periods.
A further important application of probabilistic methods and models has been the derivation
and evaluation of accident management measures. Accident management means to make use
of existing safety margins, human intervention and suitable further equipment in a plant for
the early detection of plant conditions or sequences of events not explicitly foreseen in the
design and to control them or, at least, to limit the consequences inside and outside the plant.

2.

Application of Deterministic and Probabilistic Tools

Nuclear power plants in Germany are, with regard to all safety-related parts, subject to
permanent supervision according to the German Atomic Energy Act during design,
construction, operation and decommissioning.
Within the frame of "everyday" supervision by the competent authorities, it is controlled
whether the plant's state and mode of operation are kept according to the terms prescribed in
the licensing decision. Moreover, it is checked whether a realization of current safety-related
knowledge from operational experiences, safety analyses as well as from research and
development results may be necessary.
During a longer period of operation, safety-related knowledge increases and more mature
methods and instruments for safety analyses are developed. This leads to a continuous
development of the safety-related plant state and mode of operation. Moreover, since
commissioning of the first generation of nuclear power plants in Germany the regulatory
framework has evolved to be more complete and detailed. Thus, in addition to the everyday
supervision, it is expedient to perform an overall safety review of each nuclear power plant
and its mode of operation in appropriate time intervals, the periodic safety review [1]. The
periodic safety review shall establish a kind of stock-taking of all operating nuclear power
plants from the safety point of view.
The necessary safety-related investigations within the periodic safety review have to be
carried out with the aid of deterministic and probabilistic methods taking as a basis the current
state of science and technology.
In cases where confirmation of the deterministically developed design cannot be derived from
PSA results or an unbalancedness in the design is detected, the typical course of procedure is
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to modify the design after careful consideration of both deterministic and probabilistic
analysis. In addition to that, the deterministic approach can be modified in order to implement
the desired additional design features in current or in future applications.
2.1 Deterministic analysis
The traditional approach to nuclear safety is deterministic. That means in a simplified way
that a preselected number of events or postulated event sequences have to be considered in the
safety analysis. The results of the analysis is then checked against a numerical target, e.g., a
dose limit or a set of criteria. In many regulatory schemes there are not only numerical targets
or limits to be met, but in addition there are requirements for optimization like the ALARAprinciple or similar optimization schemes. While the numerical criteria present rather simple
elements for regulatory decision making the optimization requirements involve typically a
greater component of regulatory judgement.
This approach needs two ingredients, the set of events to be considered and the modelling and
the data to assess these events. The probabilities of the events to occur are not considered in
the frame of the deterministic approach. The selection criteria for the events to be considered,
however, contain implicitely elements like {or example the single failure criterion ruling out
events of great unlikelihood.
The deterministic safety state analysis which is performed in Germany within the periodic
safety review consists of the following elements:
- analysis of the plant's safety-related design and its current state as well as
- analysis of operation and plant management.
The primary goal of this deterministic (performance based) analysis is to determine whether
and to what extent the relevant protection goals
-

reactivity control,
core cooling,
retention of radioactive material within the plant and
limitation of radiation exposure

are fulfilled taking also into account current confirmed safety-related experiences. The main
emphasis is put on the safety-related parts of the plant, in particular on the behaviour of
systems and components in case of internal events.
In addition, the measures stated in the plant's (severe) accident management manual are to be
presented in a separate chapter. The implemented on-site accident management measures are
to be presented with reference to the beyond-design-basis plant conditions stipulated in the
guide on safety status analysis.
The description of operational management and evaluation of operating experience is an
additional essential part of the safety status analysis. Essential subjects are: technical
knowledge and operational organisation, periodic testing and in-service inspections,
maintenance, experience feedback, radiation protection and emergency preparedness. The
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evaluation of operating experience is to concentrate on safety aspects of normal operation,
anticipated operational occurrences and accidents to be considered. The results are to be
judged with regard to operating experience important to safety of plant equipment.
Examples of criteria for the review of the deterministic safety status in the frame of PSR are:
- use of selected events in such a way that they provide representative coverage of a range of
event sequences that the plant should be capable to cope with,
- use of conservative loads for those components/systems which are necessary to fulfil the
requirements,
- suffiecient staff qualification reflecting the requirements,
- is the required integrity of the structures, systeins and components shown to keep the
respective protection goal,
- sufficiency of administrative (organisational) measures,
- existence of an appropriate maintenance concept to prove the achievement of the respective
protection goal oriented requirements,
- confirmation of the achievement of the protection goal oriented requirements by the results
of the regular in-service inspections.
2.2 Probabilistic analysis
A probabilistic analysis starts by defining the detrimental end effects for which probability
estimates are sought. Such detrimental end effects may include potential plant damage states
(e.g. core melt) or potential source terms for radioactive releases to the environment. The next
step is to identfy relevant initiating events. For each initiating event, potential event sequences
are mapped, modelling potential paths to the detrimental end effect. Probabilities, e.g. for
component failure, are assigned to each step in each sequence. A systematic evaluation of all
event sequences is made using computer codes. The end result will typically be an estimate of
the overall probability of occurrence of the chosen detrimental end effect, and the
identification of the initiating events and sequences that dominate for this outcome.
The complexity of nuclear power plants, the requirements for their efficient and safe
operation, the occurrence of major accidents, and the resulting attentiveness of the public to
the safety of these facilities have accelerated the development and use of probabilistic models
that aim to model these plants and to assess possible events and their consequences more
accurately. PSA provides quantitative information on the likelihood of beyond-design-basis
events.
It is the overall objective to perform PSAs as supplement to the deterministic safety analysis.
The main objectives are to check qualitatively and quantitatively the overall safety level of the
plant and the well balancedness of the engineered safeguards designed to cope with safety
relevant incidents. The last item does preponderately contain an evaluation of single
contributions (event sequences) from initiating events which should not dominate the overall
quantitative safety results and is looked upon as the prior objective. The evaluation has to be
performed taking into consideration quantitative as well as qualitative results of the analysis.
Interpretation of the results shall include adequate uncertainty, sensitivity and importance
analysis.
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At present, probabilistic safety assessments in Germany are restricted to Level 1+ (i.e. Level 1
plus active containment systems but without consideration of core degradation). Thereby the
active engineered design safety features are covered exhibiting the well balancedness of the
design or possible vulnerabilities by comparison the frequencies of the various plant hazard
states. It is possible to include accident management measures into the analysis. The estimated
frequency of final plant stales then has to be assigned as plant damage states or core damage
states respectively. Dependent failures as well as human actions have to be covered
adequately in the analyses.

3.

Regulatory guidance

On the regulatory level, guides for the performance of periodic safety reviews (PSR) have
been developed in Germany. According to the parts of PSR three documents have been filed.
These are the guideline on the basic principles of PSR, displaying the fundamentals and the
overall evaluation of the different analyses, the guideline on the deterministic safety status
analysis and the PSA guideline [2]. The technical details for the safety status analysis and the
PSA are set out in documents that have been developed by working groups of technical
experts chaired by BfS. As a separate topic of PSR, kind and scope of the physical protection
of the plant is stipulated in a guide on deterministic analysis of physical protection.
The guideline on safety status analysis is supplemented by a document describing a protective
goal oriented structure of nuclear technical rules and standards [3]. Moreover, this document
provides the fundamental requirements for the protective goal oriented analysis required in the
frame of the safety status analysis.
The details on how to carry out PSA and how to evaluate its results are provided in two
documents, ,,PSA Methods" [4] and ,,PSA Data" [5]. Prescribed scope and methods are
restricted to Level 1+ PSAs because thereby the active engineered design safety features are
covered. Instructions for the adequate inclusion of common cause failures, human actions and
internal fire are given. The analysis concentrates on full power states. The analysis of external
events and non-full power states has to be decided upon on a case by case basis depending on
the corresponding contributions to the plant risk based on engineering judgement and
operational experiences.
Orientation values have been included into the technical guidance documents which may
serve as indicators for the assesssment of estimated plant damage states or plant hazard states
respectively. A guiding principle is obtained by the results of already existing international
PSA guidance and performed PSAs, on national and international level [4]:
- total frequencies of beyond design basis accident sequences (plant damage states) are
typically in the range of 10 - 10`- per plant and year. Higher frequencies are seen as
indicators for safety improvements,
- total frequencies of accident sequences with a potential of early and high activity releases
caused by bypassing of the containment shall be of one order of magnitude lower than the
above mentioned frequency values.
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Furthermore, the results of the Genran Risk Study, Phase B (estimated total value of plant
hazard states: 3 10 /a), and the BWR Safety Analysis (estimated total value of plant hazard
states: 5 10' 5/a) are cited for an orientation [4].
The approach is to assess the frequency of plant hazard states first and see whether or not the
range 10-5 /a to 104/a can be met. In this case, it can certainly be concluded that the smaller
frequency of damage states is adequate. If this criterion can not be met in this way the licensee
has the opportunity to estimate the effect of the available accident management measures onl
the results. The two numerical values of frequencies of hazard states mentioned above
(German Risk Study, Phase B, BW/R Safety Analysis) serve for further comparison or
reference indicating a range of frequency of plant hazard states of plants whose safety has
already been evaluated.
In conclusion of the periodic safety review the licensee has to assess the safety level of the
plant combining the results of the safety-relevant elements (safety status analysis,
probabilistic safety analysis) in order to give an overall safety picture of the plant, i.e. it has to
be assessed to which extent the protective goals stipulated in the regulatory framework are
fullfilled and the well balancedness of the safety concept is given.
The respective responsible supervisory federal states authority assesses the documentation of
the safety status of the plant according to §§ 17 and 19 of the German Atomic Energy Act.
Consulted experts carry out a review of the PSR submitted by the licensee taking into account
the existing PSR regulatory guidance.
The assessment of the safety significance of the PSR results has to be performed by the
supervisory federal state authority according to the following criteria:
- Does the evaluation of operational experience confirm a sufficient reliability of the
respecitve system?
- Are the accidents covering all plant states to be considered controlled by the engineered
safety features available according to the protection goal oriented requirements with the
required effectiveness and reliabiltiy?
- Do technical equipment and measures exist to counteract beyond-design-basis plant
conditions?
- Have vulnerabilities and/or non-balancedness been identified within the safety concept?
The measures to be taken and directives to be given by the responsible supervisory authority
in the scope of the overall evaluation of the results are established according to the principle
of commensureability.

4.

Concluding remarks

It has been pointed out that PSA can be and has been used more and more in the nuclear field
in recent years. Probabilistic tools to support the safety assessment of operating nuclear power
plants built to earlier standards and/or the judgement of the safety relevance of certain
backfitting measures are applied by the utilities, experts and regulators. PSA can help to
identify possible weaknesses of the plant design but also to provide insights into the existing
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safety margins for event sequences exceeding the design limits. A further benefit of PSA in
this context is to show the existing safety margins correlating the original design criteria and
boundary conditions and the real operating experience (e.g. by comparing the expected loads
on structures, systems and components with the actual situation since a lot of years of
operation). In that sense PSA is a very useful tool to complement deterministic insights in
safety evaluation, as far its quality, scope and documentation is enough, and a strong
coordination between both areas exist.
A major driving force in this process is the periodic safety review comprising PSAs for all
nuclear power plants in Germany to be perforined in time intervalls of ten years. It is planned
to have level 1+ PSAs for all nuclear po wer plants completed until the end of this decade.
However, it should be pointed out that regarding the interpretation of quantitative PSA
information the statistical limits of confidence have to be carefully considered, especially if
PSA indicates very low probability values.
It is essential to understand that a regulatory decision is an administrative act. Technical and
scientific information are relevant input but that does not mean that the regulatory decision is
only determined by these. In addition, considerations of legal and administrative character can
be of relevance.
Furthermore, there is a certain adherence to practices of regulatory decisions on certain items.
If not advocated by adverse operational experiences or new insights an established practice of
decision making would hardly be changed. Decisions taken by administrative courts could be
relevant to regulators and either trigger modified ways of decision making or strengthen
established ones [61.
The experience of developing proposals of changes to Technical Specifications as performed
in the US or in Spain [7] shows that it is very important to assure a strong coordination
between deterministic and probabilistic areas, both on the side of regulators and the side of
utilities, to evaluate overall risk.
However, the regulatory body in Germany is supporting the application of PSA by conducting
comprehensive investigations to improve PSA methods, data bases and analytical tools in
order to stimulate the use of this tool in the "everyday` activities of the licensees and the
licensing and supervision authorities.
It can be concluded that both the deterministic and probabilistic methods have their inherent
strengths and weaknesses. A vast amount of regulatory and industry experience has shown
that deterministic and probabilistic methods should be used as complementary tools when
specifying and assessing the safety of nuclear power plants and other nuclear installations.
The deterministic approach is typically better suited to specify legally binding design
requirements, when ordering or licensing a nuclear power plant. It also provides valuable tools
when specifying the robustness of the design, i.e. ensuring that the plant can cope with certain
specified events and event sequences with adequate safety margins against unacceptable
consequences. On the other hand probabilistic assessments provide valuable insights in plant
vulnerabilities and major contributors to risk. These insights can and have been used to
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improve the deterministic approach, e.g., to ensure that the design basis events and event
sequences in the deterministic approach have been appropriately selected. Taken together,
they provide proven tools both to design safe nuclear power plants and to assess their safety in
depth. Insights gained and lessons learned from a vast amount of operating experience,
including incidents and accidents, as well as refined safety assessments have ben used in
periodic safety reviews of existing reactors, resulting, where appropriate, in a number of
safety improvements.
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A Risk-Informed Approach to Optimising In-Service Inspection of Piping
A. Billington, P. Monette
Westinghouse Electric Europe, Boulevard Paepsem 20, 1070 Brussels, Belgium

ABSTRACT - Traditional criteria for the selection of in-service inspection locations in
piping, have come to be regarded as being out-of-touch with current knowledge of piping
failures and with current measures of safety importance. An alternative, risk-informed,
method has been developed and successfully licensed, that systematically establishes an
inspection plan addressing all safety-related piping systems, in a way that is optimised with
respect to the safety gain achieved through in-service inspection. The principles of the

method are discussed and the results of several applications are summarised, all of which
demonstrate that the risk-informed program would lead to significant improvements in the
overall level of plant safety, while at the same time re-distributing the inspections in such a
way that reduces both plant costs and radiation exposure to personnel.

1. Background to Risk-Informed Inspection
The purpose of In-Service Inspection (ISl) of pressure retaining components, is to identify
conditions, such as material flaws, that may be precursors to failure of the pressure boundary.
By the timely detection and mitigation of such conditions, failure may be prevented and
knowledge gained about the degradation behaviour of plant components.
Traditionally, ISI is required in piping at locations where the analysis of record has shown a
high fatigue stress or usage factor, as specified in the ASME Code for example 11], with the
ISI technique and extent of inspection being a function of the traditional piping safety
classification. Consequently most of the ISI effort and cost has been concentrated on highly
reliable piping, with the focus on areas where cracks could initiate but without consideration
for the actual potential for failure.
Since the commissioning of the first generation of Nuclear Power Plants (NPPs), other, more
potent piping failure mechanisms have come to light, such as Flow Assisted Corrosion (FAC)
and Stress-Corrosion Cracking (SCC), and NPP owners have consequently augmented their
traditional ISI programs to take them into account. However, attempts to integrate rules
covering these mechanisms into the codes and standards governing ISI have so far proved
unsuccessful.
In parallel with these developments, the way in which NPP safety is measured and analysed
has also evolved with the application of Probabilistic Risk Assessment (PRA). Today, NPPs
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typically have their own plant specific PRA model, allowing to quantify the safety
significance of individual systems and components, in terms of a global plant risk measure,
such as Core Damage Frequency (CDF) or Large Early Release Frequency (LERF). However,
as well as being a safety analysis tool, PRA is increasingly being considered for use in the
optimisation of the way in which NPPs are operated and maintained, with high cost activities
such as ISI and IST (In-Service Testing) being obvious candidates for such attention.
Whereas reliability data for active components, such as pumps and valves, are readily
available, there exists relatively little data on the failure probability of NPP piping, that may
be readily transposed for use with PRA. Indeed, apart from treating pipe failures as initiating
events, PRAs typically do not consider the effect of pipe failure. However, recent work in the
area of probabilistic fracture mechanics has lead to the development of efficient techniques
that allow to estimate the probability of failure of piping based on specific materials and
service conditions. By combining this estimated likelihood of failure, with the simulated
consequence of failure, determined by the PRA, this risk associated with the failure of a given
segment of pipe may be quantified and thus used in the decision process for selecting ISI
locations.
It must be recognised that probabilistic techniques have their limitations and may require to be
complemented by other engineering insights or expert judgement. For this reason the
terminology for this approach to decision making, which was previously known as "riskbased", is now referred to as "risk-informed". The following sections discuss the development
of a risk-informed ISI program, using the approach that was developed by the Westinghouse
Owners Group (WOG) in conjunction with ASME Research [2], and compare the results of a
number of applications. An overview of the complete process is given in Figure 1, below.
Expert Panel
Consequence

Categorization

Evaluation

Scope and
Segment

RiskEvaluation

Definition

_

Structural Element
Failure Probability
Assessment

Element]Ipment
See

eeto

Program

Feedback
Loop

Figure 1: Westinghouse Risk-Informed In-Service Inspection Process
Using the notion of risk to establish a ranking scheme for ISI locations, has been the practice
in certain countries for some years. In Sweden, for example, the current state guidelines 13]
provide a method for determining risk-significance by combining a "damage index", which
gives an indication of the risk of failure of a given pipe segment, with a "consequence index",
which gives an indication of the risk to safety, should that segment fail. The major drawbacks
of such a method are that it is highly subjective, meaning it cannot be easily be compared with
other measures that affect plant safety, and it is essentially qualitative in nature, which means
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that it is difficult to determine the effect of changes in conditions or inspections.
In the US, initiatives have now been taken by the ASME [4][5] and the NRC [6][71 to provide
a framework within which risk-informed programs may be developed and implemented.

2. Determining the Conditional Consequences of Failure
As a minimum, the systems considered in the risk-informed IS1 program are those that are
included, as event initiators or mitigating systems, in the plant PRA model. Depending on the
scope and extent of the PRA, other systems may have to be addressed on a more qualitative or
traditional basis, for example, if shutdown modes are not included in the PRA then the
residual heat removal system would fall into this category.
Each system is divided up into piping segments, such that a leak or break anywhere in the
segment would have the same direct consequence on the plant. in terms of:
- initiating event,
- loss of train, or
- loss of system.
The effect of operator action is also considered, for example a remotely operated normally
open valve will be taken as a segment separator.
Segments may' also be sub-divided at locations where it is suspected that there may be a
change in failure probability, for example at changes of pipe size or material.
Having determined the direct consequences of failure, the in-direct consequences of failure of
each segment must also be established in order to have a complete evaluation of the impact of
a pipe break or leak on the plant. Such information may be available in the plant
documentation related to High Energy Line Break (HELB) protection, otherwise it may be
necessary to perform a plant walk-down to identify the position and nature of potential targets.
The mechanical and electrical effects of following consequences of pipe failure must be
considered:
- jet impingement,
- water spray,
- flooding,
- temperature, and
- pipe-whip .

The direct and in-direct consequences of failure of each segment are associated to the PRA
model, and surrogate components are identified to represent piping, which is not explicitly
modelled (note that care must be taken in defining surrogate components in case operator
recovery action is modelled). The segment failure probability is set to unity and conditional
consequence of failure (CDF or LERF) is calculated for each segment. This will he combined
with the probability of failure of the segment, in order to determine the risk associated to the
segment.
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3. Determining the Probability of Piping Failure

The probability of piping failure is quantified by a computer code known as SRRA [8], that
was developed from previous work in probabilistic fracture mechanics.
The code uses the following engineering input data, that is usually gathered from design
records and plant experience:
-

material and pipe properties,
operating conditions,
service loading,
design limiting loading,
inspection accuracy,
system disabling leak rate,
potential for FAC or SCC

To each parameter a median value, a standard deviation and a distribution function is defined.
Using a Monte-Carlo technique, with importance sampling, random selections are made for
the input parameters. Having determined the most predominant degradation mechanism,
either:
low-cycle fatigue,
- FAC,
- SCC, or
- high-cycle fatigue,

-

the growth of a postulated material defect is simulated over the plant lifetime via a standard
mechanistic model. At discreet intervals during the defect growth, the stability of the
undamaged section is verified by comparing the design limiting stress to the material flowstress. If the flow-stress is exceeded, a pipe break is registered and a new trial is initiated. If
the flow-stress is not exceeded, the programme checks whether the defect has penetrated the
pipe wall. If this is the case, the leak rate is calculated and compared to the system disabling
leak rate in order to determine whether the leak is classified as large or small.
By running a sufficiently large number of trials, probabilities of failure may be established for:
full break, large leak and small leak, for each segment. The effect of ISI may also be simulated
by entering the ISI interval and the probability of non-detection for the inspection method
being used. This gives a reduced probability of failure which is used in order to determine the
change in risk associated with changing ISI programs.

4. Determination of New Inspection Locations

The CDF (or LERF) associated with the failure of each segment is calculated by combining
the conditional CDF, with the segment failed, with the probability of failure of the segment,
assuming no ISI. Compound calculations are required when the segment may initiate different
events, depending on whether the leak is large or small. If mitigating systems are impacted
then test intervals and mission times of equipment must also be taken into consideration.
Having calculated the CDF for each segment, the total piping core damage frequency is
calculated by summing, all the segment CDFs. The Risk-Reduction Worth (RRW) for the
segment is then calculated as the ratio: (total piping CDF) / (the conditional segment CDF
assuming the segment to be 100% reliable).
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A segment with an RRW greater than 1.005 is considered to be of High Safety Significance
(HSS), while those with a RRW between 1.001 and 1.005 are usually put to an expert panel,
which makes the final risk ranking between HSS and Low Safety Significance (LSS).
In establishing the new inspection plan, the segments in the HSS category are sub-divided into
two groups: one gathering all those segments where active mechanisms are present, such as
FAC, SCC, vibration, thermal stratification, striping, etc., and the other gathering together
those segments which only experience benign mechanisms (e.g. low-cycle fatigue), whose
failure probability is dominated by design limiting stresses. For the first group all susceptible
locations are required to be inspected, while for the second group a sampling process is
defined, specifying a minimum number of inspection locations in order to meet a specified
level of reliability.
For the LSS segments which experience active degradation mechanisms, it is recommended
that the NPP owner continue with ongoing inspection programmes associated with the
mechanism of concern, while LSS segments with benign mechanisms need only receive
standard system pressure tests and visual examinations.
The above described categorisation of HISS and LSS segments is illustrated in the structural
element selection matrix, shown in Figure 2 below.
(a) Susceptible
Locations (100%)

High Failure
Importance
Segment

Owner-Defined
Program
3

Low Failure
Importance
Segment

(b) Inspection
Location
Selection Process
1

Only System
Pressure Test
& Visual Exams
4

Inspection Location
Selection Process
2

Low Safety
Significant
Segment

High Safety
Significant
Segment

Figure 2: Structural Element Selection Matrix

5. Establishing the Change in Risk
Once the new ISI programme has been established, it may be compared with the current ISI
programme by using the piping failure probabilities calculated by the SRRA code, taking the
effect of ISI into consideration. In a similar fashion to that described above, the total piping
CDF is calculated, considering ISI, for the current program and also for the new program.
An example of a change in risk evaluation is illustrated in Figure 3, below, where the
percentage of CDF addressed by the risk-informed (RI) versus traditional inspection plans is
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shown for the RI-ISI application at Surry-1 [2]. It can be seen that the RI-ISI program
addresses approximately 86% of the piping CDF risk, while the current ASME Section XI
program addresses about 53%. Both programs are given credit for existing augmented
inspection programs, such as flow accelerated corrosion programs. The percent of piping
LERF risk addressed is even more dramatic: approximately 94% for the RI-ISI program,
white the current Section XI program only addresses 20%. Even considering the impact of
potential operator actions to recover from piping failure events does not change this positive
result.
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Figure 3: Surry-l Comparison of CDF Results on a Piping System Level

6. Programme Monitoring
Risk-informed ISI programmes are living programmes and should be monitored continuously
in order to account for changing conditions in the plant. Monitoring of these programmes
encompasses many facets of feedback or corrective action which includes periodic updates
based on inputs and changes resulting from, plant design features, plant procedures,
equipment performance, examination results and individual plant and industry failure
information. Such feedback and updating of the programme is greatly facilitated by the fact
that this risk-informed approach has a systematic and quantifiable basis that uses efficient and
easy-to-use computational methods.

7. Results and Conclusions
So far, two US plants have carried out full-scope applications of the approach described here
for establishing risk-informed ISI programs, one of which has already received NRC approval
for implementation. In Europe, two utilities have carried out limited scope pilot projects,
concentrating mainly on the Reactor Coolant System (RCS), to assess the effectiveness of the
approach [9].
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The results of these applications (full-scope and partial scope) in terms of change in number
of required examinations, are presented in Table 1, below.
Plant
Surry I (full-scope) [2]
Millstone 3 (full-scope) [21
Swedish PWR (RCS) [91
Swiss PWR (RCS) [9]

Current Exams
385
753
44
69

Risk-Informed Exams
136
107
34
34

Table 1. Summary of Potential Reduction in Inspections for Various Risk-Informed ISI
Applications
All of these applications have shown that the risk-informed approach leads to an overall
improvement in the level of plant safety, while at the same time re-distributing the ISI effort in
such a way that reduces operating costs and radiation exposure to personnel.
Cost-benefit studies have been independently performed for both full-scope applications and
show that risk-informed ISI programs have the potential to be implemented at a cost that can
be returned in one to two years following implementation, depending on the size and age of
the unit. Given that aging effects are directly evaluated in the process using a structural
reliability/risk assessment tool, use of this technology for defining aging management
programs and the associated inspection of piping systems as part of plant life extension
programs could yield additional significant benefits.
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ABSTRACT - In the paper, a formal method for component failure rate estimation is described, which is
proposed to be used for components, for which no specific numerical data necessary for probabilistic estimation
exist. The framework of the method is the Bayesian updating procedure. A prior distribution is selected from a
generic database, whereas the likelihood distribution is assessed from specific data on component state using
principles of fuzzy logic theory. With the proposed method the component failure rate estimation is based on a
much larger quantity of information compared to presently used classical methods.

1

Introduction

Risks due to complex technologies can be assessed with probabilistic safety assessment (PSA)
methods. For quantification of probabilistic models in PSA level 1, three major categories of
input data need to be known [1]: initiating event data, component reliability data and human
error data. Component reliability data are data on component failures, repairs, tests,
maintenance and common cause failure data. The necessary parameter for component
unavailability calculation is the component's failure rate. Depending on the availability of
plant specific numerical data, the failure rate can be selected:
-

from a generic database, if no raw data for a component are available,
with maximum likelihood and/or Bayesian reliability estimations, if raw data for a
component are available.

When data from a generic database are used, the definitions, assumptions and methods used
for generic database building should clearly be known. However, the database analyst's
understanding of the theoretical background of the selected generic database may be
incomplete. The problems arising, when using generic database, are related to clear definition
of component boundary and failure mode, differences in design of components, and
combination of data from different generic databases.
When considering the results of PSA, one should have in mind uncertainties introduced by
input data [5]. These uncertainties can be grouped into three different categories [3]:
-

uncertainties clue to variability of the data,
uncertainties clue to impreciseness of observations or measurements,
uncertainties clue to vagueness of human communication.

Variability is cormected with the differences between comparable elements, for example
variability of living beings. Impreciseness is connected with the impossibility of observing or
measuring to an arbitrary level of precision, whereas vagueness is introduced by using a
InternationalConference Nuclear Energy in Central Europe '99

305

Probabilistic Sajety Analysis

natural or professional language to describe the observation as a datum [3]. The common
approach for treatment of variability is probability theory, where each datum is considered as
a random variable chosen from a hypothetical population. All three groups of uncertainties
can be modeled with fuzzy logic theory.
In the paper, a new method for component failure rate estimation is proposed, which can
reduce uncertainties, introduced by component reliability data. The component's failure rate is
assessed using probability and fuzzy logic theory. A component's failure rate, selected from a
generic database, is used as a prior distribution for the Bayesian updating procedure. The
likelihood function is assessed using fuzzy logic theory.

2

Fuzzy mathematics

The basic element of fuzzy mathematics is a fuzzy set, which corresponds to a crisp set in
"classical" mathematics. Considering a crisp set, only two possibilities to treat an element
exist: the element does or does not belong to the crisp set. The crisp set A can be represented
by the characteristic function mA U->{O,1 }:
1

xeA

A

x0O

MA l)=
where: U
x

...
...

mA

...

2.1)
universe of discourse,
element of U,
characteristic function of crisp set A.

Phenomena in real life often do not have such clear "membership" of an element to a set.
Rather the membership is "partial". In that case, the 0-1 valued characteristic function is
extended to all real numbers between 0 and 1.
The characteristic function of a fuzzy set B is called membership function and is a translation
over a universe of discourse U, associated with the base variable x, to membership degrees
between 0 and 1 (see Figure 1):

U,(X): U
where:

->

[0,11

uB ... membership function
fuzzy set B,
x ... base variable,
U ... universe of discourse.

(2.2)

of

1

-

/

(s)

B)

0

x

Figure 1. Characteristic functions of crisp
and fuzzy set
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Fuzzy variables are "such variables, which have fuzzy subsets of some suitable universe of
discourse U as their values. It is often additionally assumed, that these fuzzy values vaguely
indicate "true" values of these variables, which are points of the universe U`' [2].
A linguistic variable is a variable, which takes fuzzy variables as its values [91. Fuzzy
variables constitute a term set of linguistic variable. For example, a term set T of linguistic
variable transformer insulation C may be:
Tc = {good, degraded,bad}

(2.3)

Fuzzy variables from different domains can be connected with fuzzy relations. Suppose a
fuzzy relation between variable u with domain X and variable v with domain Y. A binary
fuzzy relation on the universe X x Y is defined as a fuzzy subset of X x Y characterized by its
membership functionu/R(x,y) [3]:
RcXxY;

,uR(XY);

where: R
X; Y
x, y

...
...
...

XEX;

yeY

(2.4)

fuzzy relation,
universe of discourse (universal set, domain),
base variables.

Further, if a (fuzzy) value A of the variable u is given together with a fuzzy relation R, one can
determine the degree of possibility of (fuzzy) value B of fuzzy variable v on the basis of

known possibility degrees

juA(xo)

and

uR(xo~y),

where xo denotes a possible value of the base

variable. This is the so-called compositional rule of inference and can be mathematically
written as [21:
uB(y))=SUp.XX

where: A, B

...

mnin{{A(X),

uR(X y)}

VyC Y

( 2.5)

fuzzy values.

The above connection between variables u and v is often expressed in the form of a
conditional expression and is called fuzzy implication or fuzzy if-then rule:
If

u=A

then

v=B

( 2.6)

When dealing with uncertain systems, "a fuzzy inference system employing fuzzy if-then
rules can model the qualitative aspects of human knowledge and reasoning processes without
employing precise quantitative analyses" [6]. In this case if-then rules are intuitively
(arbitrarily) defined, and a fuzzy relation R has to be found to base these rules via the
compositional rule of inference on R.
The Marndani approach for quantification of fuzzy relation R and n rules is:
n

n

i=1

i=1

R=URi =U(AiB,)
where: Ai ® Bi
n

...
...

(2.7)
cartesian product of fuzzy sets Ai and Bi,
number of rules.
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The fuzzy inference system (also known as fuzzy-rule-based system, fuzzy model, fuzzy
associative memory, fuzzy controller) is thus determined as:
PAoR(Y)=

SUp minh/JA(X),/Ai(X),p
XE X

3

(Y)}

(2.8)

i=I,...,n

The fuzzy results obtained with a fuzzy inference system can be translated to crisp values
with one of many available methods, the most frequently used being the center-of-gravity
(COG) procedure. It allows the whole membership function to be taken into account for the
so-called defuzzification. The relevant equations for a continuous universe of discourse are
[2]:
yo(B)

dB

Yu ,
8((Y) dY

card(B)= |f, (y) dy

(2.9)

where: yo
...
crisp value,
the meaning of the other symbols is the same as in the former equations.

3

Description of the approach for component failure rate estimation

The developed procedure enables a quantitative evaluation of numerical and linguistic data
for component's failure rate estimation. The basis for component failure rate estimation is
probability theory, whereas fuzzy logic theory is used for compiling additional specific data
into the estimation. The basic principles of the developed new method are [7]:
*
*
*

all numerical information, which is incorporated into a component probabilistic model, is
also taken into account in the new model,
the new model can easily be incorporated into existing PSA component models,
specific information about the component condition- numerical or linguistic, is
incorporated into the new model.

The basic steps of the procedure are as follows:

1. Identification of sub-components
A sub-component is defined as a part of a component, whose failure may cause loss of
component's function. The selection of sub-components is arbitrary and depends on available
specific data of the component.
Sub-components should not be made equal with component's supporting system, since the
failure of a supporting system does not necessary lead to a loss of component function. The
malfunction of the component supporting system should be reflected in the sub-component
state (condition).
For example, the selected sub-components of a generator transformer are core, windings, oil,
bushings and load tap changer.

2. Qualitative analysis ofsub-components
For each sub-component causes of deterioration, symptoms and control of symptoms should
be assessed. Causes of deterioration are phenomena, which can cause the deterioration of a
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component. Symptoms are parameters, which can show the level of deterioration produced by
a selected cause. Control of symptoms are measures taken for monitoring component or subcomponent condition.
Table I is shown as an example, which includes also some additional information for the subcomponent "transformer windings" [41.
Table 1. Quantitative analysis of sub-component "transformer windings"
sub-component cause of
ideterioration
transformer
insuficient
windings
cooling

symptom

|control of symptom

frequency of mode of control

notes

Icontrol
oil level
oil level measurement
------windings teniperature windings temperature
moasurement

weekly

acceptable/

weekly

0
temperature in C

environment
temperature

weekly

temperatre in

yedy
weekly

seesub- component oil

weekly

temperature in C

a reopn
hot po T
-nvnou
ndoi T.
deaict l load.eftkiacy ofrColing.
ma-u! penperiffi

electrica
overloading
paper
polvmenzation
quality of oil

environ. temperature
mcasurement

oil condition (see sub- oil tests
component oil)
oil temperature
measurement
winding temperature windings temperiture
measuement
furanic compounds in high performan c liquid
oil
chromatography
oil condition (see sob- oil tests
component oil)
oil temperature
measurement
_

soti

_C

0

de

ti-uduon
of rtloose

_

yearly
weekly

see sub-component oil w- an oiltig nift-dyreduescirmi~.l
isualio pmP.-t ofp pas

3. Identificationof symptoms
Symptoms, which show component state or component reliability, can be grouped into three
categories:
-

structural behaviour of the component: design and dynamic properties of the component,
which can not be changed during operation of the component,
usage of the component: surveillance and maintenance activities,
operating conditions: operating environment of the components, e.g. temperature,
humidity, radiation.

The latter two categories reflect plant-to-plant variability and can cause significant differences
in deterioration and consequently reliability even of two initially similar components, e.g.
components with the same design and manufacturer. Within the proposed new method
symptoms, which show component deterioration caused by different component operating
conditions, are considered. The assessment of maintenance quality needs additional research.
Symptoms selected for further analysis need not be independent because of the selected
Marmdani approach for fuzzy inference system quantification.
For instance, two symptoms selected from the Table 1, which can show transformer
deterioration regarding its operating conditions, may be the hot spot temperature and the
degree of insulation polimerization.

4. Buildingof the database of fuzzy inference system
For each symptomnS the term set Tsk and the belonging membership function uik(x) should be
defined. This is the so-called database of the frizzy inference system and is strongly dependent
on available specific data about the component.
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For each symptom, fuzzy if-then rules should also be defined reflecting the influence of the
operating environment on the component condition.

(3.1)

if St is SS thenr RFR is RFRi
where: St
~
Si, RFR,
RFR

...
...
...

linguistic variable of k-th symptom,
fuzzy values,
linguistic variable relativefailure rate.

With linguistic variable relativefailure rate the change of component failure rate is described.
With determination of if-then rules, the influence of single symptom on relativefailure rate is
described. Here, care should be taken whether specific information shows the condition of the
component or the sub-component. Namely, the component failure rate is the sum of the subcomponents failure rates, since the component is defined here as a series structure. The
following two equations treat the reliability of the component, if the exponential component
model is assumed to be used:
Nv

N

R(t)=Ri(t)

=> A=EJi

(3.2)

il

I=

where: R
N

...

component/sub-component reliability,

...

component/sub-component failure rate,

...

number of sub-components.

For example, the simplified term set and graphical presentation of the linguistic variables hot
spot temperature (WHS) and relative Jailure rate (RFR) is given bellow together with the
fuzzy if-then rules for this particular symptom:
Tin-s = {low, normal, high, very high, extrenily high
TRFR

}

(3.3)

= {low, medium, more or less high, high, very high}
-X-~~~~~~~~~~~~-

bo

1,0

[I(T)V

low

t

C

b

o,

_,

extremly high

_

.

high
h ,igh

very high
v

o-A/

86

92

98

104

110

116

122

128

0

2

4
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rfr

Figure 2. Graphical presentation of linguistic variables hot spot temperature and relativefailure riale
if WHS is low then RFR is low
if WHS is normal then RFR is medium
if WHS is high then RFR is more or less high
if WHS is very high then RFR is high
if WHS is extremly high then RFR is very high

310

InternationalConference Nuclear Energ' in (CeniralJPurope '99

ProbabilisticSafety Analysis

5. Building of the rule base of fuzzy inference system
Within this step, the synthesis of influence of symptoms on component's failure rate is
performed. This is the so-called rule base and consists of a number of fuzzy if-then rules:
if S'

isS, op S 2 is S2 ... S

where: K

...
...

Op

is SK then RFR

is RFRi

number of symptoms,
operation, e.g. AND.

6. Selection of fuzzy reasoning method
Several types of fuzzy reasoning have been proposed in the literature, but "most of the
differences come from the specification of the consequent part" [6] (the shape of the
membership function of output variable, here uRFRi). In Section 2, equation (2.8), the
compositional rule of inference is treated following the Mamdani approach, which is
appropriate for bell-shaped (triangular, trapezoidal) membership functions [6].

7. Defuzzification
For defuzzification, a number of methods have also been proposed. Here, defuzzification is
proposed according to the center-of-gravity method using equation (2.10). It should be noted
here, that care should be taken when interpreting results. The results can be the mean or
median or something else, depending on specific data on influence of specific symptoms on
component state (failure rate).

8. Bayesian inference
For estimation of probability density distribution of component failure rate, the Bayes
theorem is used.
1

1(E1A) p(A)

(34)

A

JL( Ej2) p( ). dA
A

where: p(A/E) ...
L(E/A)
p(A)
...
A
...

posterior distribution given specific evidence E,
likelihood distribution,
prior distribution,
component failure rate.

A prior distribution is selected from an appropriate generic database. The likelihood function
is constructed on the basis of fuzzy calculations result from step 7. For example, if the result
of a non-repairable component is the mean value of the component failure rate, this can be
converted into mean time to failure (M7TF). If the component is modeled with exponential
distribution, the likelihood function is [81:
L(E1) =A.e
A-c-rTF

(3.5)

where: MTTF ...
component mean time to failure,
the meaning of the other symbols is the same as in the upper equation.
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4

Conclusions

In the paper, a formal method for component failure rate estimation is described, which is
proposed to be used for components, for which no specific numerical data used for
probabilistic estimation exist.
The framework of the method is the Bayesian updating procedure. A prior distribution is
selected from a generic database, whereas the likelihood distribution is assessed using
principles of fuzzy logic theory. The fuzzy logic part of the method strongly depends on
available specific data, but the main steps of the approach described above do not change with
the data.
The advantages of the proposed method are:
*

Using fuzzy logic theory for likelihood function definition, specific qualitative data can be
explicitely included into the analysis. In probability theory, one can make a specific
estimation with quantitative (numerical) data only, while qualitative data can be included
in the analysis only implicitely.

*

If a formal method is developed, which prescribes how the symptoms which show
component state (deterioration) should be treated, the treatement of the symptoms does
not depend on the subjective judgement of the analyst.

*

As the assessment of qualitative data is proceduralized, it is evident how qualitative data
are taken into account.

*

With the proposed method, a specific estimation of the component failure rate is possible,
although no specific numerical data exist.

*

With the proposed method, the component failure rate estimation is based on a much
larger quantity of information compared to presently used classical methods. Component
reliability data are therefore determined by including more information and may thus be
considered more credible.

5
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Abstract - The aim of this paper is to develop the probabilistic analysis of the allowed outage
time. Proposed is the risk comparison approach. The risk of plant shutdown due to failure of
certain equipment (shutdown scenario) is compared to the risk of continued plant operation
with the specified equipment down (continued operation scenario). Core damage frequency
(CDF) serves as a risk measure. Results show, that optimal allowed outage times may differ
from those defined in technical specifications. At the moment high uncertainties of the results
exist due to simplified modelling of both scenarios. Reduction of uncertainties may be
accomplished by inclusion of timing into the models.

1

Introduction

Allowed Outage Time (AOT) is the maximum time for equipment in a safety system
to be allowed to be out of its operation without placing the nuclear power plant into safer
operational state, usually cold shutdown [1,2,31.
If the allowed outage time for certain equipment is shorter, this increases the
possibility that the plant has to be shutdown because the time to repair and restore the failed
equipment is not sufficient. Too often shutdowns are neither cost nor risk effective (each
transient contributes to the increase in risk). On the other side, if' the allowed outage time is
longer, it decreases probability that the plant has to be shutdown not to exceed the restore
time, but increases the risk (by operating longer time without available redundant equipment).
Current AOTs specified in technical specifications are mostly based on deterministic
analyses and expert judgement [4,5,61. The aim of this paper is to develop the probabilistic
analysis of the AOTs [7,8,9,11,12]. It is investigated, how the current PSA models and
evaluations can be used to improve test and maintenance activities specified in technical
specifications and what are the directions of their further improvement.
2

Method

Proposed is the risk comparison approach for evaluation of allowed outage time [1,2].
The risk of plant shutdown due to failure of certain equipment (shutdown scenario) is
compared to the risk of continued plant operation with the specified equipment down
(continued operation scenario). Core damage frequency (CDI') serves as a risk measure
[1,2,3].
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The expected CDF in both scenarios is evaluated over time period Ta, which has to be
longer than the restore time for the failed equipment:

1T.+r,

CDFCo yTa Tf CDF~orTdT
Equation 1
T7,,Ta

CDFs,

Ta
-

CDF,, (T)dT

To T

Equation 2
where:
CDFCo ... core damage frequency if the plant continues operation after failure of certain

equipment,
CDFsh ... core damage frequency if the plant is shutdown due to inoperable equipment,
To ... time point of failure of certain equipment,
Ta ... evaluated time period,
T ... time.

Two variants of the algorithm were considered regarding the risk modelled during
shutdown period: linear (lin) and exponential (exp). The difference lays in the risk decrease
function during the time of shutting the plant down [3], so that part of the algorithm, which
models the continued operation scenario, is the same for both variants.
Both functions C'DFC,,(T) and CDFs,1 (T) are dependent on a number of parameters such
as: Touti (outage time of component or equipment i), CDFn (core damage frequency nominal value of the plant power operation - result of Probabilistic Safety Assessment Level
1), CDFpi (core damage frequency - if the specified component i is down - result of
Probabilistic Safety Assessment Level ]), CDFu (core damage frequency - nominal value of
the plant at shutdown), Fl (risk increase factor due to shutdown of the plant), F2i = Ii
(importance factor of component or equipment i -result of Probabilistic Safety Assessment
Level 1), F3 (risk increase factor due to startup of the plant), CDFnixi (CDFna,u -CDFnF1 F2 core damage frequency at the transient e.g. shutdown - with component/equipment i down),
To (time of the failure of the component i on time scale), Tcsh (time of shutdown transient time from power operation to cold shutdown), Tst (lime of startup transient - time from cold
shutdown to power operation), Toc (minimum time for the plant to stay in a shutdown after
the shutdown has occurred), T (time). Equations and algorithm for analytical evaluation based
on available data are widely described in a project report [3].
Simplified numerical solution is obtained following the next steps:
1.

Small At is chosen (At ... time increment).

2.

At each time point T: Te{tl,t2 ,t3 ,...t,}: t=T0 , tM<tn l±At; CDFcO(T) , CDFh(T) are calculated.

3.

For both functions CDFCO(T) and C1DFSh(T) the cumulative functions CDFCOCUI(T) and
CDFsiicum(T) are calculated:
T-To
Al-

CDFcocum (T)

= E CDFc,,(T, + n. At)
n=0

Equation 3
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T-T

CDFshcm(T)

=

ECDFsh(TU
n=o

+ n* At)

Equation 4
where:
CDFcocum(T) ... cumulative CDF in the interval [To .. T] if the plant continues

operation after failure of certain equipment,
CDFshcum(T])
cumulative CDF in the interval [To .. T] if the plant is shutdown due
to failure of certain equipment,
CDFCO(T) ... CDF calculated at each time point T for the plant continued operation
scenario (Te{tl,t 2,t3,...t,}; tl=T 0, tn-tn +At),

CDFSh(T) ... CDF calculated at each time point T for the plant shutdown scenario
(TE (tl,t2,t3,...ti}; ti=To,,t~nla)

At ... time increment,
T ... discrete time point,

To ... initial time point in which plant due to failure of certain equipment either
continues with operation either it is shutdown,
n ... number of discrete time points considered.
4.

Express both functions: CDFc1,um and CDFshctm, as a function of r

(outage time of

equipment i):

CDFcocum(Touti)
CDFshcum(Touti)

5.

For those TOti, which result in CDFCoclini < CDFshcum, the risk of continued plant operation is
less than the risk of plant shutdown. For those T,,,1. which result in CDFcum > CDFshcum, the

risk of plant shutdown is less than the risk of continued plant operation. The limiting T0 ,,j,
where both risks are equal, is the outage time, which is proposed to be optimal allowed
outage time (AOTifpt) for the equipment i.
ACDFum(Touti) = CDFeocuill(Touti)- CDFshcu111(Touti) = 0,

>

Toutiopt;

AOTiopt == Toutiopt

3

Results

Results of the selected example are presented in the following figures. Figure 1 shows
the cumulative CDF function (for variant lin) for both scenarios: shutdown and continued
operation. Figure 2 shows the cumulative CDF function (for variant exp) for both scenarios:
shutdown and continued operation. The preferred scenario is identified based on minimal
cumulative CDF and it is for both cases the continued operation scenario, because it results in
lower cumulative CDF in both cases.
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If the cumulative CDF function of continued operation scenario at time To+Ta,
exceeds the cumulative CDF for shutdown scenario at time To+Ta, the preferred scenario
becomes the shutdown. The point where CDFcocum = CDF shcum, is the point in which the
optimal allowed outage time is determined.
Figure 3 shows, how the difference CDFcumsd-,CDFcumC,, depends on the outage time
T0 uti for both variants: lin and exp.
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Figure 3: Comparison of CDFcum for both scenarios: shutdown and continued
operation, for both variants: fin and cxp
The calculated optimal allowed outage time is:

-

Toutopti = AOTiopt = 139 hours (assuming variant lin),
Toutopti = AOTiopt = 101 hours (assuming variant exp).

Notable differences between the two variants are calculated. The reason for such
difference lays in the fact that the period of shutting down the plant represents the most
important contribution in the calculation, which is treated differently in both variants.
Numerical solution, which is evident from Figure 3, differs from results of analytical
evaluation [3]. Table 1 shows the comparison of the results as function of At. Numerical
solution differs from results of analytical evaluation for 5% or less if At = 0.5 h or less.
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Table 1: Numerical solution versus results of analytical evaluation due to At

Variant lin

Variant exp
_

Result of
Analytical

Numerical Solution (h)

Evaluation (h)

At=0.4

At=0.5

8t=1

At=2

AOTiopt

135

138

139

144

154

(num-anal)/anal

0

0.02

0.03

0.07

0.14

AOTiopt

96

100

101

106

118

(num-anal)/anal

0

0.04

0.05

0.10

0.23

Figure 4 shows the AOTipt versus At (At =dt at picture legend) for the variant lin. The
deviation of numerical solution increases with At. At At=0.5 the numerical solution differs for
3% from analytical (for At near At=0.5 the difference is even lower). At At=l the difference is
7% (for At near At=l the difference is even lower). This findings confirm, that numerical
solution can be used for estimation of optimal allowed outage time, because the deviation of
the results obtained by numerical solution (in the order of few percents) is less than the
uncertainty of input data and results of probabilistic safety assessment.
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Figure 4: AOTi,,,t versus At
The sensitivity of the most important parameters from the expression of CDFSd(T) is
evaluated. To determine the impact of change of each parameter resulting in change of
calculated optimal allowed outage time (AO' 1i pt), each parameter was changed ±10%.
Calculation of the importance of parameters is defined by:
dAOTop,

par

dpar

AOTnp,

Equation 5
where:
'par

... importance of parameter,

AOT 0opt ... function,
par ... variable parameter,
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dA4OT,.pe = AOTopi( par) - AOT pt(par ± 10%par)
Equation 6
dpar = par + 10%par
Equation 7
Figure 5 (variant lin) and Figure 6 (variant exp) show the importance of parameters.
More important is the parameter, which changes more the calculated AOTiop, (parameter with
higher absolute importance). More the Ipar(90%par) and Ipa,(1 0%par) differ for certain
parameter, the more sensitive the calculated AOTi0,pt is.
CDFpi is the only parameter, which decreases with the increase of the AOTiopt and
reverse. Both figures show that parameters CDF1r and CDFn contribute the most to the
calculated AOTipt. Both figures show that AOT10 pt is the most sensitive to changes of
parameters CDFU and CDFpi.
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Additional analysis is needed, which will model and evaluate better the time functions
of identified key parameters. Prerequisite for modelling and evaluation of time functions of
CDFU, CDFpi and CDFO is the dynamic PSA, which extends the current PSA with time [13].
4

Discussion

Performed evaluations confirm that the results of the probabilistic safety assessment
(CDF and importance factors for safety equipment) represent good and relevant inputs for the
analysis of allowed outage times and for risk comparison of real scenarios. However, for the
PSA to be the most successfully applied, it is necessary to extend its models with inclusion of
tinme.
Inclusion of time into the fault trees may be achieved by house events matrix [13]:

Hii1

H12

...

ffin

||MI1nznl = H21.

HmI

...

lmo

Equation 8
where:
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MHmn ... house events matrix
Hmn ... house event value (true or false) for house event Hm at time point n
m ... number of house events,
n ... number of time points.
Instead of a set of logic equations:

Gi = f (Gp, Br, lbs); p e {I..P}, r E {L..R}, s ( {I..S}
Equation 9
where:
G ... gate,
B ... basic event,
H ... house event,
i,p,r,s ... indexes,
the fault tree is to be represented by a set of equations of type:

Gi(T) = f(Gp,Br, IHsT); p E {1..P},r E {l..R},s E {Il..S}
Equation 10
House event logic values timely switch on and off parts of the fault tree in accordance
with the status of the plant configuration. Such dynamic fault tree application includes basic
events represented with unavailability as a function of time.
Such improved models may enable decrease of uncertainty of current results. In spite
of the uncertain results the method gives the estimate on the risk based optimal allowed
outage times for safety equipment calculated case by case. Further use of the method and
comparison of calculated allowed outage times with the current ones prescribed in technical
specifications represent the next step toward the risk-informed regulation and risk-informed
decision making.
The comparison of analytical evaluation with the numerical solution has shown the
reasonable time increment to be used to determine discrete points of time for evaluation:
dt=0,5 hour, roughly also the 1 hour may be enough. Analytical evaluation is not possible to
be solved for all combinations of related input parameters (some combinations may lead to
transcendental equations). Such time increment may serve or may be examined further also
for the purpose of configuration management.
Our experience with evaluation of real proposed changes of technical specifications
[10] has shown that in spite of developed general methods it is necessary to consider changes
on case by case basis in addition. Namely. in general not all of the safety equipment is
considered in PSA models, for some of the equipment considered in the PSA models, it may
be true that test and maintenance contribution is not modelled appropriately, only for part of
the equipment this is considered and the contribution can be evaluated.
5
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MODELING OF HYDROGEN STRATIFICATION IN A PRESSURIZED WATER
REACTOR CONTAINMENT WITH THE CONTAIN COMPUTER CODE
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Jamova 39, Ljubljana, Slovenia
E-mail: ik"ijs.si
ABSTRACT - Hydrogen distribution during a severe accident in a nuclear power plant with a two-loop
Westinghouse-type pressurized water reactor was simulated with the CONTAIN computer code. The accident is
initiated by a large-break loss-of-coolant accident which is not successfully mitigated by the action of the
emergency core cooling system. Cases with and without successful actuation of spray systems and fan coolers
were considered. The simulations predicted hydrogen stratification within the containment main compartment
with intensive hydrogen mixing in the containment dome region. Pressure and temperature responses were
analyzed as well.

The accident at Three Mile Island in 1979 drew attention to the potential threat of unmitigated
hydrogen accumulation in the containment of nuclear power plants during a severe accident.
In most postulated severe accidents, the dominant process for producing hydrogen is the
reaction of steam with overheated fuel rods. If molten fuel falls on the concrete floor,
hydrogen will also be produced when the large mass of water released from the concrete
bubbles through the molten mass. The safety concern is that the hydrogen, when mixed with
containment air and ignited, will produce unacceptable mechanical and thermal loads to
containment structures and equipment. Prediction of the stratification and mixing behavior of
hydrogen in containments is thus an important step in assessing the hydrogen threat,
identifying unfavorable situations and assisting in the design of mitigation measures.
Many experiments on integral facilities such as the NUPEC [5] or the HDR [6] facility were
performed to investigate the mechanisms of hydrogen distribution in containments. These
experiments were also used for validating severe accident codes. However, in these
experiments, gases (hydrogen or helium) were injected from a single source. If gases enter the
containment main compartment through several openings (for instance, through the openings
of a steam generator compartment), the ensuing transport process is much more difficult to
understand qualitatively, thus necessitating an analysis with an appropriate computer code.
In the present work, hydrogen stratification during the first 10000 s of a hypothetical severe
accident in a two-loop Westinghouse-type pressurized water reactor (PWR) was studied with
the CONTAIN 1.2 computer code [3]. The RELAP5 and MELCOR code were also used to
obtain certain data. The severe accident is initiated with a large-break loss-of-coolant accident
(LB LOCA), which is not successfully mitigated by the action of the emergency core cooling
system (ECCS). Core meltdown, relocation and release of radioactive material to the
containment through the break thus occur, which is followed by reactor pressure vessel failure
and debris spilling at low pressure. The influence of containment sprays and fan coolers was
also assessed. Containment pressure and temperature responses were analyzed as well.
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2. INPUT MODEL
Containment Compartments - CONTAIN is a lumped-parameter code and therefore
considers the atmosphere in each control volume (cell) as being well mixed. To study
hydrogen stratification, the containment main compartment was subdivided into several cells.
The geometry of the containment input model is based on [1]. The containment is subdivided
into the following compartments: main compartment with dome (30 cells), annulus (2 cells),
reactor cavity (1 cell), north steam generator (SG) compartment (1 cell), south SG
compartment (1 cell) and pressurizer compartment (1 cell). Figure 1 shows a side view of the
containment nodalization.
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Figure 1. Schematic of NPP containment nodalization (36 cells) with elevations [in] (not to
scale).
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The main compartment is cut in two symmetric parts by a vertical divide in the middle and,
except for 6 central cells located below elevation 115.55 m, all the other cells are further cut
in two symmetric parts by another vertical divide in the middle, which is perpendicular to the
first one. Thus, above elevation 115.55 in., the main compartment is divided into four equal
quarters. The outer (annular) part of the main compartment between elevations 100.30 m and
115.55 m is modeled as consisting of two flours of four cells each (referred in the paper as
annularcells).

Flow Paths and Engineering Vents - One hundred and twelve engineering vents connecting
different cells are modeled. Many of these vents are fictional, as cells are physically not
separated, and some duplicate as vents of type GAS and POOL, to allow the flow of both gas
and liquid. The cavity is connected to the main compartment through the annular opening
around the reactor pressure vessel (RPV), through a ventilation opening to the annular part of
the main compartment, and through a conduct between the instrument chase and the lower
part of the main compartment.
Heat Structures - The following heat structures were taken into account: containment vessel
cylinder and dome, shield building cylinder and dome, polar crane, elements of the primary
system, platforms, piping, embedments, reftieling canal and interior concrete [1 ].
Engineered Safety Features (ESF) - Four fan coolers and 2 spray systems were modeled.
Sprays are initiated when the containment pressure reaches 2.60 bar.
Physical Models - Among the many modeling options offered by the CONTAIN code, the
following are most relevant to the present work:
- flowrates between compartments are calculated with the inertial flow model,
- default natural convection correlations (heat transfer between atmosphere and
structures) are used,
- liquid coolant may remain dispersed in the containment atmosphere (it does not drop
instantly to the floor),
- molten core - concrete interaction is modeled with the CORCON code, which is
included in CONTAIN,
- energy generation in the core melt is taken into account by applying the CONTAIN
implementation of the ANSI-standard decay power curve; in this work, 10% of the
decay heat was applied to the cavity atmosphere, whereas the rest was applied to the
concrete layer and the intermediate layer between the concrete and the coolant pool.
- burning of combustible gases is not considered.
Boundary Conditions: Coolant, Gas and Aerosol Releases and Melt Ejection - The
CONTAIN code does not model phenomena which take place in the reactor coolant system.
A time-dependent source of coolant from the primary system was obtained from a simulation
with the RELAP5/MOD2 code. To obtain time-dependent sources of gases, aerosols and
molten core material, a LB LOCA with no safety injection was simulated with the severe
accident code MELCOR 1.8.3, as in [2] and [4]. The following sources were obtained:
-

gases: N2, 02, H2, C02, CO,

-

aerosols: Ba, Ce, Cs, CsI, Mo, U, Xe,.
molten core material: the majority of the core inventory is released to the cavity at low
pressure after vessel creep rupture at about 5500 s.

All the sources obtained with RELAP5 and MELCOR were than included in the CONTAIN
input model.
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Initial Conditions - The large break was defined to occur at t = 200s. The initial pressure in
the containment was prescribed to be 1.013 bar. Thle initial temperature of the containment
atmosphere and heat structures was set to 322 K.

3. RESULTS AND DISCUSSION
A simple simulation was performed first, with a single source of hydrogen located in the
reactor cavity and without modeling the cavity ventilation opening. In addition to the
hydrogen generated by molten core-concrete interaction, 200 kg were uniformly added into
the cavity from 5500 s to 10000 s to obtain a sufficient quantity for a meaningful simulation
of hydrogen transport to be carried out.
Results of hydrogen distribution over the height of the containment main compartment are
presented on figure 2 (in this, as well as in other presented cases, there was no significant
difference in the overall hydrogen and temperature distribution in different vertical quarters of
the main compartment). The resulting distribution agrees with what might have been
expected, based on experiments performed in integral facilities: most of the hydrogen is
ditributed in the dome region, where it is thouroughly mixed. The hydrogen concentration is
lower in the cells located below the annular cavity opening around the RPV, and in the
annular cells.
In other simulated cases, sources of gas, aerosols and coolant were placed in the south SG
compartment, where the break is considered to occur. Coolant inflow was simulated until
1500 s, when failure of ECCS occurs. The main source of hydrogen in the containment is the
flow from the primary system, as may be seen on figure 3.
In the second simulated case, containment sprays and fan coolers were not actuated. The
containment pressure response is shown on figure 4. The first peak occurs immediately after
coolant release through the break. The pressure than drops due to vapor condensation, but
increases again after gases from the primary system start flowing in the containment. After
reaching a second peak, the pressure slowly decreases to a steady-state- like value.
Figure 5 shows the atmosphere temperature over the height of the main compartment. The
different curves reveal the complexities of the containment processes due to the presence of
coolant and inflow into the main compartment through several openings. After the initial
transients, observation of the long-term trends reveals the following:
- the highest atmosphere temperature occurs in the cell connected to the reactor cavity through
the annular opening,
- the lowest temperatures occur in the annular cells,
- there is a distinct temperature difference between the regions above and below the cavity
annular opening. However, the temperature is quite uniform in both regions.
Figure 6 shows the hydrogen mole fraction in the main compartment. The behaviour of the
concentration after the injection of hydrogen into the main compartment appears to be
chaotic. However, after hydrogen inflow stops, a well ordered pattern develops, with the
following characteristics:
- high concentration in the annular cell which is directly connected to the cavity,
- somewhat lower concentration in the region above the cavity opening,
- lowest concentration below the cavity annular opening.
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In the third case, successful actuation of sprays and fan coolers was simulated. The
containment pressure response is shown on figure 4. In contrast to the previous case, there is
only one peak immediately after coolant injection. The pressure than drops sharply and
reaches a much more lower steady-state-like value, the main reason being the enhanced vapor
condensation on heat structures.
Figure 7 shows the atmosphere temperature over the main compartment height. The
behaviour of the temperature is similar to that of the pressure: after reaching a peak
immediately after coolant release, the temperature drops quickly to a steady-state-like value,
which is uniform over the entire main compartment. As in the previous case, the lowest
temperature occurs in the annular cells, and than in the cells below the cavity annular
opening. The temperature in the cell immediately above the cavity opening is not distinctly
higher as in the previous case.
Finally, figure 8 shows the hydrogen mole fraction in the main compartment. As in the
previous case, somewhat chaotic behaviour occurs after the injection of hydrogen into the
main compartment starts. However, in contrast to the previous case, the behaviour seems to
be a little more ordered, as curves start merging much earlier. This is due to the much smaller
amount of vapor present in the atmosphere, which is also the reason for the higher values of
the hydrogen mole fraction. The following may be observed on the figure:
- the hydrogen concentration in the region comprising the region above the cavity annular
opening and a cell immediately below the opening is uniform,
- the concentration is low in the annular cells,
- the behaviour of the concentration in the lowest cell is somewhat irregular.
For a more detailed analysis of the hydrogen distribution processes in both previous cases, the
flows between cells would have to be investigated in detail, which is beyond the scope of the
present paper.
A fourth run was also performed, analog to the case with no ESE actuation, where most of the
heat structures from one quarter of the main compartment were shifted to an adjacent quarter.
However, this redistribution did not break the axial symmetry of the hydrogen distribution
within the main compartment.

4. CONCLUSIONS
Hydrogen distribution in a PWR containment during a severe accident was simulated with the
CONTAIN computer code. The analysis considered the time interval before significant
hydrogen generation due to molten core-concrete interaction occurs. The results exhibited the
following main characteristics of the steady-state-like distribution, after the inflow of
hydrogen from the primary system almost ceases:
1. If ESFs are not actuated, a high hydrogen concentration is observed in the annular
compartment which is directly connected to the cavity. The concentration in the dome region
is uniform.
2. If ESFs are actuated, the hydrogen concentration is the highest in the region comprising the
dome region above the cavity annular opening and a cell immediately below the opening. The
concentration in this region is uniform as well.
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Plant Specific Severe Accident Management
- the Implementation Phase
R. Prior
Westinghouse Electric Europe sprl, Brussels

ABSTRACT - Many plants are in the process of developing on-site guidance for technical staff to respond to a
severe accident situation - severe accident management guidance (SAMG). Once the guidance is developed, the
SAMG must be implemented at the plant site, and this involves addressing a number of additional aspects. In
this paper, approaches to this implementation phase are reviewed, including review and verification of plant
specific SAMG, organisational aspects and integration with the emergency plan, training of SAMG users,
validation and self-assessment and SAMG maintenance. Examples draw on experience from assisting numerous
plants to implement symptom based severe accident management guidelines based on the Westinghouse
Owners Group approach, in Westinghouse, non-Westinghouse and VVER plant types. It is hoped that it will be
of use to those plant operators about to perform these activities.

1.

Introduction and Implementation Status

The purpose of SAMGs is to provide a structured guidance to identify the actions needed to
stabilise the plant and return it to a controlled condition following an incident involving
significant core damage.
The Westinghouse Owners Group has developed a set of "generic" symptom based SAMG
[1], [2], which provide a structure, approach and definition of high level strategies for
recovering a PWR plant from a severe accident. This package can be used as a basis for the
development of plant specific guidance material. The process of providing this plant specific
severe accident management guidance can be thought of as consisting of three major steps:
* a first phase in which plant specific insights and information are gathered, and analyses are
performed to provide a detailed understanding of potential challenges from severe
accidents,
* a second phase which consists of developing the plant specific strategies, diagnostics and
SAM guidelines and associated material, and
* a third phase in which the new severe accident management capability is actually
implemented at the site.
Over the past few years, most PWR plant operators have been developing their own plant
specific SAMG. In the United States, following an industry commitment to the US NRC, all
commercial nuclear power plants have now developed SAMG, with all Westinghouse (and
some non-Westinghouse) plants following the WOG approach. One of the first PWRs to
implement SAMG was the Koeberg plant (2x900 MWe Framatome) which implemented the
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Westinghouse SAMG with the development phase completed in 1995 [3]. Within Western
Europe, this approach is also being applied to Westinghouse PWRs in Spain (Vandellos,
Asco, Almaraz), Switzerland (Beznau), Belgium (Tihange). The approach is also applicable
to non-Westinghouse plants as implemented at Koeberg (Framatome) and Borssele (Siemens)
PWRs. In Eastern Europe, work has started on developing Westinghouse SAMG for VVER440/213 units in Slovakia, Czech Republic and Hungary under several EC PHARE programs
[4], [5]. These different implementation projects are at various stages, but most have
completed (or nearly so), the first and second steps described above. This is the case here in
Slovenia, where Krsko plant has just completed the development phase of SAMG
implementation.
Now that numerous plant operators have developed their plant specific severe accident
management guidelines and have completed the first two steps, many are in the process of
implementing the guidance at the plant, which raises a number of new issues. This paper
concentrates on some of these third phase activities and provides a review of approaches to
some important aspects of the practical implementation of SAMG. In the following sections,
we consider:
*
*
*
*
*

review and verification of plant specific SAMG,
training of SAN4G users,
specific aspects of training in severe accident phenomenology,
organisational aspects and integration with the emergency plan, and
validation, self-assessment and maintenance.

2.

Review and Verification of Plant Specific SAMG.

Verification refers to the evaluation performed to confirm the written correctness of a procedure
or guideline. For SAMG, there are two major aspects to be considered:
* Have the necessary plant specific aspects been adequately and fully treated, and has the
generic material been appropriately used to develop the plant specific guidelines?
* Is the plant specific information accurate?
The expertise requirements for the reviewers of these two aspects are not the same. The
independent review of plant specific guidelines performed during the development phase (phase
2) in accordance with quality assurance regulations forms a part of the verification process. It is
advisable to perform all implementation activities, including independent review, in accordance
with internationally accepted quality assurance guidelines (for example (6], [7]). In addition to
this activity, an independent review and verification by an organisation outside the utility but
which is fully familiar with the accident management programme (for examnple the vendor), is
recommended. Review by the national regulatory body will also be required, though the extent
of this review depends on the individual organisation's requirements.
3.

Training of SAMG users

In addition to the technical content and format, numerous other aspects must be considered
when developing a suitable training program for SAMG users on site. These include the level
of detail required, who should be trained, the required training and retraining schedule. etc.
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Here we discuss who requires which level of training, and also present a discussion of the
needs to train staff in severe accident phenomenology. For a fuller discussion of SAMG
training, see for example [81.
Training in SAMG basis may be required by personnel performing a number of functions
within the plant emergency organisation:
Technical Support Centre members using SAMG: Their SAMG training must be the most
thorough of all plant emergency team members.
Control Room Staff and Supervisors: Most approaches to SAMG implementation will use an
organisational arrangement where those responsible for performing the evaluation of plant
status and for selecting the recommended recovery strategy will not be the operators
themselves, but a separate and perhaps remote (though still on-site) team, most likely the
technical support centre (TSC). It is therefore extremely important that the operators have
confidence in the TSC and SAMG, and that they understand the basis sufficiently to realise
that they may be required to perform actions that may appear to conflict with their established
EOP training.
Emergency Director / Controller (decision authority): The Emergency Director leads the
plant's Emergency Response Team. He is usually a member of plant management, sometimes
the plant manager or the manager of operations. He is, for SAMG implementation, likely to
be the decision authority - the final say regarding whether the TSC's recommendations are
implemented by the control room. He must be fully familiar with the SAMGs and their basis.
In addition, there are personnel performing functions that interface with SAMG users
including:
*
*
*
*

Emergency Response Staff,
TSC Members not directly using SAMG ,
Off-site Technical Centre (if applicable),
Regulatory Body.

In practice, there is considerable overlap between the different functions. For the Koeberg
project, table I was developed to clarify the SAMG training needs of the different members
of the organisation using two categories: those staff needing to receive detailed training on
the SAMG, and staff requiring an overview of the SAMG.

4.

Considerations on training in severe accident phenomenology

Most plant staff will not have detailed knowledge of severe accident phenomenology. This
topic must then be included in a SAMG usage training program. Phenomenology can either
be integrated into the presentation of the SAM measures and strategies, or it can be covered
in a dedicated session or sessions. The topic is a large and very broad one, as illustrated by
Table 2, which presents a list of phenomenological issues which could be considered for
presentation at a PWR SAMG users training session. While an understanding of
phenomenology is important, it is important that this topic is not allowed to dominate what
should be an essentially practical training course. All topics should be reviewed, but not all at
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Table 1
SAMG Training Requirements for Members of the Emergency Organisation
(Koeberg SAMG Project)
SAMG

Detailed training

Detailed training

overview

on Control Room

on TSC SAMGs

SAMGs
Operating shift

Yes

Yes

No

Shift manager

Yes

Yes

No

Technical support centre
leader

Yes

Yes

Yes

Technical support centre accident assessment team_

Yes

No

Yes

Technical support centre

Yes

No

No

(other members - NOT
accident assessment team)

_

Emergency controller

Yes

No

No

Other members of Emergency
Organisation

Yes

No

No

the same level of detail. This is because the emphasis of the phenomenology training should
be on those phenomena IMPORTANT to Severe Accident Management, (especially where
the actions or priorities may appear to conflict with EOP training). To illustrate this, the
phenomena in table 2 are classified into high (H), medium (M) or low (L) importance for
severe accident management training. A phenomenological issue may be of high importance
for one or more of the following four basic reasons:
Priorities:Like EOPs, SAMG must set up a system of prioritisation of recovery actions. At
each level a minimum set of plant parameters is monitored, and the values used to prioritise
the actions. The important point for training here is that these priorities are not always the
same as those which plant personnel trained in EOP use are familiar with. Indeed, it may
appear that there is conflict. Training must cover certain severe accident phenomenological
issues in sufficient detail to allow explanation of SAM priorities.
Evaluation. Most potential recovery actions have both positive and negative potential
impacts, and an evaluation of the likely benefit of taking an action must be made in the light
of the potential for additional damage or worsening of the situation. Training must cover
severe accident phenomena sufficiently to explain the possible positive and negative impacts
of actions, and provide the basis for the TSC to decide whether to recommend the action.
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Table 2 - The Relative Importance of Phenonienological Issues in SAM Training
Phenomenon

Imp,

Clad oxidation and in-vessel hydrogen
production

M

In-vessel melt progression phases

M

Effects of reflooding a damaged core and

iI

Debris coolability in lower head

Reasons'

(i) Evaluation: core cooling may or may not be restored, increased steam and
hydrogen generation will result but accident termination only possible *With
reflooded debris
(ii) Priorities: In SAMG this action may not be top priority (apparent conflict
with EOP priorities)

Fission product release from fuel

L

Other challenges to reactor system
integrity (creep of tubes or piping)

H

(i) Priorities: SAMG must place high priority on protecting the integrinv of
steam generator tubes (apparent conflict with EOP priorities)

External vessel cooling

H

Impact: operator actions to flood reactor cavity can significantly mitigate the
event

Vessel failure modes/challenges

m

In-vessel steam explosion

L

Low risk issue, no direct influence by operator

Ex-vessel steam explosion

L

low risk issue, little direct influence by operator

Direct containment heating

L

Low risk issue, mitigation actions clear (primary depressurisation)

Other challenges to containment from high
pressure melt ejection -impact of primary
system depressurisation

M

The importance of reactor system depressurisation should be explained. out
there is no evaluation needed

Long term challenges to containment

m

Ex-vessel debris coolability

M

Concrete attack phenomena

m

Effects of containment heat removal on
hydrogen concentration - containment
steam inerting

H

(i) Impact: the implications of increased hydrogen concentration due to steamli
condensation using active cooling systems must be explained
(ii) Evaluation: Decreasing containment pressure may cause high hydrocen
concentrations
(iii) Alternatives: Some plants may have means to reduce pressure without
condensing steam

Containment ultimate capacity and failure
modes

H

(i) Priority: the margin between design and failure pressure must be explained,
and the implications of this margin for timing of events and challenges
(apparent conflict with EOP and FSAR).

Effects of hydrogen combustion:
detlagration

a

H

t Alternatives: The ability of the containment to withstand hydrogen

deflagration under certain conditions.
Alternmtives: Deliberate ignition, venting, inerting, recombining.
T

deflagration to detonation transition

-------------direct detonation
Fission product transport and retention
mechanisms

I

-

L

t------I

L
H

--------------

---

--

t Low risk issue, little direct influence by operator

--

---

--

--

---------------------I Low risk issue, little direct influence by operator

Impact: The importance of natural deposition mechanisms (time of release)
and of certain active systems (sprays, coolers etc.) on the source term must he
explained.

Notes on table 2
1. The importance of the severe accident phenomenon to the user of Severe Accident Management Guidelines: H=high.
MWmedium, L=low.
2. Four possible reasons for HIGH importance: Priorities, Evaluation, Alternatives, Impact (see text).
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Alternatives: In some situations, more than one recovery action may be possible, and another
type of evaluation will be required to select one of the candidate strategies. This situation, in a
similar way to those described above, also leads to requirements to provide training on certain
aspects of phenomenology, to enable the TSC to perform a sound evaluation.
Impact. Actions or strategies contained in SAMG which require a specific action or actions to
implement, and which can greatly impact the accident sequence must be covered, together
with their underlying phenomenological issues.
5.

Organisational Aspects and Integration with the Emergency Plan

There are significant interfaces between SAMG and the emergency plan. Principles for dealing
with these will have been defined in phase 1, and these must now be implemented. Important
issues to be addressed include:
organisation of emergency plan staff and capabilities
finalisation of the responsibility matrix
criteria for activation of the Technical Support Centre / Accident Assessment Team
TSC facilities (plant monitoring capability).
The SAMG provides a function which was up to now missing at most plants - that of
identifying, evaluating and implementing recovery actions to restore a controlled stable
condition in a plant which is experiencing a severe accident. Since this function did not exist in
any formal way previously, it is not reflected in the organisation defined by the plant's
Emergency Plan, which, in most cases, tends to deal with the management of off-site actions.
The SAMG must be integrated into the organisational structure defined in the emergency plan,
and interface with it, to ensure a consistent and co-ordinated response to severe accident
conditions.
An important part of this integration of the SAMG with the emergency plan involves the
definition of the matrix of responsibilities for severe accident mitigation actions. Using the
SAMGs will result in the recommendation to take certain actions - these actions will ultimately
be taken by the operators in the control room. However, SAMGs are not procedures like the
IOPs, they are guidelines. This is because, in a severe accident situation, any action taken on
the plant may have both positive and negative impacts. Also, in order for the event to have
developed to the extent that SAMGs are required at all means that there have been many
systems and equipment failures - the availability of equipment needed to perform mitigative
actions needs to be assessed `on the spot", and continually reassessed during the use of the
SAMG. The guidelines therefore provide a structured way to perform an evaluation of current
plant conditions and equipment availability, and a means to determine which of the available
courses of action is the most appropriate. Once the evaluation is performed and a
recommendation on a certain course of action is made, the decision must be taken to go ahead
with the action, and the action must be implemented. A typical responsibility split is shown in
Table 3.
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Table 3
Matrix of Responsibilities for Key SAMG Activities
(Example only - taken from Koeberg NPP)
Key
S

Operating shift, affected unit

SM

Shift manager

SSS

Senior shift supervisor, affected unit

TSC

Technical support centre

AAT

Accident assessment team (part of TSC)

EC

Emergency controller

Action

Transition from Emergency
Procedures to SAMG
(EOP -> SACRG)
Implement severe accident mitigation actions
(SACRGs)
Severe accident recovery strategies
(SAGs from DFC / SCGs from SCST)
Strategies involving deliberate FP Releases
End SAMG use and long term recovery

Evaluate

Recommend

Decision/
Authority

Implement

S/SSS (TSC)

SSS

S

_

SSS

S

SSS

S

TSC Leader/SM

AAT
AAT
AA

TSC Leader/SM
I

-

EC
SC Leader

S
S/TSC

This example approach includes an accident assessment team (AAT), which is part of the TSC,
and is responsible for performing the SAMG evaluations. Members of the AAT must be
thoroughly trained in SAMG. The "creation" of the AAT does not necessarily mean that the
membership of the TSC needs to change, but appropriate training of TSC members is required,
with the AAT members and TSC leaders receiving in depth training on the SAMG, and other
members at least an overview of the SAIG. The emergency plan must be modified to reflect
these responsibilities, once finalised, since it is normally the document defining the overall
emergency organisation.
6.

Validation, Self-assessment and Maintenance

Validation refers to the evaluation performed to determine that the actions specified in the plant
specific SAMG can be followed by trained staff to manage emergency events. Validation also
performs a form of "check" on strategy selection and development. Thus it will provide a
confirmation that strategies that were adopted directly from the generic guidelines without
performing analysis at the phase I stage are appropriate.
There are a number of possible approaches to validation of SAMG. To date, successful
validation of SAMG has been performed (e.g. [9], [10]) using table top methods for the TSC
staff, and full scope simulators to exercise the operator controlled transitions from EOPs. Both
individual exercises (exercising the TSC, or the operators, or, individually, any other involved
part of the plant emergency response team) and integrated exercises (where the whole team is
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involved) have been performed. In setting up the validation programme for plant specific severe
accident management guidance, a number of factors must be considered including:
a)
b)
c)

The general approach - table top exercises, use of simulators or plant analysers,
integrated versus individual exercises.
The supporting analysis needs, method to provide them, codes to be used, possible use
of scenario templates, etc..
The staffing of the validation team, in particular the exercise controllers and technical
advisers. These are personnel who are riot part of the team exercising, but who are
responsible for running and co-ordinating the drill or exercise. Their capabilities must
include the ability to define credible plant conditions for the exercise on the spot.

Finally, a mechanism must be put in place which ensures that periodic update (maintenance) of
the plant specific SAMG package is performed. Though major changes are not expected, plant
modifications, severe accident research results and modifications to the generic SAMG
packages all have the potential to require minor modifications to the plant specific SAMG.
7.

Conclusions

Once plant specific SAM guidelines are written, implementation of the program at the plant
must be performed. In this paper a number of the practical issues associated with
implementing a plant specific SAMG program have been identified and reviewed, based on
experience with supporting plants which have already had to address these issues. Whilst the
burden associated with these activities is not large, they are considered important for the full
integration of the on-site SAMG program. It is hoped that the information presented here will
help others presently approaching this phase of their program development.
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USA EXPERIENCES IN CONDUCTING AND IMPLEMENTING THE PROTECTIVE
MEASURES IN A CASE OF THE NUCLEAR ACCIDENT AND THEIR POSSIBLE
IMPLEMENTATION
INES-ANA JURKOVIC
Faculty of Electrical Engineering and Computing Zagreb, Croatia

Abstract
Looking at the field of emergency planning and preparedness, it can be noticed that the
situation in Europe is more or less quite different than the one found in the USA, despite the fact that,
for example, lots of International Atomic Energy Agency (IAEA) material comes from the Nuclear
Regulatory Commission (NRC) material. Comparison between these two approaches was very
interesting and instructive.
Croatia, if looking at the particular country, can learn a lot from the overall organization of
the Emergency Planning and Preparedness in USA (Louisiana). Everybody has his predefined place,
plan and task to be fulfilled. Mutual cooperation between different organizations and institutions
involved is accordingly developed and on very high level.
Geographic Information System (GIS), which is also available to us, showed its usefulness
during the exercises and map development, and not so much during the actual accident.
1. Introduction
During and after the accident, every organization necessary for conducting various
tasks, and having certain responsibilities, is known in advance. Exercises show that this kind
of organization is pretty much responsible for the smooth course of emergency actions.
Some of the procedures, forms and maps (accident notification, different map
examples, etc.) that are used in the US can serve as a good example of how some of the things
can be done and how some problems can be solved.
Despite the fact that there are some differences in the system most of the things can be
applied directly or with the small modification to the most European systems (Croatia is not
exception).
Through the paper, usefulness of this kind of experience exchange can be seen as very
helpful to both parties involved, so it surely needs to be encouraged among the other
organizations and countries.
2. Emergency organization in Louisiana, USA
Louisiana has three nuclear power plants situated on its territory or in near vicinity:
River Bend Nuclear Station, Waterford 3 Nuclear Station and Grand Gulf Nuclear Station
(Mississippi), and it is responsible for the conducting and implementing of the appropriate
procedures in a case of the nuclear accident for all three of them.
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Actual implementation of those plans and procedures lies in hands of the Emergency
Preparedness and Response Section, that is part of the Louisiana Radiation Protection
Division (LRPD) at the Department of Environmental Quality (DEQ). LRPD consists of
following sections:
- Licensing and Registration Section
- Inspection and Quality Assurance Section
- Enforcement & Laboratory Services Section
- Surveillance Section

2.1.

Emergency Planning and Response Section (EP&R)- provides the lead agency role

Notification process

EP&R Section is immediately notified of all the changes in the operation of all three
nuclear stations, through fax and special telephone lines. All that calls and given information
are registered in the particular forms. During the regular once a month meetings with the
representatives of the local organizations (off-site) and the plant staff (on-site), a short report
on current plant status is presented, together with the description of ongoing actions,
performed exercises and training, and the plans for future ones, with the propositions
(schedule) for the next meeting (time and place). These meetings are held regularly for all
three nuclear stations.
If an accident occurs in one of three mentioned nuclear stations everything goes in
accordance with predetermined order. Its effectiveness and efficiency is continuously checked
through numerous exercises, drills and training. In a case of Alert, proclaimed in one of the
plants, all organizations and institutions involved in emergency planing and response are
immediately and simultaneously notified. Notification goes through fax and phone lines. All
involved personnel carry pagers on a 24 hours basis, so they can be promptly reached and
notified in a case of an emergency, and respond in accordance with their procedures. During
the accident, the notification and information process follows predetermined order: special
forms, message repeating and confirming, etc. After the Alert notification EP&R experts are
on their way to the nuclear station, that is its Emergency Operating Facility (EOF), and to the
Baton Rouge center where Emergency Operating Center (EOC) is situated. In the EOC
experts from a different institutions (army, police, fire brigade, Red Cross, social service,
meteorological institute, federal institutions, etc) that are part of the emergency response meet.
They are all connected into the unique information network together with local centers, so all
the necessary information is received simultaneously.

2.2.

Protective measures

The plant gives recommendations on the necessary protective measures. During the
decision process plant staff strictly follows its Emergency Operating Procedures and values
that are in them. State organs in accordance with the recommendations and data obtained from
the plant do their own calculations, which necessarily do not give the same results as the one
in the plant. After these calculations and the harmonization with the results obtained in the
plant, they issue their recommendations and forward them to the local centers. Local centers
are focal point in whole process and they have the right of final decision, either it means the
confirmation of the state recommendation or accepting a new decision on the basis of the data
and information known only to them (current conditions and possibility of the deduction of
recommended actions). Whole process is highly coordinated and represents the sum of the
joint effort, which is especially seen through the numerous exercises when the plant staff and
representatives from different involved institutions are trying to reach unanimous
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recommendations. It has to be emphasized that plant staff is left to perform their duties (plant

conditions improvement) with the minimal disturbances from aside, while the other
institutions and individuals do their work based on the plant recommendations. All of this
seems like a long process, but thanks to the frequent exercises, training and the existence of
well detailed procedures, every participant knows his exact place and role in the chain, so that
the whole process from the notification and activation to the protective measures
implementation does not take so long. In the whole process joint work of all subjects
(institutions, organizations, individuals, etc. from the effected states) is extremely developed
and coordinated, and all decisions are brought at the same place as a result of the cooperative
effort.

2.3.

Useful maps and lists

Developed maps, Figure 1, are very important during the implementation of the
protective measures. These maps are constantly reviewed and revised, especially depending
on the outputs from the different exercises. Plant area is divided into the zones and sectors, in
a first place depending on the geographical position and the population of the area. Special
maps with the number of the habitants, number of the available transport means,
decontamination and meeting centers, special evacuation routes, etc. are available. Every local
center has also a special list of all handicapped persons in the vicinity, that are during the
accident separately notified and taken care of. With that list local centers also have a list of
available transportation means, personal vehicles included. In the special material that is
distributed to the all neighboring households, all the car owners are kindly asked, during the
accident, to offer a transportation to the people that don't have their own cars or other mean of
the transportation. Every local center has special communication equipment for a deaf people,
as a part of the necessary equipment, together with the list of all deaf residents that need to be
notified during an emergency.
a.

~~~~~,

~N-.

Figure 1. Waterford 3 Nuclear Station map, quadrant A, section Al

2.4.

Exercises

Nuclear power plants regularly carry out exercises (some are in the simulator) and
training on-site. State representatives actively involved in the emergency planning and
preparedness are invited as observers or active participants to all this exercises. In Louisiana,
ER&P Section is part of all the training and exercises off-site and on-site. That way all the
Section personnel get acquainted with the plant operation and problems that can rise up during
the operation, as well as with the organization and means of solving these problems.
Knowledge gained through these exercises is very useful and indispensable for the successful
work of the Section and their ability to take urgent actions during the emergency and postaccident period. All training and exercises are performed in accordance with pre-developed
accident scenarios that are only known to the exercise coordinators. Every exercise is recorded
and evaluated. The special commissions from the federal institutions like NRC and FEMA
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(Federal Emergency Management Agency) evaluate some of the exercises. These
commissions give their evaluation of the course and successfulness of the exercise in a written
from. All the observed mistakes are recorded and corrected either during the normal
performance or at the another exercise. Corrections are regularly checked. This type of
exercises, that are evaluated by the federal organs, have predefined goals that need to be
achieved during the exercise as well as areas and problems that need to be addressed.
Satisfactory performed exercises show that involved institutions are capable of confronting
that type of problems and tasks.

2.5.

Public information

Public information preparation is another important point that has special attention.
Information is prepared in the separate Information Centers, that are situated both in the plant
and EOC, and their decisions are distributed towards the Central Information Center from
where they are distributed to public. The EP&R Section personnel are participating in the
work of these centers too. Information preparation goes by the special predefined procedures.
During the exercise public information preparation and gathering is also one of the evaluated
tasks and it draws particular attention. At these exercises can be clearly seen how one false
word can unnecessarily disturb the public or provoke various (usually incorrect) rumors.
From the beginning of the accident till the protective measures implementation public
is continuously informed about the accident through the special TV and radio stations. On the
TV for that purpose exists a separate channel that is activated in the case of the emergency,
while on all the other channels written note at the bottom of the screen can be seen. TV
program is interrupted in regular intervals for the latest information about the accident. All the
information given on the radio and the TV stations comes from the local centers (EOCs) that
have special equipment with which they can interrupt program and activate a special channel.
The same is happening at the radio stations, where they have formed special radio stations
with wide known frequency (people learn about it through the brochures and written
material), that regularly informs about the current situation and actions that need to be
undertaken. As a form of prompt notification there are also sirens in the plant vicinity and
they are regularly tested. Siren's performance: is tested once a month on the predetermined
day, marked in the brochure distributed among the citizens. During the testing inhabitants are,
through the radio and TV, continuously informicd that testing is under way, and that this is not
the case of real emergency. Notification is broadcasted several times. Purpose of all the
mentioned emergency meanings is exact, prompt and effective notification and warning of the
jeopardized inhabitants.
During the emergency situation special police forces are cruising through the
endangered areas. Their task is, among the other things, to verify if all the involved population
is informed and if they are acting in accordance with the given instructions.
Evacuation or relocation is done in accordance with the predetermined plans and
procedures. Population is receiving special brochures throughout the year, with the maps with
clearly marked evacuation or relocation routes, gathering places locations, places where the
transportation is organized for the people with no transportation means or possibilities, etc.
Evacuation of the schools, hospitals, old people's homes, and other special institutions is done
in accordance with the predetermined specific procedures. Number of the people that need to
be evacuated is predetermined, as well as the available transportation means and routes. Time
needed for evacuation is calculated in the accordance with all the mentioned things and then
used for the planning of the processes described in the procedures and plans for the case of the
nuclear accident.
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The steps and measures that population has to undertake are described inside the
special, already mentioned brochures, that are regularly revised and distributed among the
inhabitants. Inside the brochures is also a list of all the necessary things that are essential to
prepare before and to have and take during the emergency. Population is introduced to the
decontamination process in advance. During the accident decontamination is done in the
gathering centers in the accordance with the specific procedures and treatments.

2.6.

Few things to remember

All the necessary measures and actions are determined before in accordance with the
predetermined intervention levels. Every procedure is worked out in detail and described in
the adequate plans for all the included organizations and institutions. Every involved
organization and institution has its own plan and program and specific procedures that are
regularly revised, changed and improved depending upon the results of the conducted
exercises and drills and upon the current progress and gained knowledge from that particular
area.
Demonstration of all the mentioned things is clearly visible during the numerous drills
and exercises that are organized on the regular basis at the predetermined date. Date of the
exercise conduction is determined even years in advance, so that gives a chance to the
organizers and conductors to plan and prepare exercises up to the smallest details. Agreement
on the date is reached at the already mentioned regular power plant and involved
organizations and local centers meetings. At these meetings volume and scope of the each
exercise is also determined, as well as the participation of the particular organization and
institution. Exact role of each one involved is than determined later on in the specific
documents and reports.
Exercise's scenario is known in advance as well as its scope and goals. Everyone
actively involved in the exercise ("player") is acting in accordance with its own plan and
procedure for particular case and it is not familiar with the exercise in detail. Only
coordinators know all about the exercise and they are the ones who put up the whole exercise
scenario, while the federal institutions set the tasks to be fulfilled, which are then specially
evaluated and judged.
3. Possible implementation of the US experience
Looking at the overall organization in the USA there are many things that can be
useful in the other environments. Their organizational skills and mutual cooperation are
amazing. Some of the used and developed charts, maps, worksheets and forms (accident
notification, field team notes, area maps, etc.), can be useful for their easy reference and
effectiveness in lots of other countries.
GIS, system that is available almost everywhere, proved to be very useful during the
maps development and during the exercises, but not as much during the actual accident. Maps
generated at the computers are rather artificial (Chernobyl accident showed different
appearance of the contaminated zones), but they are very efficient during the exercises and
training, so they need to be generated for each planned exercise.
If every organization required for the specific task during the emergency, as well as
the lead one, knows precisely its position and role, everything is running smoothly from the
beginning. In the US every farm, (luring the emergency, is taking care of its own low
radioactive waste, which is something that is applicable in every country, with of course
adequate education.
Very good cooperation between neighboring countries is something else that most
European countries are missing. Extremely important are also regular meetings between the
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responsible organizations and plant personnel. Something like that won't be hard to organize
even in this region.
Personal dosimeters and pagers are necessary part of the equipment of all involved
personnel, not only during the emergencies, drills and exercises, but as a part of everyday life
as well. So that is also something that can be considered in other surroundings.
Everyone needs, Croatia as well, adequate experts. It does not matter what tasks will
someone has during the emergency, basic knowledge of nuclear technology and ionizing
radiation is essential. One of the main issues and problems that we will and can run in is the
understanding of all that is going on in the plant and understanding the course of the accident.
For that reason it is necessary to have a people that are completely acquainted with the plant
systems and operation. Regular exercises, drills, training and expert's skill improvements are
essential.
In the States, plans made for nuclear accidents are even used for planning in other
facilities, like for example in chemical industry. There is also a tendency to change plain text
with the description of adequate steps in procedures: with the so-called flowcharts that proved
to be more useful - something to pay more attention to. Since procedures represent sort of
"cook books" anyway, guiding the whole process through the various steps even in the text
format represents good approach to the problem, and this is also approach that lots of
organizations are already using, for example Croatian Technical Support Center is using the
same approach in its procedures.
Further more, it doesn't matter which computer code is someone going to use for its
own calculation, but who ever is doing such a calculation during and before emergency needs
to know also something more about the program that is used in the power plant. This is due to
fact that usually with different computer codes different results can be easily obtained, and
this can be overlooked in a hurry. Every environment needs adequate program for the dose
estimation or some adjustments of the already existing ones, which naturally asks (demands)
for some more time and resources and adequate experts.
KI issue is something that needs more attention in this part of world too, and in this
matter US experience can be very useful.
In the States centers that are involved in the emergency plans and rescues have a direct
approach to the police and fire department's communication lines - something to have a
thought about even here. Way of organizing drills and exercises - very useful to study. Level
on which all involved organizations activate - in a States that is "Alert", needs to be involved
in plans and procedures for the emergency planning and preparedness. List of adequate
procedures is summarized in a one document, which is then divided into the sections, where
every section represents adequate procedure - approach that can be very useful in today's and
future emergency centers.
Amateur radio organizations and volunteers proved to be of a great help during the
emergency in the States, when all other communication equipment can be down. In the
countries that don't use these organizations that is something that can be considered during
the reviewing and development of some future plans.
In the case of the accident notification and information about it is coming straight from
the Control Room - exact and prompt notification, in the NPPs in the US there is usually one
person in the Control Room with the task and obligation to inform outside the plant. This can
be also quite good example of how notification can be done and it is worthwhile to examine
all the possibilities in the NPPs to obtain that kind of the communication between the plant
and rest of the involved organizations. But if that kind of notification needs one person in the
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Control Room with just that task or if it means further burden on the Control Room personnel,
that surely is not something that anyone is looking for.
In the some parts of the States protective measures are taken promptly without so
called preparatory phase (watch TV, stay informed) as they believe that is more effective. This
can represent a great cost, but it can also be very beneficial. This is the reason why "cost
benefit" studies need to be performed before any serious planning of protective measures and
actions. These studies will give the best answer of the worthiness of the each procedure and
step that we are going to undertake. One way of performing these studies and doing the
necessary calculation is by use of the certain computer codes that have that option, as
COSYMA and MACCS2 for example, which are capable of estimating economic costs
represented with the total cost of the accident and the contribution from countermeasures,
early and late health effects.
Another thing that deserves attention is decontamination process. This process is
performed in accordance with the specific procedures and separately evaluated at each
exercise at US. As much as it seems to be very easy task to perform (taking a shower,
changing the clothes, putting the waste on the specially marked places, etc.), during the stress
situation mistakes are very often. So this is another area that needs attention, especially during
the exercises.
Institutions responsible for the public information and notification should think about
the public education, probably the same way the Americans do - through different brochures,
calendars, etc. This can be the only way to avoid unnecessary panic during the emergency.
US Emergency Alert System message has several points that can be included in any
other emergency notification form as: identification of the organization issuing the
information, identification of the facility experiencing the emergency, identification of the
communities or/and geographical areas affected with the emergency, instructions with the
regard to the specific protective measures to be taken by residents of the affected areas (brief
explanation), identification of the channels over which further information will be given.
Some of the relocation/return/recovery issues (intermediate phase activities) discussed
at the US conferences deserve further looking at.
In the US it can be more than one NPP in a state, but for emergency planning is just
one organization responsible on a state level. Nevertheless, every plant gets a different
approach and procedures. Every plant is specific, its surrounding area is different, and all of
that has to be taken into account during the development of adequate procedures and plans.
This is why in Croatia, for example, we need separate procedures for each plant that is
influencing our territory (NPP Krsko and NPP Paks). We also have a great need for adequate
accident scenarios for both plants that can be developed with some help of computer codes
and with the cooperation of the particular plant. Later on they can be used for the organization
of the specific exercises and drills and used as a training material. We also need to determine
institutions or persons that can objectively evaluate performed exercises and drills, so we can
learn on our own mistakes, because that is usually the best way to learn something.
4. Conclusion
US has experience and already developed plans and procedures that can be used, with
some minor changes, in almost all organizations that are somehow involved in the emergency
planning and preparedness activities. Sorne of the possible implementations and possible areas
of interest are stressed out in this paper and can represent the starting point for some future
improvements and developments of already existing and/or new plans and procedures.
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Even though in this case US experience has been presented, it is clear that there are
many other western European countries that successfully implemented similar protective
measures and plans and whose experience can also be used in planning and implementation of
domestic emergency plans.
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Safety Features with MELCOR
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Abstract;
A severe accident including small break loss of coolant scenario using computer program
MELCOR 1.8.3 was modeled.
MELCOR is state of the art program maintained by the United States Nuclear Regulatory
Commission and is currently used at University of Maribor to assess some of the accident
sequences.
The engineered safety features (ESF) of NPP Krsko are subject of this work. In particular, the authors would like to show that. the model has been devised, and that the model
performed. The authors did not resort to comparisons to other results as they are either
not for the same plant or proprietary.
Several test cases were performed, for brevity only two examples are shown, and briefly
discussed.

Introduction
At the University of Maribor the database describing Kriko Nuclear Power Plant was
developed to be used with MELCOR 1.8.3 computer code. The database was developed
using mainly Updated Safety Analysis Report and other available documentation collected both through Slovenian Nuclear Safety Administration and Krgko nuclear power
plant.
A special attention was given to the nodalization of engineered safety features. The scenario used was small break loss of coolant accident.
Several thermodynamics parameters were screened: time for the core to uncover, time for
the core to start relocating, time to reactor vessel failure, time to containment failure,
and time for shield building to fail.
InternationalConference Nuclear Energy in CentralEurope '99
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For melting criteria the temperature of Zircalloy cladding at different levels in core and
the temperature of the melted material in the cavity were selected.

Nodalization
The model consists of mainly two types of elements: control volumes and flow paths. The
primary side is modeled with 35 control volumes and 40 flow paths, the secondary side
is modeled with 18 control volumes and 20 flow paths and containment is modeled with
5 control volumes and 9 flow paths. In total, 35 heat structures were used. ESFs are
modeled using an additional control volume (refueling water storage tank, RWST), 4 flow
paths, 3 sprays and 4 fans, all of which were modeled using MELCOR supplied functions.
Among ESFs, both high (HPI), and low pressure injection (LPI) were modeled using own
control and tabular functions.
Figure 1 shows the nodalization except steam generators. Of ESFs, only accumulators
are shown.
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Figure 2 presents the nodalization of steam generators. Figure 3 shows the nodalization
of the containment whereby CV 701 stands for upper compartment, CV 702 for lower
compartment, CV 703 for volume around steam generator as well as around pressurizer,
CV 704 for reactor cavity, and CV 705 for annular compartment.
Figure 4 shows the nodalization of HPI, figure 5 of LPI while figures 6, and 7 present
nodalization of pressurizer, and containment sprays, respectively. Figure 8 shows modeling of fans.
The program solves the continuity equation in control volumes and momentum equation
in flow paths. For solving energy equation heat structures were used. The turbine is not
modeled.
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The core consists of three main segments: a reactor vessel wall, a lower plenum and a
lower head, and an active core. It is modeled with seven radial nodes and fourteen axial levels, the first two modeling the reactor vessel wall, the second two the lower head
and the lower plenum, and the remaining ten the active core. The active core nodes are
linked to the three control volumes and ten heat structures in accordance with MELCOR
requirements for dT/dz model.

Scenario
As stated previously, small break LOCA was chosen. At 0 s one of cold legs is ruptured
with hole having 0.5 inch in diameter. When the pressure on the primary side drops to
129,95 bar reactor scrams. When primary pressure drops to 99 bar reactor coolant pump
starts the coastdown. From this point on the code is left to its built-into (via user supplied
control functions) automatic reaction.

Results
Two calculations were made: one with containment safety features, and one without
them. There were roughly 180 thousand seconds simulated with the following summary
of important events:
beginning of HPI
RWST is empty
core uncovering
core starts to relocate
reactor vessel fails
fans start
containment sprays start
containment fails

without cont. ESF [s]
100
65.000
70.600
91.126
130.624
N/A
N/A
54.165

with cont. ESF [s]
107
64.900
69.800
89.673
160.504
1.212
N/A
N/A

Figures 9 and 10 show the pressure without and with containment ESF present, respectively. It is evident that containment ESFs play an important role also for behavior of
primary and secondary sides of reactor coolant system (RCS). If correct, the results can
be attributed to increased heat removal from exposed parts of RCS and dissipation, and
convection into the containment atmosphere, and environment.
In addition, the HPI activation and operation is evident from stagnation relationship between pressure and time (until RWST empties). Shortly after HPI ceases to operate the
core starts to uncover. During this phase of the accident the primary side system pressure
is governed by secondary side pressure. The source of water within RCS are accumulators which gradually empty, the rate of influx governed by thermohydraulic parameters of
RCS such as boil off and overall heat transfer to steam generator fluid, and containment
atmosphere.
It should be noted that this case should not be used to determine whether the accident
in question is actually small break LOCA, or not as the steam generator was not allowed
to boil off. Creation of several test runs confirming existing differences between various
types of LOCA should be subject of next investigation using existing code, and model.
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Decay heat continues to heat up the system, resulting in two different paths, one without,
and one with containment ESFs.
Figures 11 and 12 show containment pressure without, and with containment ESFs operating, respectively. In the first case, the pressure builds up until the failure condition
is met, in the second case the pressure stagnates. In figure 12, one observes a sharp
peak around 120.000 seconds, and another around 160.000 seconds. The first peak is
attributable to burning of combustible gases in volumes CV 701 propagating and combusting into CV 702, and CV 703. The total time of combustion encompasses up to 3
seconds. Cavity, however, does not experience the combustion. The second peak was not
investigated but was probably due to similar event. In the case presented in Figure 11
containment fails while in the case presented in Figure 12 containment does not fail.
Figure 13 shows the temperature of the cladding on the bottom of the core, where refreezing takes place. Figure 14 shows the temperature of the particulate debris on the
bottom of the lower head with nicely shown step function after the debris have actually
been formed. After the debris have been relocated to the support plate the melt refreezes
and reheats. Several hours later the lower vessel fails and the melt is ejected into the
cavity. Both results are for calculation without containment ESF.
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Figure 15 shows total decay heat clearly showing effect of relocated material into cavity.
The dashed line shows effect of material relocated into cavity while dotted line shows
activity of material within the core proper. Figure 16 represents total mass of material
which has been relocated into cavity, in conformance with data shown in Figure 15.
Figure 17 shows the total mass of radioactive aerosols released into environment and is
probably of interest to those active in level III analyses, but is beyond the scope of this
contribution. Figure 18 shows, exemplary, the total mass of class Uranium released form
COR components into control volumes 002, 003, 004, 005, and 704.

Conclusion
In this contributions the nodalization of Engineered Safety Features of Kriko NPP is presented, and tested on two similar scenaria using MELCOR computer code for the first
time.
The following was observed:
- containment ESFs had significant, influence on behavior of RCS;
- in intact containment case, the combustible gases combustion took place;
- the total release of radioactive aerosols was presented.
In the future, the comparison with available open literature numerical data should be performed. Also, the classification of small, medium, and large LC)CA should be undertaken.
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ABSTRACT - The containment response during a large-break loss-of-coolant accident scenario in a
nuclear power plant with a two-loop Westinghouse-type pressurized water reactor was simulated with
the CONTAIN 1.2 computer code. The release of the materials from the primary system into the
containment was obtained from a simulation with the MELCOR code. The behaviour of aerosols in
the containment was analyzed. The sensitivity of the obtained results to different aerosol thermal
conductivity' and changes in the source particle size distribution was also investigated.
1. INTRODUCTION
One of the major processes occurring in the containment building during severe
nuclear power plants is aerosol behaviour. Namely, all fission products in the
atmosphere except krypton, xenon and iodine, if airborne, will be in the form
Aerosol behaviour includes aerosol agglomeration and deposition, condensation
aerosols and evaporation of liquid water from aerosols.

accidents in
containment
of aerosols.
of steam on

In this work, the first 10000 seconds of a severe accident in a two-loop Westinghouse-type
pressurized water reactor, initiated by a large-break loss-of-coolant accident (LB LOCA) [2],
was simulated with the CONTAIN 1.2 computer code [3]. The CONTAIN code is an
integrated analysis tool developed by Sandia National Laboratories under US Nuclear
Regulatory Commission sponsorship which is used for predicting the physical conditions,
chemical compositions and distributions of radiological materials inside a containment
building following the release of material from the primary system in a light water reactor
accident. The aerosol models in CONTAIN determine the mass, size distribution, and
composition of suspended aerosols as well as the location and composition of deposited mass.
The boundary conditions were obtained from a simulation with the MELCOR code. The
influence of containment backpressure on the course of the simulated LB LOCA was not
considered within this work.
The objective of the present work was to determine the aerosol behaviour in the containment
in the event of a LB LOCA. The sensitivity of the calculated results to various aerosol
properties, such as the thermal conductivity of the aerosol particles and the source particle
size distribution, was also analyzed.
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2. INPUT MODEL,
Containment Compartments. The geometry of the containment input model is based on [I].
The containment is subdivided into the following compartments (Fig. I): main compartment
(including dome region), annulus, north steam generator (SG) compartment, south SG
compartment, pressurizer compartment, reactor cavity and annulus. The containment main
compartment is subdivided into two cells (1 and 8) by a vertical divide to model eventual
natural circulation from the reactor cavity. The break was simulated in the south SG
compartment.
Engineering Vents. Cells were connected together with 32 engineering vents. Connections
are shown on Fig. 1 (each connection may represent several engineering vents).
Heat Structures. The following heat structures were taken into account [1]: containment
vessel cylinder and dome, shield building cylinder and dome, polar crane, piping, electrical
and miscellaneous equipment, HVAC (heating, ventilation and air-conditioning systems),
platforms, embedments, refueling canal and interior concrete.
Engineered Safety Systems. Two spray systems and four fan coolers were modeled. Sprays
are initiated when the containment pressure reaches 2.06 bar.
Physical Models. Altogether, four simulations were performed, in which the following
options were selected:
- fixed-grid model to calculate aerosol condensation and evaporation,
- inertial flow model to calculate flowrate between compartments,
- default natural convection correlations (heat transfer between atmosphere and structures),
- vapour condensation on surfaces of heat structures,
- liquid coolant may remain dispersed in the containment atmosphere,
- aerosol particles which exceed the maximum size are deposited in pools,
- burning of combustible gases is not considered.
Boundary Conditions: Coolant, Gas and Aerosol Releases and Melt Ejection. Since the
CONTAIN code does not model phenomena in the reactor coolant system, time-dependent
sources of coolant, gases, aerosols and molten core matrerial were obtained from the
MELCOR code.
The following sources were obtained:
- liquid and vapour coolant,
- gases: N2 , 02, H2 , CO2 , CO,
- aerosols: Ba, Ce, Cs, CsI, Mo, U, Xe,
- molten core material: the majority of the core inventory is released to the cavity at low
pressure after vessel creep rupture, which occurs later than 10000 s after the break.
Initial Conditions. The initial pressure was prescribed to be 1.1035 bar. The initial
temperature of the containment atmosphere and heat structures was 322 K, except for the
reactor pressure vessel, steam generators and pressurizer, whose initial surface temperature
was 342 K.
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3. RESULTS AND DISCUSSION
Four different simulations were performed:
- base case,
- case with modified ratio of thermal conductivity of the gas to that of the aerosol particles
(indicated as TKGOP on the figures),
- case with modified median particle diameter of the source particle size distribution
(indicated as "median diameter" on the figures),
- case with modified geometric standard deviation of the source particle size distribution
(indicated as ln(ageom) on the figures).
The modifications of aerosol properties did not have any major impact on the global
behaviour of the system in the first 10000 seconds after the break. The pressure, temperature
and coolant ditribution in different cells were almost identical to the base case. Most of the
changes related to aerosol behaviour occur in the first 100 s after the break.
The mathematical model for calculating deposition velocities is quite extensive and a detailed
description may be found in [3]. The CONTAIN code uses four deposition velocities for
gravitational settling, diffusion, thermophoresis and diffusiophoresis to calculate the aerosol
removal rate. Of these natural depletion processes, gravitational settling is often the dominant
mechanism, although phoretic effects may be significant in some cases. In general, particle
diffusion is considered to be a relatively unimportant deposition process. After modifying the
ratio of the thermal conductivity of the gas to that of the aerosol particle, the relative
importance of thermophoresis in this particular case can be observed.
The highest deposition rate occurs in cell 8 and is about 4 to 5 times larger than the deposition
rate in cells 6 and I (Fig. 2). In these cells, no changes were detected after modifying the
thermal conductivity. The results have shown that thermophoresis is not a significant
deposition process. This could indicate that the CONTAIN code does not assume high
temperature gradients to occur in the containment. However, the deposition rate has slightly
changed in cells 5 and 7, where the peak occurs later and the magnitude of the deposition rate
is low (Fig. 3).
The sum of coolant mass condensed on aerosols in the atmosphere of cells 1, 6 and 8
represents about 96 % of the coolant mass condensed on aerosols in the entire atmosphere of
the containment.
Aerosols may have different material composition. In the simulations, eight aerosol materials
were used. However, water condensing on aerosols represents the major part of the aerosol
mass in our case. The cumulative mass of other aerosol materials is negligible compared to
the mass of the water component. To further analyze the behaviour of aerosols, only the water
component was observed (Figs. 4 to 9). Following the recommendation in [3], 20 size
sections (ranges) called "bins" were used to represent the aerosol size distribution (Figs. 4 to
9).
The shape of aerosol size distributions in cells I and 8 (Fig. 4) is similar, although the peak of
mass of aerosols in cell 8 is two times higher than in cell 1. On the other hand, the particle
size distribution in cell 6, where the aerosol and coolant source is located, is quite different
from cells I and 8. A large amount of aerosols is deposited in the pool of cell 6 due to their
large size (Fig. 5).
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Although aerosol particle mass distribution was expected to be different, no distinctive
changes were detected after modifying the median particle diameter or the geometric standard
deviation of the source particle size distribution. This could imply that the source terms are
not as important for the aerosol particle size distribution as agglomeration, condensation and
deposition processes in this case. Sources only seem to be important for the amount of mass
imported into the system.
The cumulative amount of the water component of the aerosols was only slightly increased in
cell 1 by decreasing the median particle diameter (Fig. 6) or decreasing the geometric
standard deviation (Fig. 7). On the contrary, the cumulative amount of the water component
of the aerosols was slightly decreased in cell 1 by increasing the geometric standard deviation
(Fig. 7).
About 3 % of the total cumulative aerosol deposition is deposited on structures, while the rest
is deposited in pools. No change in the total cumulative aerosol deposition in pools or on
structures was detected after modifying any of the considered parameters. The most probable
reason is the unchanged deposition rate in cells 1, 6 and 8.
Concerning the total cumulative aerosol deposition on differently oriented structures (Fig. 8),
no distinctive differences were noticed due to modification of the median particle diameter or
the geometric standard deviation. Changes of the cumulative aerosol deposition on differently
oriented structures were related to cells 4, 5 and 7, where the deposited mass is low. In cases
with smaller median particle diameter of the source particle size distribution, a small increase
in aerosol deposition on surfaces was detected, especially on the surfaces defined as "walls"
(Fig.9). Roughly the same increase was detected by decreasing the geometric standard
deviation or by decreasing the ratio of the thermal conductivity of the gas to that of the
aerosol particle.
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4. CONCLUSIONS
Containment phenomena during a LB LOCA in a two-loop Westinghouse PWR were
simulated with the CONTAIN code. The following conclusions can be drawn about aerosol
behaviour:
- the modifications of aerosol properties did not have any major impact on the containment
pressure and temperature or on the coolant distribution in the first 10000 seconds after the
break. Small changes in aerosol behaviour were noticed, especially in cells 4, 5 and 7.
- thermophoresis is not a significant deposition process,
- the aerosol particle size distribution in cells 1 and 8 is similar, while a large amount of
aerosols is deposited in the pool of cell 6 due to their large size,
- the source particle size distribution does not have any impact on the aerosol particle mass
distribution.
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ROLE OF THE EXERCISES IN THE TRAINING OF THE TECHNICAL
SUPPORT CENTER MEMBERS IN CROATIA
INES-ANA JIJRKOVIC, DAVOR GRGIC
Faculty of Electrical Engineering and Computing Zagreb, Croatia
DEJAN SKANATA
Enconet International d.o.o., Zagreb, Croatia

Abstract
Since the beginning of 1998, when the modernization of the existing Emergency Plan and
Program in Croatia started, lots of things were done and changed. New organizational structure was
set up and Technical Support Center (TSC) as a lead technical agency was introduced. Role,
obligations and responsibilities of the TSC were defined and appropriate procedures were developed.
These activities are more or less the same recommended by the International Atomic Energy Agency
(IAEA).
As exercises and workshops are important part of all emergency planning and preparedness
activities, they also play an important role in our today and future plans. Croatian Off-site Emergency
Response Plan (OERP) recognizes three national workshops that are going to be organized every year.
The first one was already organized at the beginning of 1998, in February. Second workshop was
organized at the beginning of November 1998. Main workshop objective was to train the TSC staff.
1. Introduction
Newly developed structure of Croatian Emergency organization recognizes four major
participants: National Center for Notification and Monitoring (NCNM), Technical Support
Center (TSC), Civil Protection Crisis Headquarters (CPCH) and Governmental Crisis Center
(GCC), Figure 1. Their roles can be briefly explained:
* National Center for Notification and Monitoring (NCNM) in a case of an emergency
notifies all the subjects involved,
* Technical Support Center (TSC) as the Lead Technical Agency is responsible to provide
basis for decisions in case of nuclear accident,
* Governmental Crisis Center (GCC) is responsible for decision making,
* Civil Protection Crisis Headquarters (CPCH), within Ministry of Internal Affairs, is
responsible for protective measures implementation.
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Organizational structure

TSC is organized into three following expert groups:
*

expert group for environmental monitoring (EGI) comprised of experts from Ruder
Boskovic Institute (IRB) - national early warning system with a center in Zagreb,
monitoring stations, measuring stations with thermoluminiscent dosimeters, the Central
Laboratory, and a mobile unit for which is responsible Institute for Medical Research and
Occupational Health (IMI); and Meteorological and Hydrological Service of Croatia
(MHSC) - monitoring and weather forecasts,
* expert group for risk analysis and assessment of potential consequences (EG2) comprised
of experts from the Faculty of Electrical Engineering and Computing (FEEC) and Enconet
International (El), and
* expert group for preparation of technical basis for draft decisions (EG3) comprised of the
staff from Ministry of Economy - Department of Nuclear Safety (DNS).
TSC, in emergency conditions, is comprised of 2 members in the expert group for
environmental monitoring (IRB, MHSC), 2 members in the expert group for risk analysis and
assessment of potential consequences (FEEC, El) and 3 members in the expert group for
preparation of draft decisions (DNS), what gives a total number of 7 experts. Moreover, at
least 2 experts are available at FEEC, who will work on application of more precise and
sophisticated computer programs. All staff members must have replacements, meaning that
14 experts must be engaged, who, besides their regular duties and jobs in their respective
institutions, should be educated and trained for work in the TSC. The IRB personnel situated
in Zagreb, IMI personnel in the field team in mobile measuring unit and the Central
Laboratory, and personnel from ME1SC, DNS and other institutions, who in the event of a
potential nuclear accident represent the expert support to the work of the TSC, should be
added to this number.
TSC is supposed to have full-time auxiliary technical staff. Their task is installing and
maintenance of equipment necessary for an undisturbed work of TSC.
The organization scheme includes a post of a manager of the TSC. Head of the DNS is
nominated to this position. A manager of the TSC is the first person to be informed about the
nuclear accident, and he decides, on the basis of already received information, on the need to
summon the TSC. The manager is responsible for preparative activities, work and training of
the TSC.
Communication is another significant part of every emergency plan. According to our
plan all the communication lines will be taken over from CPO, as they already have highly
developed communication lines and equipment. CPO will also be, with other previously
mentioned individuals, important part of the TSC.
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According to our Emergency Response Plan, TSC is responsible to provide technical
basis for decision making but also to recommend information that will be announced to the
general public during a nuclear accident. TSC Manager is person responsible for the activity.
Development of a program for public education and information and its implementation, with
adequate procedures and standard forms is underway.
Main objective of the first workshop (exercise) was to introduce experts involved in
OERP on new organizational structure, where TSC plays an important role.
Second exercise was focused on introduction, understanding and application of
recently developed procedures, especially through tabletop exercise.
Exercise simulated direct connection with the threatened NPP - which is one way of
being notified and getting current data. Another one is through the IAEA Emergency
Organization Structure.
2.

IAEA Emergency Response System

Adopted in 1986, following the Chemobyl nuclear power plant accident, Convention
on Early Notification of a Nuclear Accident and Convention on Assistance in the Case of a
Nuclear Accident or Radiological Emergency were set in order to facilitate assistance and
support in the event of nuclear accidents or radiological emergencies.
In addition the conventions require that the Member States of the IAEA be notified of
a nuclear accident and that the Agency shall respond to a request for Assistance from a
Member State.
Conventions specifically outline the Agency's role and that of its Member States in the
event of a nuclear incident, accident or radiological emergency. These Conventions now form
the basic framework of the Agency's Emergency Response System, Figure 2, that was
established to provide 24-hour cover and to facilitate many of the functions required under the
Conventions.
Since accidents can occur at any time, the Agency's Emergency Response System
must be able to respond on a 24-hour basis to notifications or to requests for assistance.
A notification of an accident or a request for assistance comes to the Agency's security
staff from the official contact point of the relevant State. During normal working hours this
message is then sent immediately to the Agency's Emergency Response Unit (ERU). During
non-working hours the security staff contact on-call Primary and Back-up Duty Officers, as
well as the on-call Co-ordinator Emergency Assistance Services. Before any action is taken
the message is screened to authenticate and verify the information. This is done to prevent
unofficial false or inaccurate information being provided to States.
If a notification is verified and
authenticated, then the ERU is placed on
either Stand-by or on Activation. The
communication systems used for notifications
and requests for assistance are tested at least
once a day.
Staff allocated the specific duties is
periodically trained and is also involved and
gain practical experience through the
{I
*
Agency's participation in a large-scale
international exercises.

Figure 2.

JAEA Emergency Response
System
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3.

Exercises

As exercises and workshops are important part of all emergency planning and
preparedness activities, they also play an important role in our today and future plans.
Croatian Off-site Emergency Response Plan (OERP) recognizes three national workshops that
are going to be organized every year. The first one was already organized at the beginning of
1998, in February. Main objective of this workshop was to introduce experts involved in
OERP on new organizational structure, where TSC plays an important role.
Second workshop on Nuclear Emergency Response was organized at the beginning of
November 1998. Main workshop objective was to train the TSC staff. Program was focused
on introduction, understanding and application of recently developed procedures, especially
through tabletop exercise. Workshop was organized by Department of Nuclear Safety.
Participants were the members of Technical Support Center (7 experts and their replacements)
and 6 additional experts from Ministry of Health, Civil Protection Organization and other
supporting institutions which means altogether 20 participants. During the first day of the
workshop, overall organization scheme was discussed and TECDOC-955 has been presented
in details. Lecturers were the persons already involved in the regional project RER/9/50 and
domestic project (initiated by Department of Nuclear Safety) on Emergency Response Plan in
the Event of an Accident in Krsko and Paks NPPs. During the second day of the workshop
exercise took place.
Exercise was based on an imaginary accident scenario developed only for the purpose
of workshop. Participants were divided in three mixed groups (from various institutions). This
exercise demonstrated the exact status of TSC today and served as a pointer of what more can
and should be done - which are the weak and strong points in the currently developed system.
3.1

Used procedures
In the TSC manual, procedures are divided into working, Figure 3, and organizational
procedures. Each group within TSC has appropriate working procedure, while the
organizational procedures cover the entire TSC management and organization.
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TSC working procedure

Figure 4.

I~-----

TSC worksheet

Every working procedure has adequate worksheets, Figure 4, that need to be fulfilled
during the working proces.
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3.2

Exercise course
Workshop program was organized with these elements:
1. Basic Elements of Emergency Response Plan in Croatia
* Overall organization
* Role and responsibilities of the main participating organizations
* NCNM - notification, summon others etc.
* GCC - decision making
* CPO - protective measures implementation

2. Technical Support Center
* Organization
* Role, responsibilities (provide technical basis for decision making) and procedures
*
*

Accident Assessment Manager
Nuclear Condition Assessment
Manager
* Protective Action Manager
• Radiation Protection Manager

* Environmental Analyst
* Projection Analyst
* Sample Analyst

3. Exercise
4. Workshop Evaluation
Exercise (table top drill, to be precise) with imaginary scenario went as follows (there
are some similarities with the IAEA developed exercises for some workshops in this field):
First we had some important data about the plant and surrounding area presented as a
background,
for plant:
*
*
*
*
*
*
*

for area:
power,
type,
primary system mass.
type of containment,
design leak rate.
normal coolant concentrations,
etc.

primarily rural,
type of farms,
from where are they getting drinking
water,
* house type,
* if there is a town how many habitants it
has,
*
*
*

*

etc.

accompanied with the simplified plant layout (NPP Kr~ko in this case),
S

-~~~~~~~~~~~~

~~~~~R

c

-

ib..d

c

l .%,
-

and followed by the fictive map of the local area
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During the exercise in the predetermined time steps further information was received
followed by series of questions that required everyone involved to select the appropriate
procedure and perform the analysis, for example:
TIME

CONDITIONS IN THE PLANT

QUESTIONS

10:30

Loss of off-site power
Emergency Diesel Generators started but
cannot load
Reactor hot shut down

I.Did operators in the plant behaved according to
the regulation when they declared alert?
2. What is the right procedure for notification and
activation of the Technical Support Center

10:45

Pressure decrease in the primary system
Increase In containment pressure
ALERT declared In the plant

3.Which are the main activities that members of
the TSC should take at this time?

(TSc)?

Exercise (drill) lasted for two hours, with questionable results.
Presented scenario was developed very quickly, the circumstances didn't allow
different approach, so it had few mistakes and things to wonder about. This showed the need
for already developed scenarios for future exercises and table top drills, and it was recognized
as another issue that needs to be taken into the further consideration.
While in the most drills and exercises everyone knows its role during the accident,
with our accident exercise this wasn't the case. It has to be considered, of course, that our
players were not familiar with the procedures and they had only one afternoon and night to
get familiar with them. Another weak point was that three mixed groups had experts with
almost same knowledge, background and field of interest. So first group as the group with
mostly meteorology experts preferred everything being solved through meteorology issues as
the most important issue during the accident (for them), second group with mostly experts
who are responsible for field teams gave an important role to field monitoring and practically
neglected everything else, and finally third group with mostly nuclear energy experts relied on
the plant status and took all the actions accordingly.
Even all these groups had different approaches to the problem their results were quite
same and showed complete disinterest in the developed procedures, as they were not using
them at all. In the future this naturally has to be changed, because not only that question like
what we are suppose to do next was on everyone's mouth, but also the lack of communication
was very obvious. Nevertheless it has to be mentioned that actions recommended by each
group were very accurate and correct. This showed that we have adequate experts that only
need little bit more training and work on the cooperation and communication.
Procedures also need further development, but at least now we know from where to
start and which are our goals.
After all this exercise was considered to be very useful as it showed all our weak
points and that way satisfied the goal of our workshop.
As it is probably noticed only the TSC members were involved, so other aspects of our
organization were not tested. Overall organization will be tested in the future exercises and by
that time TSC will be ready to play its role completely and successfully.
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Figure 5.
3.3

Map generated for 3r exercise

Exercise comparison

Exercises with quite wvider range can not be compared with this one, but table top
drills can. Contrary to the fact that usually during this kind of drills some sort of calculations
were made (dose assessment) either on the computer or by hand we didn't do much of the
calculations, wve tried to rely more on the procedures with the available data and use them as a
tool for our predictions. Even we didn't use. them as much as we were suppose to, in the future
we are suppose to work by this procedures and use them for protection actions
recommendati on .
In most cases the only paper that was received during the table top exercises was
information data with conditions in the plant, meteorological data, etc. According to our
procedures we are supposed to produce much more papers and forrns. Everyv step has to be
recorded. There are worksheets that go from TSC to the field teams and vice versa, every
member of the TSC has its own worksheet either with small map of affected area or with
some tables that have to be filled up, Figure 3.2. Every worksheet has to be signed, with date,
and then for-warded to previously appointed individuals, responsible for different aspects in
the emergency situation. This procedure is quite similar to the one recommended by the IAEA
and it has lots of similarities with the NRC NUREG/BR-0 150 `Response Technical Manual`.
4.

Conclusion

Experience is something that we maybe don't have, as mi-uch as we would like or need
to have, but our experts have a huge potential, as one of the IAEA experts noticed during his
visit. Lots of countries, organizations and individuals are in similar or quite similiar situation
as we are, worldwide. In this case visiting other countries that are more developed in certain
areas, being an observer or active participant during an exercise in another country, can be
very helpful for gaining necessary experience.
Education and training are essential, everyone agrees on that. That is the reason why
so many courses of an 'educational' nature are organized together with the more specialized
training courses and workshops covering specific subject areas. Another mechanism that also
promotes education and training are fellowships and scientific visits.
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Fellowships or scientific visits are quite different than any other mentioned training
(education) mechanism. They represent constant experience exchange and can be helpful to
both parties involved.
As a final remark, it can only be said that this exercise showed a great need for future
exercises where all the TSC members should be involved together with the supporting
organizations, if possible. Exercise also pointed out a need for better communication and
cooperation, and a need for some outside institutions to get involved in maybe some bigger
future exercises.
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1.

LONG-TERM PLANS

Safe and reliable plant operation on the long-term basis is the most important goal of
NE Krsko personnel. To achieve that goal some prerequisites have to be fulfilled.
Safety has to be maintained at the level of the highest world industry requirements.
Cost of the final product has to be competitive on the energy market in the completely
new circumstances that are going to be established by the deregulation in the near future.
The goals can be reached through the development and implementation of advanced
maintenance programs, well-trained operating crew, with good overview of plant
configuration, modifications that are continuously improving safety components, systems and
overall plant safety and reliability.
Operations. Operating crew is having the ultimate responsibility for the control of the
plant components and overall plant operation and safe status of the reactor core.
Clear rules and procedures, well-defined processes that ensure safe plant systems
configuration are the part of the tools that the operators are using. The other part must be
developed through training and continuous communication to build the safety culture and
conservative approach to decision making about the plant evolutions that are related to
reactivity control, core status and status of safety systems and components.
In 1999 a new training program for auxiliary operators was started to establish
prerequisites to change operating crew composition. The present operating crew composition
is the same as it was set at the start of the plant operation in 1981 and it was very much
influenced by Slovenian regulations on operation of power plants. This regulation was not
suited for a new technology, what nuclear technology certainly was at that time. Regulation
has not changed yet, but in its framework we are going to do necessary changes to have more
useful and skillful auxiliary operators at four instead of at six local positions. One local
position will be cancelled when a new pretreatment facility will be built. Another local
position will be upgraded to backpanel reactor operator position. All four auxiliary operators
will be trained to work on any of four local positions. Additional reactor operator will be used
as a back panel reactor operator responsible to manipulate controls on the back panels in the
main control room and electrical panels throughout the plant. So the reactor operators will be
rcsponsible for manipulation of controls on the Main Control Board only and there will be no
need to leave that area.
In order to improve the conduct of control room activities, necessary measurements and
analyses of the control room layout have been done by outset specialists. Better working
places will be designed for control room operators. A new design will be already applied at
the plant specific simulator, where final checks and adjustments will be made for final design
introduced later in the control room. This control room layout will enhance operator's watchstanding practice of the control board and will improve the shift foremen's oversight
capability. There will be also working places for shift supervisors and shift engineers. The
new design will support good communication between members of the control room crew and
supervisory role of the shift supervisor.
And finally, the plant specific simulator placed within a new training building will
allow us that performance standards established by operations management will be effectively
presented, discussed and reinforced during initial and continuous training. It is going to be
installed on-site at the beginning of year 2000. Involvement in identifying training needs and
verifying that the initial and continuous training program meet these needs will be much
easier and direct, as well as the establishment of qualification standards and evaluation
methods to verify operations personnel are competent to perform the assigned functions.
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The maintenance process requires a clear and well-defined policy backed by sound
strategy, which in turn is supported by an organization and programs that ensure the execution
of the strategy.
The current maintenance strategy involves performing preventive maintenance for
critical items and corrective maintenance for others. This strategy is supported by many
discrete and complementary programs such as periodic maintenance, in-service inspection,
corrosion/erosion inspection, in-service testing, root cause evolution, equipment history
evaluation etc. Generally, this strategy has been successful so far. However, there is a
considerable opportunity for improving the effectiveness of maintenance programs through a
systematic evaluation and increased use of condition monitoring. Condition monitoring based
on ISI (In Service Inspection) and IST (In Service Tests) has been used for many years. Either
the Technical Specifications or industry codes or standards such as ASME (American Society
of Mechanical Engineers) section - XI, OM (Operation & Maintenance) codes, etc. mandate
the related population and frequencies of inspection.
In the last 10 years condition monitoring using key design and/or operating parameters
has been also used at NEK. Examples include vibration monitoring, infrared thermography,
and pipe wall thickness monitoring. However, the condition assessment as the systematic
analysis or engineering evaluation as a part of condition monitoring (trending, correlations,
tests against limits or ranges, statistical process analysis etc.) has not been performed yet.
The short/long term challenge. The initiatives to improve maintenance effectiveness
have been already initiated. They involve a process used to maximize the value received for
the resource applied. The effectiveness of a maintenance program will be measured by the
extent to which it meets the maintenance policy objectives:
a) Systems, Structures and Components (SSC) Availability
. Ensure that systems, structures and components required to perform or support safety
functions meet the required reliability and availability goals;
* Ensure that systems, structures, and components that effect continued operation of the
plant at rated power levels meet reliability and availability goals.
b) Personnel Safety
* Ensure that lost time from personnel injury is as low as practical;
* Ensure that worker radiation exposure is as low as practical and is comparable to
industry peers.
c) Economic
* Ensure that the cost of maintenance as a percentage of the overall plant O&M cost is
as low as practical and is comparable to industry peers;
• Long term contracts with the best partners and suppliers are giving a strong basis for
high quality and lower costs in performance and guarantees for mutual development;
* Ensure that the life cycle of SSCs are managed to obtain the longest practical service
life;
* Ensure that the indirect cost of equipment failure is as low as practical.
To meet the challenge the NEK. has already performed a simplified PMO (Plant
Maintenance Optimization) analysis. Results are partially included in the last revisions of the
maintenance programs. NEK is planning to implement the Maintenance Rule (MR) as
required by USA Code of Federal Regulations (10 CFR 50.65). The program is planned to be
approved till the end of this year and implemented through year 2000.
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In NE Krsko the training is recognized as a significant prerequisite for reaching the
established goals and high performance standards. Also it is important to recognize its
necessity in transfer of knowledge from the older and more experienced workers to the new
ones.
A general overview of plant systems arid processes, mostly for new employees is
provided through two types of courses, i.e. a shorter OTJE (Osnove tehnologije jedrskilh
elektrarn - Basics for Technology of NPPs) and a longer one TJE (Tehnologija jedrskih
elektrarn - Technology of NPPs), organized and presented at ICJT (Izobra2evalni center za
jedrsko tehnologijo) - Ljubljana, where also NEK personnel take specific roles in the teaching
process.
It was already mentioned how important it is to keep the operating crew in a good
condition for acting in abnormal situations. However, the importance, quantity and influence
of maintenance work to overall plant safety requires a broad understanding of processes and a
high level of knowledge about the plant systems and components of all personnel performing
field work or taking any other role in the processes.
For that purpose much more stress will be put on the maintenance personnel. At the
moment there is a group of experienced maintenance representatives dedicated to emphasize
the importance of maintenance training, to review a matrix of required knowledge and prepare
specific programs for different maintenance groups.
Another important issue is General Employee Training that is already in function for
new personnel and for the contractors performing outages or some other service works in
NEK. Our intent is to establish a repetitive program that will give an opportunity to plant
personnel to repeat some important details or changes in work processes, NEK specifics,
management goals and new procedures. That will be a precursor for excellence in
performance of work processes resulting in human error reduction, higher work quality, lower
production of radioactive waste, lower radiation exposure rates etc.

Modifications and improvements. From day to day the nuclear industry regulation is
requiring from the operators higher and higher standards, establishing the criteria for their
evaluation and comparing the practices and experience between different plants and countries
through international organizations and their reviews. To gain a high level of public and
regulatory acceptance the plant is investing in the improvements of equipment, replacing the
old components and implementing new solutions to increase plant safety, reliability and
operation optimization. At the same time the cost benefits must be considered and balanced so
that the plant remains competitive on the market.
After 18 years of operation it is obvious that some of the components are reaching the
end of their life. Continuous overview and status information from trending and monitoring
will be evaluated and coordinated to control and evenly distribute the expenses over the years.
Outages 1999 and 2000 together with the 16L1' fuel cycle in between brought a number
of activities that will strongly affect the future years of operation.
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2.

OUTAGE 1999

Outage 1999 was extremely important because of its complexity and value of the
implemented work, installed equipment and overall benefits for plant safety, control of the
processes and optimization of future activities.
Some specifics of the Outage '99 are listed below:
Last inspection and corrective actions on the old steam generators,
Inspection of the Reactor Coolant Pump (RCP) No. 1 housing and internals,
New approach to Snubber inspection and testing,
Integrated Leak Rate Test at design pressure,
Replacement of In-Core Guide Thimbles,
Installation of Reactor Vessel Level Indication instrumentation,
In Must Sipping instrumentation installation and inspection,
Implementation of new approach to Primavera planning tool usage.
Inadequate Core Cooling Monitoring System (ICCMS) brought the improvement of
Core Thermo Couples readings, Subcooling monitoring and Reactor Vessel Level Indication
System (RVLIS) for accident situations, required by nuclear regulation. This was the last item
that fulfilled the NUREG-0737 (NRC Nuclear Regulatory Guidelines), Post TMI (Three Mile
Island) event action plan requirements.
In the area of nuclear fuel the additional group of fuel elements of improved design with
debris filter on the bottom nozzle is inserted in the core. These are the elements with a new
fuel pellet design and tubes providing higher corrosion resistance and supporting the plant
uprate after the Steam Generator replacement.
Fire Protection systems upgrades were continued in accordance with the action plan.
New local controls where added to evacuation panels, together with electrical separation of
local controls from the Main Control Board.
Steam Generators tube inspections and corrective actions were normal activities of each
plant outage in NEK. For years 100 per cent of available tubes were inspected, while both
plugging and sleeving were usual activities on the outage critical path. In this outage the last
inspection and corrective actions on the old steam generators allowed continuation of the
plant full power operation. In the last cycle Steam Generators are operating with 17.93 per
cent of the tubes plugged.
The activity of inspecting RCP No. 1 housing and internals marked this outage because
of the complexity of work performed for the first time in NEK, direct expenses, ALARA
planning and detailed scheduling. RCP inspection was the activity requested by Slovenian
Nuclear Safetz Administration (Urad Republike Slovenije za jedrsko varnost - URSJV). Its
impact on the critical outage path required 52 days of shutdown "from breaker to breaker",
including transportation of the RCP internals to France and back. In the French hot shop the
decontamination, inspection and repair were performed. For the purpose of extending the time
to new inspection the shaft was replaced with the new one. The work was performed perfectly
and the pump is operating in a good shape again.
This year's snubber inspection and testing program is going to be an extensive and
continuous activity. In addition to visual inspection the performance of the snubbers will be
tested on a testing machine in accordance with ANSI standards and requirements of Standard
format of Technical Specifications.
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Integrated Leak Rate Test was performed at full pressure instead of at half pressure, as
it was the case in previous periods. Although the test at full pressure took some time on the
outage critical path it was included in this outage plan. It was one of the prerequisites to
decrease testing frequency from three times in ten years to once in ten years, based on the
performance tests of the Containment Isolation Valves and penetrations. This is in accordance
with IOCFR50 Appendix J regulation and has been already approved by Nuclear Regulatory
Commission NRC at several US plants. Integrated Leak Rate Test at full pressure is a more
representative picture of the overall condition of the Containment structure. Performed once
per ten years, it will allow us to have less complex and shorter outages in the future.
Complexity of outage depends on the number of activities in the outage plan, which is also in
direct correlation with the burden placed on operators to monitor and ensure shutdown safety.
In-Must Sipping instrumentation or Telescope Sipping as it is also called, will be a great
time saving activity (luring the future shorter outages when the fuel manipulations are going
to be a significant part of the outage critical path.
The replacement of In-Core Guide Thimbles was also performed in this outage to
improve the status of primary system boundary integrity. Obviously, the materials available
on the market are requiring seven to eight year replacements.
In outage 1999 there was an extremely high concentration of activities that took place
inside the Reactor Building, requiring extensive planning, scheduling and coordination of
resources and areas. The implementation of reviewed planning and scheduling process and
adjustments of Primavera (P3) and Work Order System (WOS) tools usage, helped teams to
get better pieces of information about time schedules and a better overview of activities for
the management. However, the experienced and knowledgeable NEK and contractors'
personnel who performed the field work did the primary role.

3.

CYCLE 16

The 1 6th fuel cycle is a period with the intensive preparations for the replacement of
Steam Generators (SGR), but also in parallel a lot of activities are going on with the main
reason to reach the mentioned plant goals.
An extensive improvement was done in the Controlled Access Area entrance and exit.
The main purpose is to make the access of people, materials and tools easier to that area, to
improve the control over them, to increase the laundry capacity and the locker room comfort.
A lot of construction works were recently carried out inside the plant fence.
The simulator building is almost finished waiting for the "machine", giving quite a new
impression at the plant entrance. On the west side of the yard a new building raised up
recently. That is the Multi-Purpose Building prepared for the housing of both old Steam
Generators until the final deposition or decommission is performed. The rooms of that
building will be used as the decontamination area, too.
The replacement of the underground piping of the Fire Protection (FP) system is
finished on the east part of the plant. Together with the valve replacement this is going to
improve operability and reliability of the entire system.
In September an international plant review is taking place at NEK. That is the second
visit of WANO (World Association of Nuclear Operators) Peer Review Team at our site.
Experience and good practices exchange with the industry is a continuous process that is
helping us follow the industry progress and regulatory requirements.
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4.

OUTAGE 2000

The Steam Generators' replacement is the major work not only in the next outage but
also in the whole plant life. It is a milestone placing completely new circumstances for
planning the plant cycles, increasing plant availability and capacity, allowing lower doses and
less SG activities in the outage, accordingly less expenses for SG maintenance program.
A lot of modifications will be implemented in that outage. They will support the
replacement activities or replace and improve the systems penetrating or supporting the SGs
operation. Because of intensive preparations and works in the Containment and other areas
and resources the intent of NEK is to reduce all the activities that can wait for some other time
or be postponed to the next outage. Still there are about 40 modifications going to be installed.
Low Pressure (LP) Turbine overhaul and inspection will give us an information about
the status of LP turbine components. Based on these data a period of a new overhaul will be
determined. To increase the plant availability and shorten outage duration in the future a
decision should be made to replace the LP turbine rotors and allow longer periods between
two overhauls.
In the following years some important modifications and improvements will be installed
or at least considered, like Low Pressure Turbines Rotors, Water Treatment System
replacement, Main 400 kV Transformers replacement, Spent Fuel Pool re-racking, etc. The
plant budget structure and distribution of expenses will dictate the timing of their
implementation.

5.
[I.]
[2.]
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ABSTRACT
Nuclear power plants in the Slovak Republic generate almost 55% of electricity. The
operating organization and the Nuclear Regulatory Authority of the Slovak Republic pay
a great attention to safe and reliable operation of four units with VVER 440 reactors at
Bohunice site end one in Mochovce side. Engineering and design organizations in
cooperation with well known international companies prepare evaluation of safety conditions,
safety analyses and projects for the implementation of modifications to upgrade the nuclear
safety of the units in operation. A gradual safety upgrading (reconstruction) of the V-l
Bohunice plant has been in progress, a modernization of the V-2 Bohunice plant is being
prepared. Simultaneously the commissioning of Unit 2 at the Mochovce plant is being
implemented.
INTRODUCTION
Nuclear power plants have a significant position as a source of electricity in the
conditions of the Slovak republic. Five units of the VVER 440 in operation type generate 55%
of electricity. Both the operating organization and the Nuclear Regulatory Authority pay
permanent attention to their safe and reliable operation. The experience of Slovak engineering
and design organizations and of the operators accumulated during long term operation
together with the know how and experience of experts in well known companies in Western
Europe have been used when evaluating, planning and implementing the activities related to
the upgrading of safety standards of units in operation. A gradual safety upgrading
(reconstruction, backfitting) is going on currently of the V-I Bohunice plant, a modernization
of the V-2 Bohunice plant is being prepared, and the commissioning of the Mochovce Unit 2
is in progress. The fraction of nuclear electricity will exceed 60% following the
commissioning of Mochovce-2. By the end of 1999, six units of VVER 440 will be in
operation.
SAFETY UPGRADING
Plants with VVER 440 operated in Slovakia were designed according to earlier codes and
standards being in effect at the time of design development. To ensure a continuous
enhancement of nuclear safety, projects for reconstruction and modernization of units in
operation on Bohunice site and of units under construction on Mochovce site have been
developed and implemented.
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The nuclear power plant V-i Bohunice consists of two VVER-440 units with V-230
reactors. Unit 1 was commissioned in 1978 and Unit 2 in 1980. Large experience and
knowledge from the operation of previous units with V-230 reactors were incorporated into
the V-l design, which resulted in a higher level of safety and operational reliability of these
units. The most significant improvements in the V-1 design were the addition of super
emergency steam generation feedwater system, higher capacity of emergency core cooling
systems, addition of automatic connection among primary and secondary systems, and
a higher level of automatization in the secondary system. The process of increasing the safety
level and operational reliability of the V. 1 units started immediately after their
commissioning. More than 1200 design modifications resulting from the evaluation of
operating conditions, operational experience and international recommendations and
standards were implemented. The most significant ones are as follows:
Addition of dummy assemblies in order to reduce neutron fluency on reactor pressure vessel
and decrease the risk of reactor pressure vessel brittle fracture, reconstruction and addition
of operational computer systems, addition of diagnostic systems.
1. Small reconstruction(1991 - 1993)
Another significant step in the enhancement of nuclear safety level came following
1990 when a number of both national and international expert missions visited the plant.
These expert missions focused on the assessment of the conditions of nuclear safety and
operational reliability of the V-l units. Based on short-term and long-term measures and
recommendations resulting from these expert missions, the Nuclear Regulatory Authority
issued its Decision No. 5/91 in which 81 measures for further enhancement of the level of
nuclear safety and reliability of the V-I were specified, and the Decision No. 213/92 in which
other 14 measures were specified. These measure - the so called Small Reconstruction - were
implemented in the period of 1991 - 1993. The domain in which a significant improvement
occurred following the Small Reconstruction was a reduction in the probability of a severe
accident down to a half (decrease of the probability of reactor core damage from the value of
1,7.10-3/a down to 8,9.10-4 /a based on a probabilistic analysis developed), a significant
reduction of the reactor core damage risk from possible fires (enhancement in the conditions
of fire protection which resulted in a drop of the contribution to the reactor core damage
probability from the original 30% down to 2%). Another benefit from the Small
Reconstruction was a demonstration of an extremely low probability of a break in the reactor
coolant system (10- 6/a) by the application of the Jleak before break" method at RCS. In the
course of the Small Reconstruction, reactor pressure vessels were annealed at both V- 1 units,
the leak rate of the confinement was reduced, remote control room for manual shut-down of
the reactor and control and monitoring of main unit parameters was established. A number of
modifications were implemented in the reactor protection system where qualified sensors
were installed. In order to provide two separate redundant essential power supply systems
from diesel generators and batteries, a new diesel generator and a new battery were installed.
Modifications intended to enhance seismic resistance of buildings, process and electrical
equipment up to the level 8 in the MSK64 scale were implemented. By implementing these
measures, the V-1 plant, with regard to the probability of core damage, got among the plants
whose operation is acceptable from the nuclear safety point of view, but continuation of work
in this area is necessary.
Financial costs on the implementation of the work related to the Small Reconstruction at
the V-1 plant were 2,0 billion Sk (USD 67 million).
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2. V-1 gradual reconstruction(safety upgrading 1996 . 2000).
Subsequent operation of V-i after 1995 was conditioned by the regulatory Decision No.
1/94 by a gradual upgrading of nuclear safety up to a level accepted internationally. The
Decision defines main goals of the Gradual Upgrading:
- Establishing of two separate safety systems in the mechanical, electrical,
measurement and control parts;
- Modification of the systems providing safe and reliable management of both design
and beyond design basis accidents (emergency core cooling, improvement of
integrity and strengthening of confinement);
- Modification of the reactor control and protection system in such a way that the
probability of its failure was less than 10 5/a;
- Enhancement of safety and reliability of the mode with residual heat removal during
a seismic event (bleed and feed at secondary system) and in the case of a loss of
functions of secondary system (bleed and feed at primary system);
- Increase the reliability of essential power supply from diesel generators and from
batteries;
- Enhancement of seismic resistance and fire safety.
The Siemens company which won an international bidding process developed these
basic goals for the Gradual Upgrading into the so called Basic Engineering (BE). For the
implementation of the Gradual Upgrading in line with the BE, Rekon consortium was
established consisting of Siemens and VUJE. The implementation of the Gradual Upgrading
is scheduled for the time period of 1996 2000 with the budget of 8,5 billion Sk (USD 200
million). By the implementation of the Gradual Upgrading, the compliance with the following
goals is intended:
- Management of the newly defined design basis accident with a loss of coolant
through an opening of 4200 mm in a conservative manner, and management of
a beyond design basis accident with a loss of coolant through an opening of 4500
mm in a best-estimate way;
- Confinement integrity and consequence mitigating systems have to ensure in such
a way that dose equivalents of 50 mSv at whole body and 500 mSv at thyroid in the
monitored vicinity of the plant are not exceeded in the event with coolant loss
through 4200 mm, and dose equivalents of 250 mSv at whole body and 1500 mSv at
thyroid are not exceeded for a discharge through 4500 mm by best-estimate methods;
- Reliability of safety system actuation on demand shall be 10- 3/a as a minimum;
- Probability of a severe core damage should the not exceed 104/a;
- Reliability of the reactor protection system on demand shall be at least I 0-5/a;
- Seismic strengthening of all safety systems up to 80 MSK specifically for horizontal
acceleration of 250 cmn/s 2 and for vertical acceleration 130 cmls 2
The works in the Gradual Upgrading are split into the reconstruction of the following
parts:
- Safety relief valves at pressurizer;
- Super emergency SG feedwater;
- Main steam dump stations to atmosphere;
- Power supply from Madunice hydro power plant;
- Emergency core cooling system;
- Fire safety;
- Electrical systems;
- I&C systems;
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- Confinement spray system;
- Bubbler-condenser confinement system;
- Confinement integrity;
- Confinement strength;
- Ventilation;
- Essential service water system;
- Ventilation systems;
- Seismic improvements.
The Gradual Upgrading of the V-1 represents a technically and organizationally
complex process, which requires an excellent cooperation of the main supplier, subcontractors
and investor. With regard to a large extent of the upgrading, the model of suppliers is very
complex. The intention was to engage Slovak organization as much as possible in such a way
that they provide approximately 60% of outputs from the supplies for the Gradual Upgrading.
The VJE institute as a vendor and a member of the Rekon consortium provides the
development of design documentation, implementation and coordination of installation
activities in mechanical, electrical and civil construction areas. An important factor affecting
the quality and deadlines of work implementation is that personnel from the investor are
actively involved in the whole process. Bohunice personnel were allocated for the work on
this project who work in the group for design preparation, review design and safety
documentation, cooperate at the preparation of normal maintenance activities during refueling
outage and to the works in the Gradual Upgrading. The personnel from the plant have
valuable technical experience and their cooperation in addressing the interrelations between
the newly installed advanced technology and that which remain in operation following the
completion of the V-l Gradual Upgrading, is invaluable. In the following part, basic
information on important systems upgraded during the Gradual Upgrading of the V-I units I
and 2 are shown.
2.1 Pressurizer safety valves (PVKO).
The safety valves at pressurizer prevent an unauthorized excess pressure in RCS. In the
course of the Small Reconstruction, pressurizer safety valves were replaced by ones qualified
for seismic resistance and for two-phase flow regime of steam and water. The system of
pressurizer safety valves, however, was not fully qualified for residual heat removal from the
core by feed and bleed procedure mainly with regard to generation of dynamic loading in the
case of opening the pressurizer safety valves. In the course of the upgrading, the pressurizer
safety valves were equipped with relief valves. For removal of hot water, routing and
dimensions of certain pipelines were modified in order to reduce pressure losses. It was
verified that the whole system of the pressurizer, i.e. piping, valves, steel and civil structures
will meet the increased loading during the discharge of water and steam-water mixture and
during a seismic event. The upgrading of the pressurizer safety valve system has been already
completed.
2.2 System of super emergency feedwater (SHN).
This system provides a supply of cold water into the secondary sides of steam
generators in the event with a failure of both normal and auxiliary SG feedwater systems. The
original design consisted of two SHN pumps for two units with pump discharge into the line
of SG blow-down and into the line of SG feedwater delivery from normal feedwater pumps.
The new design of the SHN system consists of four SHN pumps, with two new pumps added
to the original two and in this way a redundant system is established. The discharge of the
redundant SHN pumps is connected into a new SG blow-down line for units 1 and 2 and the
discharge of the original SHN pumps is connected into the new SG feedwater line, which
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serves the SHN system only. The SHN pumps have suction from three tanks each with the
inventory of 1000 m3 , which provides residual heat removal within 72 hours into the accident.
The upgrading of the super emergency SG feedwater system has been already completed.
2.3 Steam dump stations into atmosphere (PSA).
These stations ensure residual heat removal from RCS and unit emergency cool-down
in the event with unavailability of the original stem dump stations installed at main steam
header. Originally there were two PSA.s at the main steam header, which cannot be used
following the closure of the main steam line isolation valve or its shut-off valve. The new
design consists of PSA, which is installed at the non-isolable section of the main steam line
from each steam generator. PSA consists of an isolation valve and a control valve. The
isolation valve prevents a SG pressure drop and a subsequent RCS subcooling in the case of
a failure of the PSA control valve. PSAs are designed for opening and closing under the
conditions of two-phase flow and ensure a possibility to cool the unit down to the temperature
corresponding to 0.2 MPa in main steam lines. The upgrading of the steam dump stations to
atmosphere has been already completed.
2.4 Electrical systems.
The upgrading of electric power supply systems represents a substantial part of the V-1
Gradual Upgrading. Within the upgrading of electrical equipment, the installed equipment is
upgraded or replaced by a new one.
The interconnection of the V-l plant with the Madunice hydro plant - the so called grid
III - provides the power supply for selected components at the V-I units 1 and 2 in the event
of an extraordinary accident situation in the power supply scheme which would result in
a complete loss of alternating sources of the unit. In order to ensure an automatic start-up of
the hydro plant and of its dedicated generator without external sources of electricity, a diesel
generator with the output of 250 kVA was installed at the hydro plant. The hydro generator
with the output of 14.4 MW is connected into the power supply distribution grid after
approximately 30 minutes since the loss of alternating sources. The water regime of the hydro
plant is organized in such a way that continuous power supply for the V-1 plant is assured
within 10 hours. The hydro plant represents an autonomous and independent source of electric
power supply for selected consumers at the V-I units I and 2. Also the system of vital power
supply from batteries has been upgraded with regard to electric equipment. This system
provides the power supply for selected consumers in the event with a total loss of alternating
sources - black out. The most important components of the system were replaced, namely
motor-generator, rectifier and buses by new ones which meets all requirements laid on safety
related equipment. This equipment was installed in a new room in such a way that separation
and independence of each vital power supply system from batteries is ensured and two
redundancies established (2x100%). By the upgrading, system reliability will be improved
and ensured. Also the essential power supply system from diesel generator is covered by the
program of the V-I upgrading of electric equipment. This system provides power supply for
selected safety related consumers under accident modes in the distribution grid of power
supply. In the essential power supply system from DG, the excitation system is upgraded, DG
electrical protections are replaced and a new system for DG control is installed.' With regard
to the extent of replacement of electric equipment, the replacement of 0.4 kV buses is
important. This replacement represents a very demanding project from the point of both
technical and coordination in relation to cable replacement in such a way that the basic
requirement on the establishment of two redundant systems of essential power supply for
safety coolant by related drives is met.
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2.5 Instrumentation and control system (I&C).
I&C system for reactor protection system (RPS) and the engineering safety feature
actuation systems (ESFAS) safety systems as designed in sixties according to the standards in
effect at that time is still valid. The main identified I&C issues for safety systems are
redundancy, separation, independence, qualification, reliability, interconnection among
protection and control functions, priorities of signals, possibility to test, etc. The existing
reactor protection system and ESFAS will be implemented based on a modem programmable
system. This system makes possible new accident scenarios and modifications of safety
systems, complies with qualification requirements, consists of two independent and separate
trains, is isolated from process I&C systems and has better diagnostic possibilities. The
Siemens KWU as a part of the REKON consortium ensures the design and delivery of new
safety related I&C systems based on Teleperm XS.
2.6 Emergency core cooling system (ECCS).
The system provides coolant injection into the reactor core during accidents with a loss
of coolant. The ECCS has to meet reliably the following requirements: the system has to
have two independent subsystems (2x100%) consisting of a low-pressure part and of a highpressure part; each subsystem has to be functionally independent in the mechanical, electrical
and I&C parts; the system has to be seismically resistant. The original design consisted of six
HP safety injection pumps split into two groups. The new design consists four HP SI pumps
and two LP SI pumps split into two trains (2x100%). The suction of both HP and LP pumps is
from a boron acid tank with the concentration of 12g/kg with the volume of 800 m3 . The
common discharge of two HP pumps, as well as the discharge of a LP pump in the
appropriate subsystem is connected to the non-isolable part of a RCS cooling independence of
redundancies within the unit will be loop. The connection of the two HP pumps and of the LP
pump in the other subsystem is the same. HP and LP ECCS pumps thus provide injection into
four loops of RCS in the case of an accident. The existing ventilation cooling system, which
ensures cooling of the ECCS pump room is supplemented, by an additional cooling system
cooled by essential service water. The upgrading of the ECCS system represents one of the
most extensive actions in the V-I Gradual Upgrading.

2.7 Confinement spray system.
This system ensures reduction of pressure and temperature in the confinement following
a loss of coolant accident, ensures the establishment of negative pressure in the confinement,
ensures absorption of radioactive aerosols from reactor injecting chemical reagents together
with sprinkler water. The original design consisted of 3 pumps, 2 coolers and 2 discharge
lines of the spray system into the confinement. Besides the above mentioned basic functions,
the new design provides for cooling of the 800 m3 tank and maintaining peak tank
temperature of 95 C. For long term core cooling, it is possible to supply coolant into the cold
leg of the loop through an interconnection from the recirculation line of the spray system into
the ECCS system. From the hot leg, it is possible to let down the coolant by a let-down line
into the boric acid tank with the volume of 800 m3 .

2.8 Confinement integrity.
Separation of the confinement is necessary in the case of an accident at equipment
containing fluids with radioactive materials to prevent their release into the environment and
ensure their isolation in the confinement. Main attention is paid to ventilation systems where
a new recirculation system will be installed, hermetical flaps will be doubled and other
modifications carried out. The implementation of the mentioned design measures will
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increase the safety level and confinement integrity and the probability of a failure in
confinement isolation will be reduced.
2.9 Essential service water (TVD).
This system ensures a reliable cooling of safety related consumers during both normal
operation and accident situations. The original design of the essential service water system
failed to meet all requirements on the system, e.g. with regard to seismic resistance. The new
design of the essential service water system will consist of two independent subsystems,
which will be separated physically, electrically and from the point of fire protection. The
subsystems will be seismically resistant and their performance will be demonstrated under
extreme conditions. Each subsystem consists of a pumping station with four pumps and
a cooling station with four cooling towers. Two pumps and their associated cooling towers in
a subsystem are supplied electrically from unit 1, the remaining two pumps from unit 2.
cooling of the ECCS pump room is supplemented, by an additional cooling system cooled by
essential service water. The upgrading of the ECCS system represents one of the most
extensive actions in the V-1 Gradual Upgrading.
The subsystem supplies cooling water for a half of safety systems of the same
redundancy at unit 1 and a half of safety systems of the same redundancy at unit 2.
WORK PROGRESS
The work related to the reconstruction (safety upgrading) of each out of 16 functional
process (technology) systems has been implemented in the course of extended outages for
maintenance and refueling at the particular unit. The normal unit outage duration
(approximately 40 days) is extended up to 80-144 days according to the scope of the
reconstruction work planned. The reconstruction work is carried out in parallel with the
standard work during the unit maintenance outage. This philosophy of implementation of the
gradual reconstruction imposes high requirements on the coordination of activities related to
the reconstruction of particular process systems and of standard activities during outages.
Unit 2 outage is being prepared and in the course of the outage the work will be
implemented mainly in the area of electric equipment (replacement of distribution boards for
the operational control of diesel generator) and the work on the installation of new ventilation
systems.
The contract between the Slovak Electric (SE) utility and the Rekon consortium is framed
as a comprehensive document, and that is the reason \vhy not only parts of design
documentation for the particular functional process systems are developed in the course of the
process of documentation preparation for the gradual reconstruction, but also lists of safetyrelevant equipment according to the regulation No. 436/1990 and new or modified operating
procedures for the system under reconstruction.
During each phase of the reconstruction, the Rekon has to update parts of the Safety
Analysis Report. In order to ensure reliable long-term operation of the newly installed
equipment and to demonstrate its compatibility with the older one, the Rekon has to develop
also programs of pre-comprehensive and comprehensive tests. In the course of these tests, the
supplier together with plant staff test all equipment functions and only after that the
equipment is handed over to the licensee for use.
It is especially important that the installation of equipment is carried out exclusively by
Slovak firms under supervision and with coordination of an implementation group of the
VUJE Tmava Inc. staff. Within the Rekon consortium, the VUJE assures the coordination in
preparation of technical solution of the reconstruction of the particular system and is
responsible for both schedule and technical issues in the development of designs in both
construction and electric work. The VUJE has developed also particular parts of design
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documentation, operating safety documentation, and coordinates the activities of
subcontractors within the supply system accepted.
With regard to the scope of reconstruction and the amount of functional process systems
reconstructed, the supply system is a complex one. The total coordination within the
particular systems and the coordination among systems require excellent coordination with
subcontractors and operating staff.
The gradual reconstruction of the V-1 Bohunice unit will be completed by the
implementation of remaining projects in the course of the refueling outage at the Unit 2 in
September to December 1999, i.e. the work on this units will be completed, and on the Unit 1
during the outage in January to May 2000. This means that only reconstructed units at the V-l
Bohunice plant with V230 reactors will be in operation in 2000 and the implementation of the
work at all V-I systems will be completed.
In line with the recent proposal of Slovak government in the field of concepts of future
development of power industry in the Slovak Republic, the operation of the reconstructed V- 1
plant is considered till 2010. However, the approval of the operation is conditioned by
extending the V-i operating license by the Nuclear Regulatory Authority (UJD).
The regulatory body in cooperation with the IAEA after the completion of the gradual
reconstruction will analyze and assess the compliance with the tasks and criteria set for the
gradual reconstruction.
The efforts of the licensee to assure the acceptable level of nuclear safety for the nuclear
power plant with V230 reactor and for other units with V213 reactors was acknowledged at
the international level, too.
CONCLUSION
In the final report from the conference organized by EU, OECD and IAEA held in Vienna
on June 14-18, 1999 dealing with safety upgrading of reactor in Eastern Europe, the
implementation of measures at the V-1 Bohunice was rated as an example of the safety level
which should VVER 440/V230 reactors achieve. This project should provide a pilot project
even for other VVER plants and the VI Bohunice is the first plant with VVER reactor at
which digital control equipment was installed, approved and commissioned. This fact
reconfirms that the combination of Western control equipment with Russian reactor
technology is possible and does not result in any problems (Loviisa, Finland).
The gradual reconstruction of the V-I Bohunice with V230 reactors represents
a comprehensive reconstruction of safety-related systems and equipment. Following its
completion, the units will be operated with a safety level accepted internationally.
REFERENCES
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THE NPPRI TRNAVA PARTICIPATION IN THE NPP V-2 MODERNISATION AND SAFETY
IMPROVEMENT PROJECT

Vladimir Michal, Bladej Losonsky, Jozef Magdolen
Nuclear Power Plant Research Institute Tmava, Inc., Okruznd 5, 918 64 Tmava,
Slovak Republic
Abstract
The presented contribution deals with form, present state and results of Nuclear Power Plants
Research Institute participation in the NI'P V-2 Jaslovske Bohunice Modernisation and Safety
Improvement Project.

INTRODUCTION

For safe, reliable and economically effective operation of nuclear power plants in former
Czechoslovakia and for addressing other issues related to nuclear power, it was necessary to
have available a scientific and research base that will be able to meet these challenging
requirements. The NPPRI Trnava, Inc. (the Slovak acronym is VUJE - Vyskumn- Ustav
Jadrovych E1lektrdmi), which was established in 1977, provides such a base.
At first VUJE was based on the NPP Jaslovsk6 Bohunice site and later, in 1985, the VUJE
headquarter was shifted to Trnava town. The Institute has more than 600 employees in the
present time. VtJE deals with scientific and research needs of NPP design, construction,
commissioning and operation. The next fields of VUJE activity are NPP reconstruction, NPP
personnel training, RAW management technology and NPP decommissioning.
The most important projects, which are performed by VUJE as a main supplier or a
significant participant of construction, are the following:
* development and installation of equipment for the transport of liquid RAW and nuclear
fuel
* participation in the small safety upgrading of the NPP V- 1 and preparation of the Updated
Safety Analysis Report
* provision of the total delivery for the gradual safety upgrading of the NPP V-l, in cooperation with Siemens
* preparation of the NPP V-2 modernisation
* preparation and starting the implementation of seismic strengthening and increase of the
spent fuel interim storage capacity on the Jaslovsk6 Bohunice site
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preparation and starting the implementation of the completion of the regional RAW
repository facility construction on the NPP Mochovce site
participation in safety improvements for NPP
Mochovce unit I and 2.

Over twenty years of successful VUJE activities
and, especially, its professional results have brought
the acknowledgement not only at home but also
abroad. Historical part of Tmava and VUJE is
presented at the Figure 1.
The nuclear power plants Jaslovsk6 Bohunice are
situated approximately 15 km from district town
Tmava in south-western part of the Slovak
Republic. The construction of the first czechoslovak
NPP A-1 began on this site in 1957. NPP A-I has
one unit with 150 MW HWGCR reactor and was in
operation from 1972 to 1977. The construction of
the double-unit NPP V-l with VVER-440 (type V230) reactor started in 1972. The first unit of NPP
V-1 is in operation from 1978 and second one froM
1980.

1 11
_

Figure 1. Tmava and VUJE

NPPs construction on Bohunice site continued with NPP V-2, which has two units with
VVER-440 (type V-213) reactor. The main parameters of NPP V-2 are given in Table I and
the plant is shortly presented at the Figures 2 to 5.
Table 1. Main parameters of NPP V-2
Start of construction
December of 1976
Commissioning
1 5'unit - august of 1984, 2 nd unit - august of 1985
Thermal power
2 x 1375 MW
Steam generators
horizontal type, 6 pcs / unit
Turbines
Designed lifetime

Figure 2. Construction of NPP V-2
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type Skoda 220 MW, 2 pcs / unit
30 years

Figure 3. NPP V-2 general view
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Slovak electricity utility Slovenske elektrArne (SE) is an owner and a commissioner of NPP
V-2. This NPP is very important for the Slovak economy, because its share on the total
electrical energy production of SE is more than 20 %.

Figure 4. NPP V-2 night view

Figure 5. Main control room

NPP V-2 MODERNISATION AND SAFETY IMPROVEMENT PROJECT
A safe, reliable and economical operation of NPP V-2 at least until the end of its designed
lifetime or eventually during the prolonged life, is the main task of Modernisation and Safety
Improvement Project. Goals of these activities are mainly as follows:
* nuclear safety improvement to the level given by standards of the Slovak Nuclear
Regulatory Authority and International Atomic Energy Agency
* provision of reliable and economical operation by innovation of technological equipment
* creation of conditions for unit power increasing (to the 107 % of nominal power)
* creation of conditions for prolonged lifetime (to the approx. 40 years).
The main part of NPP V-2 modernisation project will be carried out after ongoing gradual
safety upgrading of NPP V-1. The main goal of NPP V-I upgrading is to achieve such level
of safety, which is comparable with world standards. Reliable operation until the end of
designed lifetime is also important task of NPP V-1 upgrading. Significant participant of NPP
V-1 gradual safety upgrading project is also VUJE Trmava, which for this important task has
established consortium REKON with SIEMENS. The first stage of upgrading (2nd unit of NPP
V-1) was successfully finished and second stage is in the process of preparation. Experience
from NPP V-I gradual safety upgrading project could be used during NPP V-2 modernisation.
Project of NPP Mochovee (four units with VVER-440/213 reactors) completion and
commissioning is also significant source of experience for NPP V-2 modernisation. The 1 St
unit of NPP Mochovce was commissioned last year and the 2nd one is planned to be
commissioned in December of this year. Many improvements in comparison with "standard"
VVER design were done in this plant. The most significant improvement is replacement of
original control system for SIEMENS system.
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Many various improvements were performed in co-operation with VUJE in the frame of NPP
V-2 nuclear safety and seismic strengthening last year. Recommendations from the Safety
report after 10 years of NPP V-2 operation, requirements of the Nuclear Regulatory Authority
of the Slovak Republic, significant aspects of present trends of safety improvements,
recommendations of IAEA, needs of NPP V-2 personnel etc. will be summarised in
Modernisation Project.
At the present time report with summarisation of NPP V-2 safety problems in co-operation
with VJE is already prepared [2]. The report reflects the present state of V-2 plant, contains
operational experience and recommendations given by operator. This report represents an
initial document for realisation of the Modernisation Project. Division of safety improvements
into groups and particular problems is as follows [ 1]:
Accident analysis
* scope and methodology of accident analysis
* QA of plant data used in accident analysis
* computer code and plant model validation
* availability of accident analysis results for supporting plant operation
* main steam line break accident analysis
* overcooling transients related to pressurised thermal shock
* steam generator collector rupture analysis
* accidents possible during low power and shutdown conditions
* severe accidents
* probabilistic safety assessment
* boron dilution accidents
* spent fuel cask drop accidents
* anticipated transient without scram
* total loss of electrical power
* total loss of heat sink.
Component integrity
* reactor pressure vessel
* non-destructive testing
* primary pipe whip restraints
* steam generator collector integrity
* steam generator tube integrity
* steam generator feedwater distribution pipe.
External hazards
* seismic design
* analyses of extreme external conditions
* man induced external events.
Electrical power supply
* start-up logic for emergency diesels
* diesel generator reliability
* protection signals for emergency diesel generator
* on-site power supply for incident and accident management
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*

emergency batteries discharge time.

General
• classification of components
* qualification of equipment
* reliability analysis of safety class 1 and class 2 systems.
Internal hazards
* systematic fire hazard analysis
* fire prevention
* fire detection and extinguishing
* mitigation of fire effects
* systematic flooding analysis
* turbine missiles
* internal hazard due to high energy pipe breaks
* heavy load drop.
Containment
* bubble condenser strength behaviour at maximum pressure difference possible under
LOCA conditions
* bubble condenser thermodynamic behaviour
* containment leak rates
• maximum pressure difference in walls between compartments of hermetic compartments
* peak pressure in containment and activation of sub-atmospheric pressure after blow down.
Operational safety issues
* procedures for normal operation
* emergency operating procedures
* limits and conditions
* needs for safety culture improvement
* operating experience feedback
* quality assurance programmes
* data and document management
* philosophy on use of procedures
* surveillance programme
* communication system
* radiation protection and monitoring
* training programmes
* emergency control center.
Reactor core
* prevention of uncontrolled boron dilution.
Systems
* primary circuit cold overpressure protection
* mitigation of steam generator primary collector break
* reactor coolant pump seal cooling system
* pressurizer safety and relief valves qualification for water flow
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*
*
*
*
*
*
*
*
*
*
*
*
*

ECCS sump screen blocking risk
ECCS suction line integrity
ECCS heat exchanger integrity
power operated valves on the ECOS injection lines
feed water supply vulnerability
steam generator safety and relief valves qualification for water flow
steam generator safety and relief valves performance at low pressure
emergency feedwater fast make up procedures
steam generator level control valves
primary circuit venting under accident conditions
essential service water system
main control room ventilation system
hydrogen removal system.

Instrumentation and control

* I&C reliability
*
*
*
*
*
*
*
*
*

safety system actuation design
review of reactor scram initiating signals
human engineering of control room
physical and functional separation between the main control room and emergency control
room
condition monitoring for the mechanical equipment
primary diagnostic system
reactor vessel head leak monitoring system
accident monitoring instrumentation
technical support center
water chemistry control & monitoring equipment (primary and secondary).

The above mentioned safety improvements will be involved in specific partial executive
project of modernisation of NPP V-2. Safety documentation of various degrees will be also
part of the project (Preliminary Safety Analysis Report, Safety Analysis Report) and will be
ellaborated in accordance with legal executive standards and regulations of the Slovak
Republic.

CONCLUSION

Preparatory phase of the Modernisation and Safety Improvement Project should be finished
by the end of this year. The engineering preparation of the project should be finished during
the year 2003. Realisation of the specific safety improvements in the NPP V-2 should be also
done in that time. The main part of the modernisation task will be done during the period
between years 2002 to 2010, see Figure 6.

394

InternationalConference Nuclear Energyp in Central Europe '99

Nuclear Power Plant Operation

I.,rA<O

~~flS
~~~~j

tA
W

0

1997

1998

1"99

ale i

2000

2001

4~~~~~~~~~~4

L-i

n
A.

t;7

,.',s9H;5

5;S~w-,w

2002

A

X

t

~~~~~~~int
7

|0

;- f 0;<Reaeizatiofn of iti~emain tasks of; mode-nisat ion0Q;-yB

2003

2004

2005

2006

2007

2008

2009

2010

Figure 6. Timetable of the task on the Modernisation and Safety Improvement Project of NPP
V-2

One of the most important partners of this long term NPP V-2 Modernisation Project is the
NPPRI Trnava. NPP V-2 should enter in the second decade of the next millennium being
completely modernised with improved level of the nuclear safety, with increased power and
with a perspective of the reliable and economical operation for other 15-20 years.
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Status of Siemens Steam Generator Design and Measures
To Assure Continuous Long-Term Reliable Operation
By
Gunter Hoch
Siemens AG / KWU NDM 2
P.O. Box 3220
91050 Erlangen
Germany

Abstract

Operating pressurized water reactors with U-tube steam generators have encountered
difficulties with either one or a combination of inadequate material selection, poor design or
manufacturing and an insufficient water chemistry control which resulted in excessive tube
degradati on.
In contrast to the above mentioned problems, steam generators from Siemens/KWU are
prooving by operating experience that all measures undertaken at the design stage as well as
during the operating and maintenance phase were effective enough to counteract any tube
corrosion phenomena or other steam generator related problem.
An Integrated Service Concept has been developed, applied and wherever necessary improved
in order to ensure reliable steam generator operation. The performance of the steam
generators is updated continiously, evaluated and implemented in lifetime databases. The
main indicator for steam generator integrity are the results of the eddy current testing of the
steam generator tubes. Tubes with indications are rated with lifetime threshhold values and if
necessary plugged, based on individual assessment criteria.
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1. Introduction
Operating pressurized water reactors (PWRs) with U-tube steam generators (SGs) have
encountered difficulties associated with either one or a combination of inadequate material
selections, poor design and an insufficient water chemistry which resulted in excessive tube
degradation. Tube degradation is related to corrosion phenomena such as wastage, pitting,
intergranular attack (IGA), primary water stress corrosion cracking (PWSCC), intergranular
stress corrosion cracking (IGSCC) and other phenomena, such as denting, flow induced
vibration fretting and wear (Figure 1-1).
In contrast to the above mentioned tube degradation problems that have been encountered
worldwide, SGs of Siemens/KWU design have proven by operating experience that they are
very efficient in minimizing tube corrosion and wear or any other SG-related problems.
In the beginning a multiple step concept was developed, applied and - wherever necessary improved in order to ensure troublefree operation. The main elements for this success were
thorough design engineering, proper material selections as well as stringent requirements and
quality control for fabrication accompanied by adequate water chemistry requirements.
In order to be prepared to counteract tube degradation problems, a wide range of maintenance,
inspection and repair techniques were developed and successfully applied.
The performance of the steam generators is continuously monitored and the data added to a
lifetime data base. The major indication for the SG integrity is still the eddy-current testing of
the SG tubes. Tubes with indications are rated with lifetime threshold values, and SGs
affected by tube damages arc inspected and repaired, if necessary, based on individual
assessment.

2.
2.1

Design Engineering
General Criteria

SiemensfKWU steam generator basic design features have been implemented only after
careful experimental and/or analytical investigations. That is the reason why for more than
27 years the design of the steam generators has been ensuring continuously troublefree
operation and easy inspection as well as maintenance.
The following main design criteria were considered:
* Avoid concentration of impurities by avoiding heated crevices and flow stagnation zones.
* Minimize residual stresses in the tubes by selecting adequate innermost tube bend radii as
well as using an improved process for the tube to tubesheet connection.
* Minimize tube vibration by compact tube bundle assembly
* Install sufficient heat transfer area to compensate for tube plugging and fouling as well as
to achieve thermal power uprating requirements (e. g. 6 to 12 %).
* Provide adequate access for inspection and maintenance, especially for tube sheet lancing.
* Minimize the moisture carry over
* Minimize thermal shocks on feedwater nozzle and also avoid the potential for water
hammer.
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Additionally to the a. m. criteria Siemens provided water chemistry guidelines which are
especially valid for SiemenslKWU steam generators and enable the utilities to operate the
plant more flexible.
Figure 2-1 shows the principle design features.
2.2

Design Improvements

In order to meet customers' requirements for replacement steam generators the standard
design was modified in a way to comply with the outer dimensions of the original steam
generator as well as with the geometrical locations of the nozzles as far as necessary. All
proven design features were then implemented to the replacement steam generator.
Siemens/KWU developed a distribution system for the auxiliary feedwater supply which was
decoupled from the main feedwater supply inside the SG (Figure 2-2). The design minimizes
thermal loadings of the SG internals as cold feedwater is heated up to near saturation
temperature through direct condensation of steam. Additionally it minimizes the potential for
water hammer as steam can escape vertically.
In order to exclude any potentials for water hammer in the main feedwater distribution system
Siemens/KWU designed a system in a way that the feedwater nozzle is located below the
ringline, namely in the cone of the steam generator (Figure 2-3). The inclined admission of
feedwater in the nozzle area and vertical connection to the ringline precludes steam trapping if
steam should have fonned after long feed interruption.
For steam generators having a ferritic flow limiter installed (either a one hole or a seven hole
venturi) Siemens/KWU is developing a galvanic procedure to produce a nickel layer on the
venturi surface in order to minimize the pressure drop over the flow limiter and to avoid longterm surface roughening effects (Figure 2-4).
By these above mentioned measures Siemens/KWU furthermore improves the design of their
steam generators and by this even being more attractive for utilities' consideration.
2.3

MaintenanceAspects

Besides the fact that only proven design features have been implemented in the
Siemens/KWU steam generators the accessability into the steam generator as well as the
access to the steam generator internals itself is of major importance. Therefore, Siemens
provides a wide range of access openings for the steam generator. Sufficient access is for
example provided to both chambers of the primary channel head. The design of the manway
covers, studs and nuts allows the user of stud tensioners which allows for a time reduction for
the opening and closing process, and therefore contributes to the ALARA concept. The
secondary side of the steam generator is equipped with a largely sized manhole which also
follows the ALARA concept.
All other openings can be located at strategic locations taking into account maintenance
aspects as well as operating experience (Figure 2-5).
Four handholes above the tube sheet facilitate the tube sheet lancing procedure as well as the
visual inspection of the tube sheet. The pitch of the tubes is selected in a way that lancing and
visual inspection can be performed effectively.
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Other openings allow for access to the internals such as flow distribution baffle, innermost
tube bends, tube bundle head, feedwater ringline, steam driers, and steam outlet nozzle.
All these above mentioned features provide the basis for taking all necessary measures during
outages to assure a continuous long-term reliable operation of the steam generators.

3. Long-Term Reliable Operation
In order to achieve the aim to keep the steam generators in service the Integrated Service
Concept of SiemensfKWU provides the adequate tool.
This concept incorporates preparation, execution and documentation of all necessary service
activities as well as the accompanying engineering activities required for an overall evaluation
of the steam generators.
The necessary individual services, such as inspection and cleaning, are harmonized in detail
and grouped together on the basis of results obtained from operation and inspections. This
reduces necessary interfaces and coordination of work to be carried out by different parties
involved. Personnel requirements are planned as well as possible and minimized through the
exploitation of synergy effects together with other outage operations.
The operating experience accumulated is utilized to ensure a complete and comprehensive
assessment of the steam generators.
The integrated concept is based on a four-step approach (Figure 3-1):
* Creation of a data base, development of a tube integrity concept
* Assessment of components and connected systems
* Maintenance consultancy
* Steam generator maintenance.
These four steps assure optimum steam generator availability from the points of view of both
safety and economical efficiency.

4.

Operating Experience

All the before-mentioned features and measures result in an excellent operational record of
the Siemens/KWU steam generators.
As of the end of 1998 a total of 80 Siemens/KWU steam generators have been in commercial
operation worldwide. This number also includes six replacement steam generators for
Ringhals 2 and 3 equipped with Inconel 690 TT tubes. The 350,000 tubes in service
accumulated 1,107 SG operational years. Only a neglegible number of 0.4 % of tubes are
plugged. Figure 4-1 summarizes the operational experiences.
As far as the SG tubes made out of Incoloy 800 mod are concerned, phosphate wastage was in
the past the only mechanism of significance experienced in the SiemensfKWU plants
operating under phosphate treatment.
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In addition to several secondary system improvements and the modification to the water
chemistry as well as tube sheet lancing activities during outages have proven suitable means
of restricting the progress of wastage. Since 1985, wastage corrosion has no longer been an
issue for old Siemens/KWU SGs.
The main degradation phenomenon since then was of the fretting type, mainly caused by
loose parts or structural components such as anchor nuts.
Coming to plant outages due to steam generator problems, the average rate in the U.S. is
given to 3.3 % until the year 1997.
For the German plants this figure results in less than 0.1 %, confirming the effectiveness of
the Siemens/KWU design and operating concept of their steam generators.
Neither at this time nor in the future any replacements of steam generators have to be
anticipated for Siemens/KWU steam generators.
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STEAM GENERATOR REPLACEMENT PROJECT IN 2000
by Janko Cerjak NE Krsko, Slovenia;
Richard Holz and Jorg Haus Siemens AG, Germany;
Christian Gloaguen, Framatome S.A., France

ABSTRACT - NE Krsko has awarded the contract for the Steam Generator Replacement Project,
which is one of the modernization projects in Krsko, to the Consortium of Siemens / Framatome in
February 1998. This paper deals with the various aspects of the project: scope, planning, engineering,
preparation of modification packages for licensing, management, major techniques used, etc.,
showing also the status of the activities for the project which are scheduled to be performed in April
through June 2000.
The project is being performed on a "turnkey" basis, that means the Consortium is performing all
engineering, preparation of the modification packages and site activities; NE Krsko is dealing with the
licensing of the project.

1.

Project Scope

1.1

Steam Generator Rigging

The rigging package comprises all activities which are required for handling and transportation of old
and new steam generators (SG) between the outside storage location in the Multi Purpose Building
(MPB) and the SG housings in the Reactor Building (RB). The characteristic data of the steam
generator are:
a
*

2 x old SG, weight: 321 tons; length: 20,65 m; max. diameter: 4474 mm to be transported from RB
to final storage in MPB.
2 x new SG, weight: 343 tons; length: 20,85 m max. diameter: 4474 mm to be transported from
temporary storage in MPB into the RB.

1.1. 1 Rigging tasks
The SG transport consists of the following main steps (see figure 1):
*
*
*
*

Ground transportation between MPB and RB on ground elevation EL 100m
SG lifting operation between EL 10Dm and operation floor level EL 11 5m
SG horizontal transfer into and out of RB through equipment hatch on operation floor EL 115m
SG lifting from operation floor EL 115 into the SG housings on EL 108m
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1.1.2

Rigging Equipment

The systems employed for these tasks are mainly based on equipment used in heavy lifting, specially
adapted for this purpose. The main components are:

Auxiliary trolley with hydro jack
rin

rt,

/-~~~~~~~Lifting attachment
Equipment
hatch

Cross beam
with hydro

~~~~~jack
Heavy load girders
towers

L.Sliding

\l

beams

Reactor cavity coverTrailer
Figure 1: Steam Generator Rigging
Heavy load trailer

The ground transportation is performed by a self-propelled 14 axles heavy load trailer. The chosen
trailer is typical for this kind of transport task. The trailer to be used was already employed for previous
steam generator replacements (Ringhals 3, Sweden).
The trailer allows transferring loads from storage supports by its integrated hydraulic lifting platform
(delta h = +/-300mm). Therefore no additional cranes are required for loading and unloading of the
trailer.
Outside Lifting System

For the SG lifting from ground level EL 100 m to operation floor level EL 115m an outside lifting gantry
is installed. The lifting system enables vertical hoisting and horizontal shifting of loads. After take over
of the steam generator from the transport trailer in horizontal position the SG is lifted by 4 x 200 tons
wire jacks. When the steam generator has reached the upper level, it is shifted towards the sliding
system on EL 115 m on which the SG is moved into the Reactor Building. The support frame of the
lifting system consists of two towers, two heavy load girders (lengths 34 m) and one portal frame in
front of the equipment hatch. The towers are built from modular steel elements. The girders and the
portal frame are fabricated as standard steel structures.
Two cross beams are installed on top of the girder, each equipped with 2 a 200 tons hydraulic wire
jacks. The horizontal sliding of the cross beams is achieved by horizontally installed wire jacks which
allow moving both, in parallel or independently from each other.

)(J.i'
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Sliding System
The equipment hatch in the Reactor Building (RB) has a diameter of 6,95 m. That is sufficient to allow
the SG transport into the Reactor Building (RB) through this opening.
The steam generator's horizontal transfer through the equipment hatch is performed by a sliding
system resting below the outside lifting system on EL 115 m. The SG is carried by two supports when
set onto the sliding system: one at the steam dome side by a sliding saddle and at the channelhead
side by the so called tilting device.
The SG is moved into the RB with steam dome ahead. When inside the RB the SG body is brought to
a vertical position by means of the polar crane. For this operation the tilting device acts as a bearing to
allow for controlled raising of the SG.
Polar crane modifications
The polar crane in the existing configuration does not allow handling the SG as required in terms of
lifting height and trolley capacity. The maximal lifting height of the crane trolley is not sufficient to cross
the walls of the SG housings with attached steam generator and would require extensive civil works
inside the RB.
The polar crane has an original capacity of 320 tons. But the weight of the new Steam Generator is
343 tons. These two deficiencies are remedied by installation of a special auxiliary lifting gantry which
provides the required properties. This gantry substitutes the existing trolley which is parked at one end
of the bridge. The problem of insufficient lifting height is solved by a suitable design of the hoisting unit
and SG attachment plates with optimised length.
The load bearing capacity of the polar crane bridge is improved by the new gantry's lightweight design
and an advantageous load distribution. Additional verification calculations for all loaded structures
prove this as an acceptable solution. With these measures the polar crane bridge is capable of
handling the SG load without structural modifications.
SG lifting is achieved by a 400 ton wire jack. This wire jack is supported by an axial bearing which
allows rotating the hanging steam generator about it's vertical axis. This is necessary for the several
angular adjustments of the SG during the different rigging phases.
Hydraulic Wire Jacks
Wire jacks are employed within the rigging package in several applications for the handling of heavy
loads. Hoisting and horizontal shifting is powered by wire jacks. Wire jacks combine the advantages of
hydraulic jacks with the flexibility of cable winches. They provide high hydraulic forces with unlimited
lifting stroke. The movements are smooth and they are fail safe under accident conditions due to their
working principle.
1.1. 3 Specific Requirements
The entire process of SG rigging and handling was investigated in view of nuclear and economical
risk. As most of the SGR activities are performed after shutdown of the plant with unloaded core,
safety evaluations for nuclear risk deal mainly with the requirement that the fuel in the spent fuel pool
is not endangered.
Also conventional risks are to be minimised due to the importance of the power plant for the Slovenian
economy. This means that also structures which are not nuclear safety related have to be
demonstrated as safe, above normal requirements.
According to a typical SG replacement schedule the outside lifting system is erected prior to the shut
down of the plant. According to the results of the safety evaluation this is practically not possible in
Krsko. It was determined that the safety related systems RWST (Refuelling Water Storage Tank), CST
(Condensate Tanks) and Reactor Makeup Water Storage Tank may be affected by the outside lifting
system during its installation. As heavy load rigging activities in the vicinity of these tanks would be a
potential risk to the nuclear safety of the plant and feasible substitution measures are not available,
the early erection of the lifting system is practically ruled out. Therefore the erection activities have to
be postponed until after the shut down.
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The normally uncritical erection of the outside lifting system may become a critical activity with impact
on the overall project time schedule. To minimise negative consequences as much as possible, a very
detailed planning of all erection activities is in progress.
1.2

Activities at the reactor coolant pipe

1.2.1

Optical survey, clamping and fit-up

The work package deals with the adaptation of the new steam generators to the existing reactor
coolant system (RCS). The SG is separated from the remaining Reactor Coolant System by cuts at
the primary nozzles. The fit-up engineering has to provide the basis for the accurate fit-up of the new
SG, taking into account the dimensional deviations and the specific requirements of the restoration
process. The fit-up activities are performed in close co-operation with the optical survey task. Based
on fit-up requirements the optical measurement results are used to determine optimised fit-up
positions for the new steam generators. To fulfil these requirements the following tasks have to be
considered in this work package:
*
*
*
*

accurate dimensional adaptation of new SG and existing RCS
compensation of weld shrinkage of the new welds
determination of allowable stresses in the RCS by verification calculations
dimensional adaptation of SG supports

The fit-up process within a 2-cut steam generator replacement requires the following measurement
steps (OM => Optical Measurement):
OM
OM
OM
OM
OM

1
2
3
4
5

as-built survey of the existing RCS
survey of new SGs prior to weld edge preparation
survey of new SGs after weld edge preparation
survey of RC pipe ends after cutting in blocked position
survey of RC pipe ends in fit-up position prior to machining

Applied measurement technique
The basic technique for optical survey is the determination of 3-D coordinates of object points by
optical focusing and triangular calculations. For these measurements an industrial measurement
system with electronic theodolites is used.
The measuring system consists of electronically combined theodolites and a notebook PC for data
processing with specific measuring software. For SG replacement surveys normally 1 to 4 theodolites
are used together within one survey. In parallel to the taking of measurements, verification calculations
are automatically performed to detect questionable results. These indications are used during the
running measurement session, to verify or to correct the received measurement data.
The data evaluation is performed outside of the reactor building. The fit-up calculations are performed
with specific software tools which were successfully used in previous steam generator replacements.
1.2.2 Cutting and beveling
The RCS pipe cutting is performed using a mechanical process.
This mechanical cutting allows:
*
*
*

cutting of stainless steel pipes (external diameter up to 1 m and thickness up to 100 mm)
outside cut without entering the old SG channelhead
operation within the limited space around the pipe / nozzle junction

The cutting machine is supported on the RCS pipe. A hydraulic power unit drives the machine. The
RCS cutting is performed in two main steps:

41/)
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*
*

using blade cutters up to 90 % of pipe wall cut. The reindexing of the blade cutter depth is
achieved automatically at each rotation
Before the external cutting tools break through the interior of the pipe, the blade cutters are
replaced by cutting wheels which separate the pipe from the old SG without introducing debris into
the pipe.

The RCS pipe bevelling is performed after decontamination and optical survey.
The bevelling machine is centred in the pipe and adjusted with the reference ring previously set by
optical survey. A spherical ball joint and mechanical jacks installed on the machine allow a fine
adjustment of the bevelling machine in concentricity and planeity.
Once adjusted, the bevelling machine is used for machining the new bevel, with a great accuracy, at
its exact position on the pipe.
The bevel geometry and its accuracy are in accordance with the welding GTAW Narrow Gap process.
The same equipment will be used to perform the bevel on the new SG nozzles.
1.2.3

Decontamination

The purpose of this process is to reduce radiation dose in the area of reactor coolant pipe ends, and to
achieve local cleanliness of pipe interiors. This process is performed in two steps:
Blasting by electrocorundum to remove the oxide layer, followed by blasting with glass beads to
improve the superficial stress conditions and to smooth the surface. Use of a closed-circuit system
with subatmospheric pressure prevent abrasive particles and dust from escaping into the atmosphere
(aerosol build-up is avoided) keeping radioactive waste build-up to a minimum.
1.2.4

Welding

The welds in the RCS piping system will be performed with the mechanized Gas Tungsten Arc
Welding (GTAW) process.
The SG nozzle ends and the existing elbows will be machined to a specific narrow-gap weld
geometry.
The weld joints will be made using remote-controlled narrow-gap orbital welding unit.
The welds will be performed in a layer by layer technique and with constant welding parameters
around the weld circumference. In case of differences in outside diameter, overlay welding could be
carried out either automatically or manually, depending on the height of the weld built-up.
Due to the high quality of welds resulting from the optimized welding technique and the reproducibility
of the mechanized process, the risk of defect is very low. However, repair welding procedures will also
be prepared. Depending on the nature of the defects involved, either the mechanized remotecontrolled GTAW process or a manual welding process will be used.
The welds will be ground (inside and outside the pipe) after completion. The following non-destructive
examinations will be performed on the entire completed weld:
*
*
*

1.3

liquid penetrant test (PT)
X-ray
Pre-service inspection ultrasonic test (UT)

Secondary and
modifications

auxiliary

piping,

instrumentation

and

control,

uprating

related

During the SGR, a lot of activities are performed on the secondary systems. The main ones are
described below.
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Main Steam System
Removal, for clearance purpose, of a section of main steam pipe for removal of existing steam
generator and reinstallation, once new steam generator is installed.
Main Feedwater System
*
*
*
*
*
*
*

Removal of the main feedwater elbow for clearance purpose
Rerouting of the feedwater pipe to attach to the replacement steam generator nozzle (new
location)
Removal and reinstallation of the steam generator instrumentation pipe and tubing (clearance
purpose and new instrument tap locations)
Removal of the preheater bypass and warm-up piping and associated l&C (no preheater bypass
required for the replacement steam generator)
Replacement of the feedwater pump impellers and installation of larger capacity trim in feedwater
control valves (higher feedwater flows and resulting increased pressure drops associated with the
uprate require increased pump performance and control valve capacity)
Relocation of the feedwater bypass control valves (to be used for startup and low loads)
Operation with 3 FW pumps

Blowdown System
*
*

*

Dismantling of the existing blowdown pipes inside the steam generator cubicle
Installation of a revised blowdown piping in the steam generator compartment to balance the flow
from the two blowdown connections provided on the replacement steam generator and to get a
flow equal to 5% of nominal feedwater flow in the new piping at the connection with the existing
piping (possible later modifications of BD system for higher flow, without any works in cubicles)
Installation of vents at high points in the blowdown piping and provision of a connection to fill the
blowdown system from the condensate system in order to prevent water hammer effect when
restarting the system

Auxiliary Feedwater System
*
*

Removal, for clearance purpose, of a section of auxiliary feedwater pipe for removal of existing
steam generator and reinstallation once the new steam generator is installed
Replacement of the auxiliary feedwater control valve trims to provide additional margin for AF
pump operation

Heater Drain System
*

Replacement of number 2 heater drain pipe from 12` to 24" (the existing pipe size is marginal for
the required self-venting flow)

Condensate System
*
*
1.4

Replacement of condensate pump suction pipe size from 24" to 30 in order to reduce pressure
drop at uprate flows
Operation with three CY pumps to provide adequate pressure at uprate flows
Multi-Purpose Building

Within the scope of activities for the Steam Generator Replacement, a Multi Purpose Building
also been included for the following purposes:

412

has

InternationalConference Nuclear Energy in Central Europe '99

Nuclear Power Plant Operation

*
*
*
*
*

storage of old steam generators
storage of low and intermediate level waste from SG replacement
decontamination area
mock-up and training area
personnel health physics area

The facility has been designed as a non-safety related building but calculated for non-collapse in the
case of an SSE. Furthermore the radiation level at the site fence established in the Site Permit shall
not be surpassed.
The design was performed according to the Slovenian construction regulations, for which purpose a
PGD (design for construction permit) was generated, supported later on for construction purposes with
the corresponding PZI (design for construction performance) documents.
For the licensing, the PGD was the basis according to the normal construction license which joined an
assessment with regard to the nuclear application, having received in that way the construction permit.
The whole building is equipped with a nuclear HVAC system comprising a HEPA filter to avoid
emission of radioactivity and to maintain a sub-pressure inside the building, as well as for personnel
comfort. The decontamination area will be used for decontamination activities and is equipped also
with a 5 ton crane. It also has a connection to the de-mineralized water system and an independent
compressed air system. Radiation monitors with local alarms are connected to the control room and
installed in the storage and decontamination rooms. The building will also serve as a storage place for
the new steam generators during the winter 1999 / 2000. The new steam generators will arrive on site
in September 1999.
2.

Documentation for engineering and licensing

During the preparatory/engineering phase of the project numerous documents have to be prepared.
There are mainly 4 categories of documents to be prepared by the Consortium:

*
*
*
3.

Document packages for permanent and temporary modifications. Besides all the design and
design calculation aspects these documents include the safety evaluation screening and safety
evaluation. These packages are the basis of the licensing process. After detailed review of these
documents by NEK (by KOC-Krsko Operating Committee and KSC-Krsko Safety Committee)
these documents will be forwarded to the URSJV (Slovenian Nuclear Regulatory Body). The
methodology for licensing is in accordance with the US NRC (10CFR50.59) and also applicable to
the domestic legislation (i.e. PGD documentation - documentation for construction permit).
Documents for qualification of special processes, equipment and personnel
Documents for procurement of temporary and permanent equipment
Document packages for site implementation (installation packages)
Project organization and schedule

The Consortium project team includes Siemens located in Erlangen, Germany and Framatome
located in Chalon, France. NE Krsko also has a very good project organization in order to be able to
react to the requirements of the project. For interface purpose the Consortium has a representative on
site, during the whole engineering phase, who is also involved in dealing with Slovenian companies.
The shut down for the steam generator replacement starts on April 15, 2000. The replacement window
is scheduled for a period of 28 days.
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Mochovce NPP Experience
in the Certification and the Use of Full Scope Simulator
Lubomir Krenicky
Mochovce Nuclear Power Plant
Slovakia

ABSTRACT
The paper presenis sonic or the Mochovce NPP experience in the full-scopc simulator certification process.
simulator training programs development, imnplementation and evaluation, the use of sinuilator in the all-plant
emergency exercises as wcll as the experience in validalion of plant operalional procedures.

1.Introduction
The Mochovce NI'P full scope simulator was put

in operation in 1995 and regular

simulator training of the control room personnel has been provided since April 1997. The
Mochovce Unit I has been in commercial operation since October 1998.
In compliance with the Slovak legislation, any training facility (Incl. simulator) designed for
training of the NPP control room personnel is to be licensed by the Slovak Nuclear Regulatory
Authority. Formal approval (accreditation) of the simulator training programs as well as
simulator instructor licenses must also be issued by the Slovak Nuclear Regulatory Authority.

2. Simulator Certification
The Mochovce simulator, provided by the consortium of Siemens / S3 Technologies, was
the first fuill scope simulator in the former Czechoslovakia built with the open access to the
state-of-the-art technology in the field. As there was no national standard available, it was
agreed with the Slovak Nuclear Regulatory Authority the ANSI/ANS-3.5 ( Nuclear power
plant simulators for usc in operator training and examination ) to be used as a reference for the
simulator certification.
There were also additional supportive references used:
* NUREG-1258 Etvaliation Procedure for Simulation Facilities Certified under 10 CFR
55 ( NRC, March 1987 )
* Regulatory Guide 1. 149
Nuclear Power Plant Simulation Facilities for Use in
Operator License Examination ( NRC, 1987 )
* IAEA-TECDOC-685 Simulators for training nuclear power plant personnel ( TAEA,
January 1993 )
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Certification process milestones
Mochovce simulator certification process comprised the three basic milestones:
* Certification of the simulator facility
/ Agreement between the Mochovce NPP and the Slovak Nuclear Regulatory Authority
(SNRA) on the content of the Simulator Certification Report
/ Certification Report elaborated by the NPP and submitted to the SNRA
/ On-site inspection by the SNRA
/ Certification Report Addendum I elaborated and submitted ( response to the SNRA
questions and requirements )
A Simulator Certificate ( License ) issued by the SNRA
* Simulator instructor license
/ Simulator instructor training
/ Simulator instructor license exams
* Accreditation of the simulator training programs (by the SNRA)
The regular simulator training could start only afler completing all of above mentioned
milestones.
Simulator Certification Revort
In the Simulator Certification Report basic simulator design features, the results of
simulator static and dynamic tests and evaluation of the simulator control room environment
fidelity was documented. The purpose of the report was to demonstrate to the Slovak Nuclear
Regulatory Authority required degree of compliance with the reference plant.
The report content and structure recommended in the ANSI/ANS-3.5 standard was used.
Simulator acceptance criteria
As simulator acceptance criteria lollowinig references may be generally used:
* Reference plant operational data ( plant process computer archive, process curves, ... )
* Reference plant design data ( pump curves, logics, annunciation list, ... )
* Reference plant. transient analysis
* Engineering judgment
As the acceptance tests of the Mochovce simulator took place far before operational data
of the reference unit were available, data firomn the NPPs of similar design (VVER 440, V-2 13)
were used as reference. The pi-ocess curves were compared with those of simulator and
differences were analyzed.
The most frequent causes of difnerences between the simulator and the plant curves where
following:
Differences in design (check valives, I&C, e'ectric distribution ...) between the Mochovce
simulator and the reference V\'ER plants.
/ Differences in initial conditions, initiating events and possible influence of operator actions.
,Inertia" of some transmitter chaiinnels at real plant comparing to instant response" of
transmitter channel at sinulator
/ ,,Zero" valve leaks at siimulator comparing to possible valve untightness at real plants.
For some acceptance criteria, where no reference curves were available, engineering
judgment has been applied.

.11/
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Example of the engineering judgment criteria:
Test #:
5.3.03
Test Title:
Simultaneous closing of all mai) steam linle fasi-actin7g isolation valves
Test Descript.: At 100% reactor power allmain liniele fa.st-acting isolation valves were closed
nmanually from control room.
Engineering judgment criteria:
Expected effects
Justification

1.

VG pressure increase uilp to MS
relief valve open pressure

Misbalance of steam production in NG and
Cons.11mp tionl

2.

Main steam line pressure
decrease down to turbine trip

Mishalance of steam intake from SG and
consumnption atl TG,

selpoint

3.

KS'afety signal activation , Main
steam line rupiqure

Main steam line pressure decrease under 3.6
MPa

Control Room Fidelit
It was obvious that the first step to satisfy simulator fidelity was clear documentation of
existing differences between the simulator and the reference plant.
The differences between the reference unit main control room and the simulator main
control room were evaluated and documented in the certification report.
Basic classification ofthe di[Werences was:
Classification 1:
* Permanent ( cameras and microphones at simulator control room, door/ windows
location, fire detectors, ... )
* Temp(oatv ( differences in CR panel coordinates marking, acoustic alarms,
Classification 2 ( Impact on the simulator training - potential of,,negative"
0. Low - no impact on operator behavior ( e.g. control room floor,
color)
1. Moderate - may disturb operator, error is unlikely ( different furniture,
panel coordinates labels, ... )
2. Large - may lead to operator error ( difference in system mimic,
instrumentation, different annunciators/alarns ... )

training ):
ceiling and wall
shape and size of
different system

3. Operator Training Programin
Initial Operar Traininig
As the Mochovce NlP)( and VVLYR 440 plants generally ) is of the twin-unit design, the plant
consists of two reactor units with separated control rooms.
The reactor unit control room crew consists of:
* Secondary Circuit Operator ( Turbine Operator)
* Primary Circuit Operator ( Reactor Operator)
* Unit Supervisor
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The control room crews as well as other shift personnel are subordinated to the Shift
Supervisor ( one position on shift per two units ).
Candidates for the operator position has to be technical university graduates.
Following is the process of initial operator preparation:
Entry Level: Technical university Degree,
Successful pass through medical and psychological tests
A Theoretical training at NPIP Research Institute Training Center in Trnava
/ Observation training at difberent job positions at NPP
/ Initial simulator training at Mochovce NPP Simulator
/ Final exams of initial training
/ Shadow training at main control room
/ Operator License exams by the State Examination Board
V Operation under supervision of licensed operator
/ Operator License received ( valid for 2 years)
Simulator Instructor Qualification Requirements:
/ Unit supervisor license ( cold )
V Minimum one year operational experience at control room
/ Simulator instructor license ( granted by the Slovak Nuclear Regulatory Authority)
Set up of simulator training prog^ratni
Following main objectives of the initial simulator training were defined:
. Familiarization with the control room layout and plant systems control in normal and offnormal operational conditions
. Demonstration of acceptable level of team skills ( Command and control, team work,
communication, ...)

It was decided to apply elements of' systematic approach to training as far as allowed by
sources available.
Job analysis
The analysis was done for all three control roonm positions: Turbine operator, Reactor operator
and Unit supervisor.
Basic presumption was that the tasks to he performied by control room crew have been stated
in operational procedures, regulations and other position pertaining documentation.
Control Room Crew Members:
Turbine Operator,
Reactor Operator,
Unit Supervisor

Job Position

Position Duties,

Operttional

Regulations

P-ocedures

1

j

Position relevant plant documentation

Procedure based Task List

Figure 1

418

Schematic of Joh Aiial'sis

InternationalConftrence Nuclear Energy in Central Europe '99

Nuclear Power Plant Operation

The tasks identified by the process ofjob analysis have been clustered into several categories:
A. Components
( Control of single pump, valve, controller, etc. by individual operator)
B. Systems
( Control of individual systems by individual operator)
C. Normal Operation ( Complex plant evolution requiring coordinated actions of all members
of the control room crew )
D. Abnormal Operation (Abnormal plant evolution requiring coordinated actions of all
members of the control room crew )
E. Emergency Operation ( Off-normal plant evolution requiring coordinated actions of all
members of the control room crew and entry to the Emergency Operational Instructions )
Example of the final task list is shown in Figure 2.
Job Position

Cate

Task Code

gory

BEL.01.05
MDS.01

A
A

FAK.03.01
JEB.02

Standard

TO RO

US

Manual control of control valves of Secondary Circuit
Control Plant Process Computer Terminal

TP/6014
P1/0002

x
x

=
x

x
x

B
B

Fill up spent fuel pond
Start up main cooling pump

MK/1 002
T-5 (S)

x
x

x
x

PR1.02
PR1.04

C
C

Perform PC ressure test at 3.5 MPa
Heat up primary circuit to 120 deg C

MK/1001
MK/1001

x
x

x
x

x
x

AOP.05

D

Control rod drop

HP/0105

x

x

x

EOP.32

E

Main steam line rupture

(EI)

x

x

x

Figure 2

Title

Examnple

ala the tinal

Lisk List for initiAl simulator

_
training

The tasks of the Task list were further sequenced and grouped into the training scenarios.
Scenarios were then organized in a time schedule of the course of simulator training.
Typical content of the training scenario was following:
Scenario Title
1urhuw ail)
Duration
/ holl
Type of training
li/i/lI ()per-wur Thiaitning
Training Objectives
l )mlluusll.sl c(e hi/ility lo.
1.01'. 22
Ide.'poixe to IG trip
A.(1'. 22. 0
IdeItify, 71( ltif)
Initial Conditions:
Documentation for operator
Documentation for instructor

IC/U

Pre -session preparation

Conduct of training
Critique I Evaluation

Siep) 1. Step) 2
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Training feedback
Training feedback was provided by
* after session critique
* operator questionnaires
* instructor reports.

encans of

4. Simulator use in all-plant emergency exercises
Mochovce NPP emergency exercises have been performed as minimum annually. In order to
provide realistic` scenario of event evolution and communication between the plant crisis
center and the control room, it was decided to include the control room crew at simulator into
the exercise.
By now two such emergency exercises took place ( Mochovce NPP has been in operation
since 1998 ).
Requirements on the exercise scenario were specified following:
* An initiating event and its consequences should lead to activation of the emergency plan of
pre-planned level of severity
* The event evolution must go in such way that requires control room crew to communicate
with the crisis center ( strategy of mitigating actions beyond basic EOls, update plant status
etc. ).
Following scenarios have been prepared:
* SGTR with SG safety valve stuck open, palatial damage of fuel cladding ( in order to
increase simulated radiation release to environment
* LOCA, l.oss of -IPSI, Partial Loss of [-PSI, Partial damage of fuel cladding, Loss of
Containment Spray System, Containment leak
Both scenarios led to radiation release to atmosphere and in that way to activation of the plant
crisis center and application of population protective measures ( sheltering of plant personnel,
warning of neighboring population aiid preparation of evacuation etc.
The exercise organization was following:
Before the exercise beginning, the umpires, evaluators and observers took their stands. The
training control roomn crew took over positions at silnulator main control room.
Event sequence was initiated at simulator. The CR crew responded to the transient evolution,
the shift supervisor activated the crisis center after the emergence plan activation conditions
were met. The CR crew was continuing Mitigating actions and communicating with the plant
crisis center. The plant crisis center was taking its decisions depending on the actual status of
the simulated plant and the expected further evolution based on the actual data from the
simulator.
The emergency exercise was stopped on commiiand of the head of exercise after meeting
required objectives.
Based on our positive experience we intend to continue the above mentioned way of the
Mochovce NPP emergency exercises. We also realized that in order to motivate the CR crew
the scenario of such exercise oin simulator should keep the CR crew busy most time and should
give them the opportunity to actively influence the transient evolution. From that point of view
the scenario with the SGTR and SG safety valve stuck open was found better, as it gave the
crew opportunity to influence the amount of activity release to environment by depressurizing
and cooling down primary circuit and in that way to play more active role than in the second
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scenario which basically
simulator instructor ).

depended on the maintenance personnel activities ( played by the

5. Procedure validation on Simulator
The two basic types of documentation have been used in the Mochovce NPP operation:
* Manipulation Cards ( normal operation procedures)
* Emergency Operational Procedures
As the simulator training of the plant personnel had to start prior the plant commissioning, it
was necessary to entirely validate the plant operational documentation, as it was basic
documentation used by operators in course of simulator training.
Basic kinds of discrepancies found in course of the procedure validation were:
* Incorrect sequencing of manipulation, missing or incomplete steps
* Procedure did not correspond with actual plant design ( logics, setpoints, controllers, ... )
* Plant design discrepancies did not allow to perform required actions.
The validation results allowed to fix the most of discrepancies found far enough before the
regular simulator training and consequently the plant commissioning. It was proved that in
order to make the simulator use more effective detailed table top verification of the procedures
is necessary prior to the simulator validation.
In September 1998 validation of new symnptom-based ( Westinghouse ) emergency procedures
was successfully completed on Mochovce simulator. It is scheduled to finish simulator training
and implementation of the new EOPs at Mochovee N1'l' by end of 1999
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Diagnosis Methods Based on Noise Analysis
at Cernavoda NPP, Ronania
Constantin Banica
Cernavoda NPP - Unit I
Medgidiei 1, CP 42, 8625 Cernavoda, Romania

Dumitru Dobrea
Reactor Physics & Nuclear Safety Division
Institute for Nuclear Research (SCN)
0300 Pitesti, Romania

ABSTRACT
This paper describes a iecent noise analysis of (lic neutronic signals provided by in-core flux detectors (ICFD)

and ion chambers (IC). This analysis is part of on-going program developed for Unit I of the Cernavoda NPP,
Romania, with tei following main objectives
* prediction of detector failures based on pattern recognition
* dctcrmination of prompt fractions in steady states
* detection of abnormal mechlanical vibrations in the reactor core
The introduction presents briefly the reactor, the location of ICFD's and [C's. The second section presents the
data acquisition systems and their capabilities. The paper continues with a brief presentation of the numerical
methods used for analysis (section 3). The most significant results can be found in section 4, while section 5
concludes about useful information that can be obtained front the neutronic signals at high power during
steady-state operation.

1. Introduction

The Unit I of Cernavoda NPP (in operation) is a CANDU 6 design, with a 700 MWe electrical
output. It is powered by a PHWR reactor using natural Uranium as fuel and heavy water as moderator.
The reactor is a large cylinder containing horizontal, cylindrical fuel channels with on-power
refuelling. There are various reactivity control devices: liquid & mechanical absorbers, poison
addition, etc.. The reactor is cooled with heavy water at high pressure (around 10 MPa) and
temperature (around 3000 C).
There are two "full capability" reactor shutdown systems, physically and functionally
independent of each other: one uses vertical shutoff rods, while the other uses horizontal poison
injection nozzles, perpendicular to the fuel channels.
There is a large number of self-powered Platinum in-core flux detectors (ICFD) spread
throughout the core (see figure 1 below):
* 34 detectors in vertical assemblies for Shutdown System # I (SDSI)
* 23 detectors in horizontal assemblies for Shutdown System # 2 (SDS2)
* 28 used by the Reactor Regulating System (RRS) for bulk & spatial control.
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These detectors are 85 % prompt and have a complicated dynamDic response. Their performance IS
very important because:
424~~~~~~~~~~~~~~~~~~~~

E

*

the detectors used by shutdown systems are required to trip the reactor in case of a -regional
overpower" . These trips protect against local flux increases leading to fuel overheating and
dryout. Any detector failure leads to setpoint reductions with economic consequences (the
reactor cannot be operated at full powver).

*

the RRS detectors are essential for the bulk and spatial power control. If both detectors in a
control zone fail, the reactor must be shutdown.

•

other CANDU utilities had to face detector / assembly failures during plant life-

Nuclear Power Plant Operation

The 9 ion chambers (3 for SDS 1, 3 for SDS2, 3 for RRS) are located outside the reactor core, on
both sides. They provide linear, logarithmic and log rate signals for reactor control and shutdown.
Their response is fairly prompt and is a good indication of the global reactor power.
There arc also 102 Vanadium IFCD's for on-line mapping of flux & power distributions. They
are precise, but their response is slow and cannot be used for noise analysis.

2. Data acquisition systems
In 1996, before the plant commissioning, two fast data acquisition systems were installed to
monitor and record the most important parameters of each shutdown system, including the flux
detectors and ion chambers.
Each of these systems consisted of a PC, a plug-in data acquisition card which includes the A/D
convertor and a chassis with FET multiplexers. The systems were setup to acquire 40-70 voltage
signals with a resolution of 12 - 16 bits, depending on the time setup for each measurement: 9-40 Vts.
A dedicated software package (LabVIEW) was used for programming.
These systems were very helpful during commissioning tests: the data were automatically
recorded on files with a good precision. High speed recording was used during reactor rundown tests
and noise measurements: I nis sampling time wvith 10 ps between consecutive channels.
Since december 1996 (start of comercial operation), the systems are used day-by-day to monitor
and record the parameters of the shutdown systems. The software applications are operator-friendly
and provide all the facilities (trends, alarms).

3. Applications of the noise analysis
The analysis of data recorded during the initial noise measurements have shown that:
* each flux detector has its own typical behaviour ("pattem")
* the grid frequency (50 Hz) is not thz most important that can be detected
* correlations between various signals can provide information about the process itself, like
mechanical vibrations and reactor control periodic effects.

3.1 Numerical methods
The noise measurements were restarted in 1998 and some numerical values were obtained for
steady, full power operating conditions:
the power spectra for signals provided by SDS flux detectors and pressure/level
transmitters (fig. 2 below)
* cross-spectra between pairs of detectors and/or transmitters
* coherence factors (fig. 3 below) defined as:
2 (f)

=

1G.,

where Gxy(f) is the cross-spectra of the two signals x and y, while Gx(f) and Gy(f) are the
spectral powers of x and y.
* phases of the cross-spectra between pairs of detectors and/or transmitters (fig. 4 below)
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Fig. 2. Individual power spectra for the in-core flux detector 3.
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3.2 Analysis of individual detector perlformancec
The useful information are the power spectra, the cross-spectra and the coherences. To
quantify the power spcctra, one can use:
* the maximum peak value for cach significant frequency or
* the peak area (unfortunately, it varies fromn one recording to another).
Given the liitle likelihood that all detectors Liil simultaneously, it is preferable to use the
maximum coherence for pairs o' detector-s to determinc whether or not one of the detectors has failed.
'[he coherence is less sensitive to variations of individual amplitudes betwec, succesive
measurements, but it is very sensitive to correlated noises lor which its value approaches 1.
Thus, two methods are available to an:lyvze the behaviour of ICl()'s:
* establishing the individual power spectruin ("normal pattenli") and the criteria for
recognition ot failUrCs
* analyzing the coherences between the suspect detector and other related detectors

3.3 I)ctcrmination of prompt fractions in steady-state
Due to burnup, the dynamics ot' Ilatinum detectors is changing in time (the ratio between the
prompt and delayed components of the signal). It is important to monitor the prompt fraction on a
regular basis in order to take corrective actions (electronic compensation of the delays).
The most convenient way to determine the prompt tractions is to record "pure" detector
signals during fast transients, like power rulind\vnis due to tiring of the shutdown systems (such data is
available every two years, only).
Methods ior estimation of prompt tractions dur-ing steady state operation were previously
referencedl lj, but no iilnot-iatliol was avalilble. We have calculated pronipt t;action values based on
tlle assumption that the ion chamnber signal is 100 % prompt and using the coherence function
between the IC'I) signal x and the 1C' signal y, 'or a frequency domiln speci tic to global periodic
variations of the neutron poiwer (due to control, mainly). The prompt fraction is obtained from the
coherence at the frequency , ,,, corresponding to the maximumi aniplitulde i that specific domain
of ftcquency. If 1ornormalized to the accurate valuies ol tailic(i after rundown mcasurerments, this prompt
fracltion indicates the trieid ini deteclor perlorroance.

3.4 Detection of mechanical Abibrations inside the core
Given the location of ICI'D's between neutron absorbers, it is normal that they "feel"
vibrations of various origins:
* detector guide tubes
* guide tubes of the mechanical rods
* fuel chaunels
* oscillatioos (o hhc vater level In the 1quid control units
* oscl!!ations induced by' moderator l-low inside the core
Detectors can be grouped taking account of'their proximity to these devices, and correlations
inside these groups can provide relevant information. IFor example, an abnormally high peak close to
10 liz can indicate the vibration o'a ftuel channel and the presence of a stable harimonic can indicate a
reduction of coolant flow in ttiat specilic channel
In Figures 3-4 one can see that detectors belonging to the samei assembly show large
coherence (close to 1 ) and a zero phase region Around the assebnilly vibration frequency.
For this kind of analysis, it is essential to identity correctly the frequencies characteristic to
each cause.
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3.5 Fourier Analysis versus Multiresolution Analysis
The traditional Fourier analysis needs a large number of samples for each signal and has a
finite resolution depending on the A/D converter. It is also possible to output "alias frequencies" if the
input signals are not filtered by an analog device ("low-pass filters").
Given that the interesting phenomena (core vibrations, etc.) have frequencies between
1-20 Hz, the spectra provided by Fourier analysis are very complex and the calculations must be
refined in order to separate the peaks, minimize Frequency biases and "leakages". We have used the
MATLAB options regarding changes in window type (Bartlett, Hanning or Kaiser) or length,
alternatives to the Welch FFT (maximum entropy method, multitaper, multiple signal classification).
MATLAB has also offered possibilities for optimization of the time-consuming matrix work.
The multiresolution analysis is based on the wavelet transforms and provides another means
for description of records using time and frequency. It offers possibilities for analysis of non-periodic
noises or sinusoidal packets - exactly what is needed for the neutronic flux detectors in power reactors.
The figure 5 below illustrates the multiresolution analysis based upon wavelet packets. If using level 5
wavelet packet, one can obtain a scale of 32 frequencies, although the time domain is reduced. We can
see a clear vibration close to 4 Hz (almost sinusoidal) and the alias frequency at 5 Hz, with a smaller
amplitude.

300
200
100

20~

~ 2

140
3

~~~~3.5

Fig. 5. Debauchy Db5 and level 5 Wavelet packet analysis of the detector 3G response
3.6 Filtering and Anti-aliasing
During the work, digital filtering was found to have limited aplicability, like elimination of
low frequencies ("white noise"). Suplementary hardware is required for extracting the useful
information: analog filters ("low-pass" or "anti-aliasing, band-pass"), noise amplifiers and circuits for
elimination of the DC component.
The main problem encountered in the absence of analog filters is the appearance of alias
frequencies. A simple method was developed in order to eliminate the alias frequencies if', based
428
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upon the observation that real and alias frequencies are related to the sampling frequency f by the
relation V - kf + V a(k is a positive integer, v is the real frequency and .a <f). An initial
"guess" is made for one alias frequency v,, , then tables containing the values kf ± v"aare produced,
and the relation:

|mf± ± v ,10

(nf

is verified for various fl F2
for peaks v a
integers and F is the frequency leakage error).

± V' ) < c

for which the amplitudes are comparable (mi, n are

4. Results
The methodology described above was implemented in computer codes and validation was
performed using frequency values close to prime numbers (1 1 Hz, 13 Hz, 17 Hz, 23 Hz, 31 Hz and 37
Hz). Data was acquired with 16 bit resolution and 10 Us between consecutive channels of
measurement, i.e. less than 0.5 ms for a complete sample of all the neutronic signals (40 for SDS I and
29 for SDS2).
4.1 Alias frequencies
Elimination of alias frequencies was necessary to disseminate the "noises" of interest (no
analog filter was available). The table belows presents the results for detector IH (A=peak amplitude):
Sampling
frequency (Hz)
11

Peak with AM-950
1.8

13
17

6.14
2.58

23
31
37

100

__

7.29
10.2
17.5
38.44

Ali as-fruency v
Peak wAith A=520
Peaik with A-0
3.6
.___.__
071)
7
S
.z16
1.39
8.7

5.84

.0.8

6. 37

.85
23.29

3.92
7.99

Comments
A-520 is a hamionic of the peak
with A=950
A-520 is a harmonic of the peak
with A=950

_

The real frequencies are 240Hz (A950), 480Hz (AM520), 7'() Iz (A=80). All these arise
from multiples (harmonics) of the 50 Hz fundamental (grid frequency), with differences of 10 Hz, 20
Hz, 30 Hz - this behaviour is characteristic to the "beats" phenomenon. The situation is consistent and
justifies the elimination of the frequencies above from the detector spectrum.

4.2 Individual detector patterns and coherences
A specific spectrum was identified for each of the 57 detectors as "normal pattern" (the
domain 0-10 lHz was preferred). Specific criteria was then defined Cor each peak in the spectrum for
further diagnosis of detector condition. A dedicated graphics interface is being build-up for visual
comparison of individual spectrum.
The most stable frequencies are 3.3 Hlz and 4.2 Hz (only one per detector), for which large
coherences exist (close to 0.9 between detectors 3G and 3H). These were identified as characteristics
of detector guide tubes of different lengths. It is also well emphasized that the horizontal tubes have
larger vibrations than the vertical tubes because of their orientation versus moderator flow.
The phases are close to zero for peaks at frequencies between 0-10 Hz. The control frequency
of 0.25 H1z is present both in individual spectra and phase representations.

InternationalConference Nuclear Energy in CentralEurope '99

429

Nuclear Power Plant Operation

Pattern recognition is based upon a set of routines using neural network and fuzzy analysis
backgrounds. Clustering of peak amplitudes or areas is performed using the 2-D Fuzzy C-means
Clustering, and Competitive Learning.
Fault prediction is based upon classical time series forecasting (ARIMA models) and fuzzy
methods have also been emphasized.
The results obtained are very stable, as the detector peak amplitude/areas collected during the
last 6 months do not show signifficant dispersion, indicating a continuous, normal steady state
behaviour.
4.3 Prompt fractions
These were derived for all the detectors and good consistency with initial calculations
(commissioning) and theoretical expectations was achieved. This type of calculation is included in a
periodic plan for each year.
4.4. Determination of mechanical vibrations
Detectors surrounding fuel channels were analyzed for the domain 4-15 Hz and some peaks
and coherences were found close to 10 Hz (channel E09, for example). Given the small age of the
plant, it is not expected to encounter significant vibrations. The method is being refined and
concentrated on the channels included in the periodic inspection program (the information gathered
will be used for validation).
The stability of the control system and condition monitoring of the liquid zone control is the
other further development of this noise analysis program.

5. Conclusions
For the Cemavoda Unit I PH-IR reactor, the signals provided by flux detectors and ion
chambers were analyzed under steady state, full power conditions and noise information was
extracted.
The spectra were complex and different methodologies (FFT, MRA) wvere applied or
developed in order to eliminate the electrical contributions. The normal behaviour was recorded as a
prerequisite and the signal spectra were synthesized in "patterns" for further comparisons.
l[his methodology can be applied for estimation of detector performance using a pattern
recognition technique. ILcan also provide indications about abnormal vibrations inside the core, based
on detector proximity to neutron absorbers.
[n conclusion, noise analysis is very advantageous for plant "healtlh" because it provides
significant information wvithout interfering with plant operation
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Safety upgrading program in NPP Mochovce
Pavol Baumeister
Mochovee Nuclear Power Plant
Slovakia
ABSTRACT
EMO interest is to operate only nuclear power plants with high standards of nuclear safety. This aim EMO
declare on preparation completion and commissioning of Mochovce Nuclear Power Plant. Wide co-operation of
our company with International Atomic Energy Agency and west European institutions and companies has been
started with aim to fulfil the nuclear safety requirements for Mochovce NPP. Set of 87 safety measures was
implemented at Mochovce Unit land is under construction at Unit 2. Mochovce NPP approach to safety

upgrading implementation is showed on chosen measures. This presentation is focused on the issues category Itt
1. Introduction

The Safety improvement is a permanent part of the work for the NPP operator. In 1995
a Safety Improvement Programnme for Mochovce NPP was elaborated in the framework of
Units 1 and 2 completion works.
For the realisation of the Mochovce NPP Safety Improvement Programme, the Technical
Specifications of the Safety Measures defining the requirements for the solution of the safety
issues have been prepared in July 1995 with the collaboration of the Nuclear Power Plants
Institute Trnava (VUJE) which have been used as data for the contracts with the contractors in
charge of the issues. They have been broken down into 87 Safety MTeasures and take into
consideration SE EMO project specifities.
The basic document for the preparation of the Technical Specifications of the Safety Measures
was "Safety issues and their ranking for WWER-440/213 Nuclear Power Plants draf "
elaborated in March 1995 by IAEA expert group. This document has been reviewed several
times and printed in April 1996 as IAEA-EBP-WWER-03 when the contract have been
signed. The mentioned safety issues are ranked into 4 categories according to their safety
significance. it is important to highlight that none of the issues related to WWER
440/213 is ranked in the IV category, it means the category with the highest significance.

The process of the safety measures implementation is issued fronm the federal decree 105/81
and managed by the QA procedure. The Change Procedure is the initiation of the inclusion of
the safety measure design results into the general supply.
The Safety Measures implementation was contractually agreed between SE a.s. - EMO and
the General Supplier Skoda Praha and between SE a.s. - EMO and Hydrostav Bratislava for
the civil engineering

InternationalConference Nuclear Energy

in Central ].urope '99

431

Nuclear Power Plant Operation

The "Mochovce NPP Safety Improvement programme" contains the solutions of the issues
according to the proposals of foreign experts who have participated in the past to the safety
assessment and gives the guaranty to the Slovak and the international population that the
operation of the plant will be safe. The aim of the operator is to solve, before the start up of
Units 1 and 2, all safety issues ranked in the III and the II categories or to implement
temporary solutions in order to reduce the safety significance issues.
The issues of high safety concern are the following category III issues
* Insufficient qualification of equipment for anticipated ambient and seismic conditions for
DBAs ( G02- Qualification of equipment see Chapter 1).
* Bubbler condenser behavior at maximum difference ( double - ended guillotine break of
primary piping) is also of high safety concern. The regulations pertaining to strenght
calculations in force at the time of bubbler condenser design did not correspond to western
practice and has been changed in Russia itself. ( CONT01- Bubbler condenser strenght
behavior under LOCA conditions see Chapter 2).
* Non - destructive testing for reactor coolant system in framework of in service inspection
( ISI ) present deficiencies and deviations from current standards. The ISI approach used
so far is not adequate for a timely detection of degradation. As reliable ISI is a key element
required to preserve the integrity of the third barrier ( primary system boundary ), this issue
is also considered of high safety concern ( C102 - Non- destructive control see Chapter 3)
* The risk of ECCS sump screen blocking appeared higher than expected after an incident
which happened in 1992 at a Swedish nuclear power plant. This could result in a common
cause failure of whole ECCS following a large break LOCA ( S05 - ECCS sump screen
blockig risk see Chapter 4).
* The layout of EFWS, which is located in turbine hall, is such that it might be exposed to
common cause failure by fire, fooding, high energy pipe break or earthquake when, is
needed to cool the core ( S13 - Feedwater system vulnerability see Chapter 5 ).
* Fire protection, which is all the more important as redundant safety related equipment, is
insufficiently separated in some areas such as the EFWS in the turbine hall, and power
cables ( or control cables ) of redundant safety related components follows the same route
are located in same compartments ( 1H02 - Fire prevention see Chapter 6 ).
* High energy pipe breaks in the intermediate building at 14.7 m could result in multiple
failures of safety related systems and, in some cases, to loss of EFWS when is needed
( 1H07 - Internal hazards due to high energy pipe breaks see Chapter 7 ).
* Seismic safety is also considered of high safety concern since the original seismic design is
generally not in accordance with current international practice ( EIIOI - Seismic design see
Chapter 8).
During the safety assessment process of Mochovce Unit I taking place before the stalt up, a
"Synthesis sheet` document was elaborated for each safety measure resolved on the basis of
"Technical Specifications of the Safety Measures for Mochovce Unit 1 Safety Improvement
Programme rev. 1, July 1995", describing the safety issue, the scope of the measure and the
contents of the studies to be (lone and the results already available. We had also modifications
to be implemented in order to show the state before the start Up of Unit 1. 'I'he assessment
was done to the 31.8.98. The "Synthesis Sheets" of the Safety Measures was presented under
the same order as the "Technical Specifications" and each one had the correspondent
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comparison with IAEA document concerning the safety issues related to WWER-440/213
NPPs (LAEA-EBP-WWER-03, April 1996).
The Safety Measures implementation was contractually agreed between SE a. s. - EMO and
the General Supplier Skoda Praha a. s. and between SE a. s. - EMO and Flydrostav Bratislava
a. s. for the civil engineering .
On the basis of the preliminary PSA for the risk of unit I core melting, the input frequency of
the core melting was reduce from 1.03E-*3lyear before the implementation of the Safety
measures to 6.54.E-5/year at the start up after the implementation of the contractually
approved Safety Measures ( this value does not include implementation of EOP- s).
1. G01 - Qualification of equipment
1.2. Safety Measure scope
1. A comparison between the national - decree 436/90- and the international standards:
v OPB-88
v/ INSAG-3, IAEA 1/88-Safety Series-75
v' 50-S.G-DI, Safety functions and component classification for BWR, PWR and PTR
v 94C1841 Report 9.7, Criteria for seismic evaluation and potential design fixes for
WWER
2. Modification of the existing list of classified equipment.
3. Elaboration of the corrected list of classified equipment.
1.2.Results and conclusions of Performed studies
A comparison between the Decree 436/90 and the IAEA Safety Series 50-SG-DI "Safety
Function and component classification for 13WR, PWR and PTR" and 75-INSAG-3 "Basic
Safety Principles" taking into account OPB-88, was performed. The list of classified
equipment, rev.l contains already the design amendments from 05.97 to 31.1.1998. This list
of classified equipment was edited at EMO's as a quality assurance procedure approved by
NRA.
The comparison concluded that the Decree 436/90 is in full accordance with NUSS 50-C. The
existing list is completed with the required data (function, redundancy, location) and is
approved by UJD. The list will be completed with the safety equipment which will be
installed in the flxture as a result of safety improvements.
1.3. Measures taken at MOCIJOVF NPP
These modifications include:
qualification to the environment of mechanical, electrical and I&C equipment on the basis
of documentation analysis,
/ qualification evaluation of buildings,
/ test reports of classified electrical equipment and drives.
These preliminary activities resulted in a set of qualification certificates. Due to the lack of
some documents for the corresponding components. the conclusions in some cases were "non
satisfactory" or "satisfactory under conditions". In these cases, additional tests according to
valid qualification procedures will be performed.
The implementation will improve the reliability and ensure the qualification of pressure
differential sensors in emergency condition at 158 'C.
No further hardware modifications are foreseen.
International Conference Nuclear Energy in Central Lurope '99

433

Nuclear Power Plant Operation

In the second stage the real life time of the equipment will be studied and the
recommendations elaborated how to maintain and follow-up the qualification during the life
time, including the ageing process. Recommendations for qualified equipment maintenance
will be prepared before December 1999.
Hardware modifications resulted in the replacement of the classified pressure and pressure
differential sensors SAPHIR 22DD by ROSEMOUNT 1151, 1152 and 1153 type. Sensors
linked to reactor trip HO and ESFAS have been installed in the first stage.
2. CONT 01 - Bubbler condenser strenght behavior under LOCA conditions
2.1. Safety Measure scope
The final loads on the bubbler condenser structures will be defined in the scope of the SMs
CONT02 - CONT04. On the basis of these results, or on conservative loads for the most
severe design basis accident (large LOCAs, main steam line breaks, feedwater line breaks),
strength analyses of the bubble condenser structures will be performed and the associated
strength capability per comparison with design data assessed. If necessary the upgrading
design will be elaborated and reinforcement implemented.
2.2. Results and conclusions o erformed studies
To check the as-built situation, the following studies were performed:
v" assessment of the strength analysis of the bubbler condenser structure, based on design
drawings, as-built drawings,
v acceptance criteria for the structures, structural analyses, experimental strength verification,
theory of elasticity and allowable stress for the main steel structures, non-linear theory of
elasticity and plasticity for the steel sheet structures, analyses using finite shell elements for
membrane and bending stresses, conservative material properties, verification by partial
models and experiments,
/ basic and detailed design of necessary modifications.
2.3. Snthetic de(scription of the proposed modification
These modifications include:
1) the stabilisation of the outer beams against the impact of horizontal overpressure forces on
the side walls (ending stress, buckling, torsion) by mean of:
stay-bolts ribs bracing of the 1st. to 10th. floor ceiling with the bottom of the 2nd. to 11th.
floor chambers on the side walls,
/ modification: upgrading of the beams anchoring of the platforms to the concrete of bubble
condenser side walls,
2) strutting between 1st. and 2nd. floor main beams outside of the baffle to protect the 1st. and
2nd. floor against lifting.
/ the sheet structures of the tray chambers in the regular floors (1st to 11th floors) resist to
this overpressure without reinforcement, and the functional capability remains preserved,
even if a similar strength capacity of the tray chamber on the 12th floor has not been
demonstrated either by analysis or by experiment, a sufficient functionality of the bubbler
condenser is preserved (and the global stability of the floor is preserved when this tray level
would fail); therefore, no reinforcement is necessary,
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v' the main floor beams located under the side walls need and 12th. floor to be upgraded, and
beams in the bottom floor need to be protected from uplift.
3. C102 - Non destructive control
3.1 Safety Measure scope
V to develop, have approved by NRA and maintain a pre-operational and operational
inspection programme, taking into account the experience gained from research
programmes and other NPPs operation,
V to introduce a qualification system for NDT personnel and for equipment testing,
v' to analyse in detail all questions relative to the main primary components NDT.
3.2. Results and conclusions ofperformedl studies
The following analyses and studies were performed:
1. Methodologies of primary circuit NDT
2. RPV in-service inspections
3. In-service inspections of primary piping
4. ISI and PSI project for base metal, welds and welding material for SG 21 3
5. IS] and PSI project for base metal, welds and welding material for pressurizer
6. Qualification requirements of pressure vessels ultrasonic ISI .
PSI and ISI programmes have been prepared for the main primary components reflecting the
present level of technical means, PSI, ISI QA procedures and fulfilling the requirements for
quality solution as per ISO 9000.
Reports a. m. in points 2, 3, 4, 5 in paragraph "Results and conclusions of performed studies"
have been the subject of a Change Procedure. Requirements for inspections resulting from
IB1 methodology have been enforced.
NDT methodologies and programmes have been prepared according to PSI which was
performed before the start up of unit 1 and further IS].
4. SOS - ECCS sump screen blocking risk
4.1. Soaeiv Measure scope
The objective of this SM is to ensure the operability of the ECCS and confinement spray
system in case of a LOCA, preventing the insulation material of the primary circuit released
by the accident and flowing to the sump screens to block them, and to monitor the filter
clogging degree.
4.2. Results and conclusions of perfornmec studies
Skoda performed the following studies and developed the SM basic design:
V determination of the effective surface of the filters,
V verification of the physical and mechanical properties of the insulation material,
V evaluation of the insulation material behaviour in dynamic conditions,
v' verification of the operating modes of the ECCS pumps,
V verification of the sump structures mechanical reinforcements,
V basic design of the new anchorage of the filters,
V basic design of sump operability monitoring system.
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Analyses stated that it is not necessary to change the heat insulation of equipment and pipes in
the containment but it is necessary to increase the filter surface around the sumps and to
protect them against the effects of water flow. Furthermore, it is necessary to monitor the filter
clogging process in the SG compartment floor in LOCA mode.
The data of the monitoring system will be used in the strategy of symptom oriented EOPs.
4.3 Synthetic description of the proposed modification
The hardware modifications consist of:
v installation of a new anchorage of the filters,
/ installation of two independent water level measurement systems for each ECCS system,
one before and the second one into the screen:
* one level measurement by mean of conductivity sensors before and after
the screens,
* the second level measurement will use submersible pressure measurement.
Each of the 3 lines is individually evaluated.
5. S13 - Feedwater system vulnerability
5.1. Sa etv Measure scope
Upgrading of EFWS in such a way to fulfil all criteria required by NRA for the design,
construction and operation of safety systems:
/ re-routing of EFWS piping to avoid hazard areas at level + 14.7 m,
it is necessary in the design to take into consideration the non impact of all 3 EFWS that
might come from flooding and the confirmation of seismic resistance of all EFWS
components and their resistance to the impact of other non seismic components,
A verification of present pumps characteristics in regards to the new routing (piping
configuration),
implementation of physical and electrical separation of system components, in particular
the power supply of valves layout according to the new design.
/ setting of criteria of EFW supply to SGs,
/ determination of the acceptance risk of the consequences of 1 MPa cold water supply to SG
through FW tanks,
v verification of the continuous measurement efficiency of make up water quality from
EFWS tanks to SG.
5.2 Results and conclusions ofperformed studies
basic design of the new installation of the EFWS,
/ analysis of the risk of 10 ata. water supply to FW tanks,
v` settlement of criteria for water supply to SG.
/ draft of new EWS routing outside turbine hall a intermediate building using the new
mechanical penetrations,
V draft for the reduction of actuating components (valves) number for each EFW subsystem,
v` the risk analysis for 10 ata. water supply to FW tanks proves the accuracy of the design
solution.
5.3. Measures taken at MOCHO VCE NPP
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The modifications have been partly performed before Unit 1 start-up; in particular, part of the
lines has been installed inside the reactor building and the confinement penetrations have been
made.
The existing design solution remain temporarily without modifications.
The work outside containment will continue during plant operation. The rest of the
modifications will be implemented during the plant outage.
6. 1H02 - Fire prevention

6. 1. Safet Measure scope
Based on the results of the compartmentalisation. the required fire resistance and qualification
of the fire barriers at the boundaries of the fire areas have to be checked, e.g. fire doors and
dampers, penetration seals, protection of the steel structure, heat insulation of the ventilation
ducts. In case of common modes, the efficiency of the coating and the covering will be
checked.
The separation of the MCR and ECR will be checked from the fire protection point of view.
6.2. Results and conclusions o performed studies
After checking of the design, test protocols, walkdowns on site, the conclusions are as follows
(summary report):
fire doors are qualified for 90 min protection and their smoke tightness will be improved
v/ fire dampers will be improved in the rower block (motorised with remote control) or
changed,
/ the penetrations sealing is generally satisfactory.
/ there is a need for some additional protection coating of cable trays steel structures,
/ the heat insulation of the ventilation ducts is satisfactory.
6.3. Measures taken at AOCHOVCE NPI)
The fire dampers are qualified for 90 min fire they will be changed if it is not possible to
improve them by addition of a remote control modification. Defined ventilation ducts will be
insulated.
The coating of cables and steel structures, the separation of cable common modes and the
doors smoke tightness have been implemented before unit I start-up.
Replacement of the fire lampers and the thermal insulation of some ventilation ducts will be
done during the first planned shutdown.
7. 1H07 - Internal hazards due to energy pipe breaks
7. 1. Sao i Measure scope
The analysis of the high energy pipe break effects will cover the following steps:
/ identification of weak and possible break points and analysis of the impact on the safety,
v' identification of safety components to be protected against mechanical and hydraulic
effects resulting from a
pipe break (mechanical and electrical components, ESFAS instrumentation),
/ protective measures wherever needed.
7.2. Results and conclusion.s of performed studies
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The analyses demonstrate the satisfactory level of the strength of the piping and existing
restraints of the MSL and MFWL. However, in accordance with the rules, a rupture shall be
postulated to occur at the terminal ends. For this reason, protective measures are defined to
achieve full protection (protection of building structures, restriction of pipe whip effects and
protection of jet forces, axial and radial guide of the failed line). Such measures are foreseen
for these lines at the containment penetrations in axis "B" (including modification of LBA 62
and 65 penetrations from the reactor hall to the intermediate building), LAB 5,35 FW lines
and LBA 1,2,31,32 steam lines at the boundary between the intermediate building and the
turbine hall in the turbine hall.
8. EHO1 - Seismic project
8.1. Safety Measure scope
The seismic reassessment of Mochovce NPP will go through the following steps:
/ principles for the cooldown of the unit after an earthquake,
v definition of the seismic input data,
v establishment of the list of the civil structures and equipment to be verified,
i/ seismic calculations and evaluation,
/ design and implementation of reinforcement measures,
$' revaluation of the seismic monitoring system.
8.2. Results and conclusions ofperforined studies
The seismic revaluation contents:
/ principles for the cooldown of the unit after an earthquake,
/ the identification of the safety related structures and safe shutdown equipment,
/ the evaluation of the seismic limit resistance using different methodologies and walkdowns
or calculation of critical group of components,
/ the comparison of the seismic load with response spectra of the location,
v` the evaluation of the anchoring,
/ the identification of possible interaction.
/ elaboration and approval of document "Main principles for the unit cooldown after an
earthquake".
8.3. Synthetic description of the proposed modification
The improvements of the civil structures consist of modifications of the support of beams
embedded into the existing walls between reactor hall and turbine hall, reinforcement of the
light walls by steel profiles and wire mesh, new columns for the reinforcement of the floor
slabs.
The improvement of the seismic behaviour of the equipment consist mainly of the
improvement of their anchoring and the reinforcement of the tanks (braces).
Completion of components and equipment in order to have the possibility of a seismic
cooldown through ECCS (JNB) on the basis of the document " Main principles for the unit
cooldown after an earthquake".
Seismic monitoring system:
The result is the operation of the external seismic monitoring network in the surrounding of
the NPP and directly in the NPP site for 1997. Sensors have been changed in the frame of anti
seismic protection system .
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Probabilistic Determination of Neutronic Trip Setpoints
at Cernavoda NPP, Romania
Constantin Banica
Technical Unit, Cernavoda NPP - Unit 1
Medgidiei 1, (P 42, 8625 Cernavoda, Romania
ABSTRACT
This paper describes the methodology used for probabilistic determination of the Regional
Overpower tripsetpoints at Cernavoda Nuclear Power Plant - Unit I (a CANDU® project).
The shutdown systems use in-core flux detectors to protect against local power increases that can
lead to fuel dryout and melting. These flux detectors are spread throughout the reactor core and are
assigned to 3 independent trip channels per shutdown system. The design criteria is that each shutdown
system must trip the reactor with a confidence of 98 % on a "2 of 2" logic, i.e. assuming the "best" trip
channel unavailable.
Parameters considered in the calculation of the trip-setpoints (TSP) are affected by random and
systematic errors. The probabilistic approach described here was developed by AECLWII specialists and
allows error margins of- 100% , lower than the deterministic margin of 15-20 %.

1. Introduction
The Unit I of Cernavoda NPP, Romania is a CANDU' 6 design, with a 700 MWe
electrical output. It is lowered by a Pressurized Heavy Water Reactor using natural
Uranium as fuel and heavy water as moderator. Refuelling of the channels is executed onpower and heavy water is used for cooling.
2. Requirements for overpower protection
The parameters of the coolant are very high:
* pressure - 10 Mpa
* temperature:> 300" C
Any local power increases leads to fuel overheating. The design criterion is prevention of
fuel dryout in any fuel channel, regardless of core configuration and other spatial effects.
3. Systems that prevent overpowers
* Reactor Regulating System - primary bulk and spatial control
• Flux Mapping - setback on high local power
* Regional OverPower Trips (ROPT) for the two shutdown systems - they account for
Loss-of-Regulation accidents (and provide a backup signal for LOCA).
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4. Trip logic
* Each shutdown system uses a large set of Platinum flux detectors spread throughout the
reactor core (fig. I below).
* Each detector is assigned to one of the 3 independent trip channels per shutdown system
and has its own trip setpoint (TSP).
* If the signal of any detector exceeds the TSP, the conresponding trip channel is tripped.
Trip by 2 or 3 channels initiates a reactor shutdown.
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5. Trip confidence criteria
The design criteria is that each shutdown system must trip the reactor with a confidence
of 98 % on a "2 of 2" logic, i.e. assuming the "best" trip channel unavailable.

6. Features that influence the flux distributions
The current core configuration is affected by the:
* position of reactivity control devices (liquid zone controllers, adjuster & control rods,
shutoff rods). This gives the "flux shape".
* burnup distribution (it varies continuously because of on-power fuelling and poison
addition/withdrawal). The corresponding effect on channel powers is called the
"ripple" effect.
Overpowers must be detected at any moment,. i.e. regardless of "flux shapes" and
"ripples".

7. Methodology
7.1 Core configurations
First, a large set (few hundreds) of core configurations ("flux shapes") is organized to
comprise:
* the nominal configuration - the cne which is used most of the time)
* the normal configurations - these arrive from normal movements of the reactivity
devices (insertion of control rods, etc.)
* credible perturbations that can arise: individual rod stuck, draining of liquid zone
controllers, combinations.
For each configuration in this set, the corresponding "unrippled" channel power
distributions is determined by 3-D diffusion calculations.
7.2 Critical channel powers
The dryout criterion is applied to derive the critical channel powers (CCP), considering
axial flux distributions and critical heat fluxes for each core configuration.

7.3 Basic deterministic equation
The detectors should reach their trip setpoints before any channel power reaches its
critical (dryout) value. Thus, the basic deterministic link between channel powers and
neutronic signals is simply:

TSFp. •M
97
:m

[CCP(M)]

[

CP(m)]

where j indexes the detectors, m indexes the channels, TSP = Trip SetPoint , 0 is the
Reference Flux signal, CP = reference Channel Power, CCP = Critical Channel Power.
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In practice, there are many error allowances and corrections due to ripples, flux-shapes,
calibrations, etc. This approach is not convenient for determination of trip setpoints because it
cannot provide information about the confidence level.
7.4 The probabilistic alternative
This consists of calculation of tripping probability and iterative modification of trip
setpoints until the required trip confidence of
98 % is obtained based on the "2 of 2" logic.
The delicate part is the evaluation of the errors involved by these calculations. These
errors were clasiffied into four categories:
* common-random (CR): these are random in their probability of occurrence, but affect all
detectors or all channels in the same way (e.g. fluctuations in the coolant inlet temperature)
* channel-random (CH): these affect the ratio CCP/CP, in a specific manner for each
channel (e.g. uncertainties in channel hydraulic resistance)
* detector-random (DR): these affect the individual TSP or detector signals (e.g. detector
calibration errors)
* systematic: these are present at all times, or during specific configurations (dynamic lag in
detector signal during startup, for example)
The errors are assumed to be normally distributed (Gaussian) and the specific values are
combined by category according to the following niles:
* systematic errors and correlated random errors are summed by simple addition
* randorn, uncorrelated errors are summed by root-sumn-square
The error values are measured during commisioning / operation, or are estimated based
on experimcental/historical data.
For Cemavoda Unit 1, an initial estimate of the errors related to flux shape simulations
was performed during commissioning [2]. Special perturbation tests have reproduced
representative flux shapes, used fOr calculation of the simulation error. Other estimates were
achieved during operation, especially for thermal-hydraulics values.
7.5 Probability Calculation
For each flux shape, the Critical Power Ratio CPR is defined for each channel m as
CPR(m)=CCP(m)/C['(m), without considering the "ripple"effect. The corresponding
probability distribution is a Gaussian centered in CPR(m) with a = channel-random error (fig.
below).
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Fig. 2 - Indisvidual CPR probability distributions
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The "density" of channels with CPR in defined intervals is then calculated and averaged
over a comprehensive set of "ripples". The probability that CPR is greater than a specific
value is obtained by multiplying all the individual corresponding probabilities using the
densities for weighting (fig. 3 below).
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Fig. 3 - Combination of channel CPR distributions
Then, the probability distribution Qc11 for the limiting CPR is obtained by derivation (fig.
4 below) - this represents the "limiting" CE'R for this flux shape and this set of ripples.
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In fact, the limiting CPM represents the dryont limit transposed in arbitrary units (x can be
measured in trip setpoint units). This limit is affected also by common-random error
distribution QCR(x) , so that the joint probability Qc(x) of having a specified "limiting CPR"=
x is the convolution:

Q, (x) fJQc,

(r) * QcR(x-

T)

dr

where x5 and x,. are the start and end values, reasonably chosen.
A similar procedure is used to obtain the probability PND of not getting a trip for a given
level of trip setpoints and a specified CPR, by combining the individual detector probability
distributions. The trip logic "2 out of 2" is incorporated in this assessment by eliminating the
trip channel containing the most efficient detector.
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Finally, the trip confidence TC is calculated from PND and Qc as follows:
Xe

TC =1- | QC (x) * PND (x) dx
X,

Significance: Trip Confidence indicates how much we should trust
the overpower trips, if dryout limits and detector
signals/trip setpoints are affected by these errors.
The trip-setpoints are modified iteratively until the required trip confidence of 98 % is
obtained. Currently, the lowest trip setpoint value used by the safety systems at Cernavoda
Unit 1 is 122.1 % FP (the critical channel powers are at about 133 % of nominal power).

8.0 Conclusions
First, the probabilistic assessment provides a quantitative measure for the efficiency of
the safety systems - the trip confidence.
Second, the economic advantage is also important, because unnecessary safety margins
impose reactor power limitations during refuellings and power maneuvers. The probabilistic
assessment has demonstrated that a safety margin of about 10% is sufficient. This value is
lower than the deterministic margin of l 5-20 ', because the latest includes unnecessary error
allowances (too conservative). This is because the combined effect of uncorrelated errors is
less important than the effect obtained by simple addition of errors.
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NEK CONTAINMENT INTEGRATED LEAK RATE TEST AT
FULL PRESSURE
Skaler Franc, Planinc Vinko, Gregoric Damijan and Cicvaric Darko
NEK d.o.o., Vrbina 12, 8270 Krsko
SLOVENIA
ABSTRACT - NPP Krsko is a Pressure Water Reactor (PWR) Plant which has four barriers to prevent release
of radioactive fission products. These four barriers are following: Fuel itself, Fuel Clad, Reactor Coolant System
and Containment Building. Containment is the last barrier which can prevent release of fission product when
other barriers have been already broken. To find out the real condition of containment vessel and to prove its
ability of withstanding increased parameters during accident we have to perform Containment Integrated Leak
Rate Test at least three times in every ten years of operation. CILRT 1999 in NPP Kr~ko was completely
performed following regulation of IOCFR50 App. J Option A and ANSI/ANS 56.8-1987. The main goal of
CILRT is to prove that the leakage of containment pathways and wall structures are within limits prescribed in
Technical Specifications by pressurization of containment building above peak accident pressure Pa and

measuring the mass changes of air using Ideal Gas Law.

1. INTRODUCTION
Protection of environment and people living around Nuclear Power Plant (NPP) against
radioactive pollution is our main goal. Nuclear Plants use energy from fission where as fission
products many radioactive elemients are produced [1, 2].
Nuclear Power Plant Krsko is a Pressure Water Reactor (PWR) Plant which has four barriers to
prevent release of radioactive fission products [21. These four barriers are:
- Fuel itsclf
-

Fiuel Clad

-

Reactor Coolant System

-

Containment Building

Containment is the last barrier which can prevent release of fission product when other barriers
have been already broken, what can occur during accidental condition when also high pressure and
temperature can be present [2J.
To find out the real condition of containment vessel and to prove its ability of withstanding
increased parameters during accident we have to perform Containment Integrated Leak Rate Test
(CILRT) at least three times in every ten years of operation [3].
CILRT 1999 in NP1P Krs'ko was completely performed following regulation of 10CFR50

App. J Option A and ANSI/ANS 56.8-1987 14, 51.
CILRT 1999 was done at full pressure Pa, we used absolute method and analyzed data with
mass point technique. Same method was used in all tests that have been already performed on the
plant, so we can compare results easily.
However the main goal of Cll.R T is to prove that the leakage of containment pathways and wall
structures are within limits prescribed in Technical Specifications by pressurization of containment
building to the half peak accident pressure P, and measuring the mass changes of air using Ideal Gas
Law 13, 6,7,8,9, 10].
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1.1

Technical Data

Containment Building includes an inner pressure vessel made of steel shell and outer concrete
protection shell. CliRT means testing of inner pressure vessel wvall and its pathways through inner and
outer shell [2].
Design parameters are following:
design pressure
design temperature
design volume
design leakage at Pa
peak accident pressure
peak accident temperature
min test pressure CILRT 99
allowable leakage at Pt

Pd

Td

V
La
Pac

Tac
Pa= Pd

Lt

SQRT (Ptest/Pa)

=

3.15 kp/cm2 = 44.8 psig
128 'C = 262,4 'F
40800 m3 =1.44x10 6 scft
0,2 %/day = (14,1 sm3 /hr)
2.78 kp/cm 2
127.7 `C
3.15 kp/cm2
0.1414%/day

2. RESULTS OF CILRT 1999
CIlRT is divided into five phases:
Pressurization, Stabilization, Leak test phase, Verification and Depressurization phase.
This chapter presents final results for each phase of CHLRT

2.1

Pressurization Pha.ve
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Figure 1: Pressurization phase - pressure raw data
An average temperature of containment atmosphere increased from 73.5 'F to 78.3 'F. Also
average containment relative humidity increased form 80% to 90%.
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2.2

Stabilization Phase

71.48

U

|

I
0

I

1

1

1

1

'

X

|

'
!
i
'
Auerage Containment Temperaturt
Stabilization lnterval
ApriI Z8 1999

71.Zeki
D

71.050---

7L .

8~

0.H0
Starting: 13:38

L

2.H0

4.08
Elapse

6.00

B.YH

Time (Hours)

Figure 2: Containment Atmosphere Temperature Change during Stabilization Phase.

2.3

Leak Rate Test Phase

L

|

~~~~Lm
(%/day)

Mass Point

0.077

Total Time

0.077

|Le (%/day)
0.067
0.059

|U5CL (%/day)
0.072
0.066

Table 1: Final Results of CILRT '99 Leak Rate Test Phase
As Left Criteria. The Overall Type A Leakage Rate reported at Upper Confidence Limit (UCL)
plus Required Addition is less than 75% of-the Maximum Allowable Leaking Rate La [4, 5].
UCL + AL < 0.75 La
AL = 0.00161 %/day
La 0.20 %/day

As Left acceptance criteria
Leak Penalties for penetrations not prepared for CILRT

Mass Point Technique:
UCL = 0.072 %/day
UCL + AL = 0.0736 %/day < 0jI50 %Idav = 0.75 La

As Found Criteria. The as-left Type A test leakage rate UCL as determined as above plus the
total leakage savings (A1,S) measured by, LLRT. (This criteria is required in new ANSIIANS 1994
and is not obligatory until ANSI/ANS 56.8 - 1987 is valid.)[4, 5].
UCL + AL + TLS < La
AL = 0.00161 %/day
La

=

Leak Penalties for penetrations not prepared for CILRT

0.20 %/day

TLS -= 0.00296 %Iday

Total Leakage Savings

Mass Point Technique:
UCL = 0.072 %/day
UCL + AL + TLS = 0.07657 %/day <- 0.20 %/day = I.0 La
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Mass point leak rate technique is required by ANSI/ANS 56.8. Measured leakage is well bellow
allowable limit [4, 5].
LEKD:

Loak Rate

Con ident.e Limit

Alslmbe Limit

Calculated Mas£ Point Leak Rate
LeaD Tent Inturnal
; 2P
81999 to Rpr 29 1999

a01000F_.-
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18088
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Figure 6: Calculated Mass Point Leak Rate for Leak Test Interval
Calculated mass point leak rate at the end of ihis interval comes together with Upper Confidence limit
leak rate, both are bellow allowable limit and have negligible negative rate.
2.4

Verififltion Phase
Verification Test (Supplemental) is performed to verify the accuracy of the CILRT.
The Superimposed method was used for this phase. It intentionally superimposes a known
leakage onto the existing, measured containment leakage [6].
The Superimposed Leakage rate was set between 0.75 La and 1.25 La.
Superimposed Leakage Rate:
Lo= 11 m3/hr (6,47 scfm)
0.75 La = 0, 150 %/day
Lo = 0.16 %/day < 25 La=0,25%/day
Mass Point:
Calculated mass point leak rate in Verification llhase: Le = 0.216 %/olday
Llower Limit = 0,169 %/Ilday,< Le = 0,216 W/day < Lupper limit= 0,281 %/day
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Figure 7: Measured Containment Mass during verification Interval
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3.

ANALYSES AND INTERPRETATION

CILRT '89
0.75 * LaMt, (%/day)
UCL (%iday)

0.106
0.053

CILRT '92
0.106
0.055

CILRT '96
0.106
0.046

CILRT '99
0.150
0.072

UCL / (0.75*LaDt)

50%

51,9%

43,4%

48%

Table 2: Comparison the CILRT UCL Results
The Upper Confident Leak of CILRT '99 is 48% of allowable leakage rate and is in range with
CILRT performed in years 1989, 1992 and 1996 which were also successfully completed.
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3.1

Radiation exposure during CILR 7

During the preparation pathways, instrument calibration, test itself and during the activities that
have to be done after the CILRT Cumulative Radiation dose of CILRT team (16 members) was
3,32mSv.
Reported doses were obtained from digital dosimeter database for period between
to 30t' of April 1999 [11].

4.

21 5'

of April

SUMMARY

CILRT'99 was performed at full pressure Pa = 3,1 5 kp/cin 2 . Test results satisfy all acceptance criteria
and they proves that the leakage of containment pathways and its wall structure are within limits
prescribed in Plant Technical Specifications [3].
The complete preparing, performing and reporting of CILRT '99 meet all requirements of approved
procedures and all regulatory documents [3, 4, 5, 12, 13].
The Upper Confident Leak of CILRT '99 is 48% of allowable leakage rate and is in range with CILRT
performed in years 1989, 1992 and 1996 which were also successfully completed. Take in account that
this test was performed at full pressure [14].
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ABSTRACT - Motor-Operated Valves (MOVs) play a key role in support of the safety and efficient
operation of a nuclear power plant. Reliable operation of a number of these valves, classified as safety-related, is
essential to ensure that systems function as designed during and following design basis events. Failure of these
safety-related valves to operate could prevent the safe shutdown of the reactor or could result in the inability to
mitigate the consequences ofan accident. Consistent with the requirements of US NRC Generic Letter 89-10, the
scope of NEK MOV Program includes MOV's in safety related class 1, 11or [II piping systems which perform an
active safety function and other MOV's which have influence to safety. Initially, NEK MOV Program was based
on the VECT RA (USA) methodology. Because of the CRANE MOVATS on-site testing equipment, their great
testing experience and inconsistency between VECTRA predicted and CRANE MOVATS well known and by
industry accepted testing approach, the NEK MOV Team slightly modified the previous VECTRA methodology
approach by taking into account CRANE MOVAIS recommnendations and their testing approach.
1.

Regulatory Background

Industry-sponsored organizations, the L S NRC (Nuclear Zegitlatory Commission), and many
utilities have recognized the importance of MOV performance to the safe and reliable
operation of the power plant. As a result, several industry and regulatory documents have
been issued that stress the need for additional emphasis on activities that affect MOV
operability. These documents include: SOE)IR 83-9. `Valve Inoperability Caused By Motor
Operator Failures," Bulletin 85-03, `Motor-Operated Valve Common Mode Failure During
Plant Transients Due to Improper Switch Settings"' Generic Letter 89-10, "Safety-Related
Motor-Operated Valve Testing and Surveillance", Generic Letter 95-07 "Pressure Locking
and Thermal Binding oft Safety Related Power Operated Gate Valves" and Generic Letter 9605 "Periodic Verification of [)esion Basis Capability of MOV". Each of these documents
serves to underscore the necessity of a comprehensive program designed to assure MOV
operability.

2.

NE Krsko Approach to the MOCV Program Implementation

After few incidents in others N11Ps and Generic Letters issued by NRC NPP Krsko has
recognized the importance of MOV Program and decided to start with its implementation. On
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the base of VECTRA approach NEK MOV Team scheduled implementation activities of the
NEK MOV Program for scope of 128 MOVs, as follows:
P Engineering judgement of appropriate election of MOVs included in Krsko MOV
Program in accordance to the following requirements:
o
o
o
o
o

affected system and its parameters (fluid, differential pressure,
temperature, environment parameters, etc.)
control devices type (Torque Switch, Limit Switch, By-pass, Thermal
Overload, etc.)
possible worst scenarios for performance of the MOV function
EQ (environmental qualification) zone requirements for all possible
scenarios
importance of the MOV to overcome the possible abnormal conditions
(Probability Safety Assessment Analysis for MOVs included into Krsko
MOV Program ESD TR 08/97, Rev. I)

> Engineering verification of the appropriate adjustment of the control switches

based on the engineering calculation and evaluation (Torque and Limit switches)
and readjustment if it is necessary
> Performance of static diagnostic tests on each MOV within the NEK MOV

Program to establish torque/limit switch settings and verify some of the
assumptions used in engineering calculations (packing load. stem factor,
unwedging factor, inertia factor and torque switch repeatability).
> Dynamic testing (testing under dynamic conditions) should simulate the design

basis differential pressure. In the event these system conditions are not achievable,
dynamic testing should be performed at the maximum achievable conditions.
Dynamic testing shall be performed on all valves where practicable and
meaningful. Besides, dynamic testing verify some of the assumptions used in
engineering calculations (valve factor, load sensitive behavior and unwedging
factor)
>

Data obtained through testing shall be utilized to establish an operational baseline
for assessing MOV condition and determining testing periodicity (frequency of
testing / trending)

In accordance to demands of NEK MOV Program implementation NEK MOV Team divided
all necessary activities into three phases, as follows:
>

PHASE I
o

Preparation of NEK MOV Program including position papers, procedures and
attachments (made by VECTRA)
o NEK MOV Program independent verification (made by ERIN)
o Krgko MOV Database-Calculation Software (made by NUTEC)
o PSA Analysis for Krgko MOV Program ("NEK ESD TR-08/97 Risc
Importance Ranking Analysis for Krdko MOVs") (made by NEK)
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o
•

Lj
ca
[o

>

Performance of the 'Weak Link" Analysis (made by Crane Valve, Velan
Fisher, NUTEC, Borg-Warner, etc.)
Creation the valve files and providing every valve file with connected valve
drawing, B-201 and B-208 drawings, flowchart, MECL Walkdown Data,
isometric drawing, conduit and cable layout, termination sheets, engineering
calculation, tests results. etc.)
Development of all possible scenarios for each MOV
Designing of AUTOCAD sketches for each MOV
Performance of'prelinminary engineering calculations

PHASE I]
•

c]

•
•
•
•
cli

u
u
ci

Appropriate training to members of the NEK MOV Team on such items as
diagnostic test methods, test equipment, test results analysis and methods for
setting and controlling MOV switch setting
Maintenance procedures review and Testing procedure development
Procurement of the testing equipment (includes diagnostic equipment, cables,
sensors, etc.)
Static and dynamic testing plan
Development of static and dynamic testing procedures
Developing insulation procedures for static testing
Developing LINEUI1U' procedures for dynamic testing
Testing perthrmance and fast in-site anal ysi\
Adjustment of control switches
Performance of "root cause 'analysis

> PHASE, 11l
ui
u
cl

Periodic verification
Post-maintenance testln L
Analysis of the periodic and post-maintenance testing

ci

Trending

a

Preventive maintenance

Momentary, NPI` Krsko is in process of performance of PHASE l[ and the NEK MOV Team
plans to completely finish all static tests until Outage 2001. The implementation of the
PHASE 111 shall become simultaneously wvith performance of the PHASE TI.
Intention of NPP Krsko was to engage mostly local sources for appliance of the NEK MOV
Program. From that reason N UITIC developed K rsko NIMOV Database as a very strong tool for
realization of all implementation phases of the NEEK MOV Program. Along with organization
improvements (data tracking and systematization of responsibilities) and clear guidelines
(based on test and calculation procedures) database vill ensure standardized and reliable
testing process that should result in effective MOV program at NEIK.
The Krsko MOV Database was initially created in accordance to VECTRA's approach. The
purposes of the Database is storage of basic design data and their sources, performing
engineering calculations/evaluations and storage of calculation results including all iterations,
comments and recommended actions. The MOV Database provides the NEK MOV Team
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with the results of preliminary engineering calculations. Those results represent capability of
MOVs to perform their function under all design basis conditions and give the targets, which
have to be reached and proved by tests.
After beginning of cooperation between NEK MOV Team and CRANE Movats, new
requirements have been appeared on Database. From that reason Krsko MOV Database has
been modified with procedures `PR-I la" and "PR] la - Engineering Evaluation' based on
CRANE Movats methodology. Mentioned procedures provide the MOV Team with all bases
data necessary for periodic verification and trending purposes, as well.
3.

MOV Testing during Outage '99 and Analysis of Test Results

During Outage'99 thirteen Motor Operated Valves (MOVs) were tested as shown in [Table
1]. The CRANE Movats Series 3500 data acquisition and analysis system was used for
testing. Easy Thrust Torque (ETT) strain gages were utilized as thrust-torque measuring
device with exception of three Walworth gate MOVs where Torque Thrust Cell (TTC) was
used instead.
The MOV testing should (dis)approve MOV capabilities for safe operation under the design
basis conditions (the worst-case). Prior testing, targets and limitations have to be derived
which in further establish test setup window inclusive of uncertainty adjustment. Appliance of
uncertainties depends upon various issues such as valve type, test type, actual wiring in
control circuit, etc.
MOV ID

Operator lTyp/Si7e

CC-10302

S13-00

gale

Walworth

6

CC 10304

Sit-00

gate

Walworth

6

CC 10366

S13-00

gale

Walworth

8

CC_ 10438

SMB-tiO

butterfly

1'osi-Scal

12

CC 10440

SMt3-0O

butterfly

1'osi-Scal

20

VA_56500

Sl-0()

gate

Westinghouse

4

VA_56502

S13-00

gate

Westinghouse

4

CS 8112

SHD-htt

gate

Westinghouse

3

RH-_8701 3

SW-M)

gate

WVestinghouse

8

SI_880913

SB-I

gate

Westinghouse

6

S

l88
OA

S13-2

gate

Westinghouse

12

SX881 8A

SlB-I

gate

Westinghouse

8

CI_910313

SB-)

gate

Westinghouse

1(

Table I

-Valve

-

Type

Valve Manufacturer

Valve Size

linL

Outage '99 Test Scope

New developed procedure PR- i la. Rev.0 represents CRANE Movats thrust/torque
uncertainty calculation methodology 1For safety related MOVs at NE1K. This procedure (along
with utilized references) defines targets and limitations, which in further establish test setup
windows inclusive of uncertainty adjustment. Also it gives guidance for evaluation of test
results. Procedure background is outlined in next few paragraphs.
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Target for rising stem MOVs is Minimum Required (Available) Thrust while target for
quarter turn MOVs is Minimum Required (Available) Torque. These targets represent
minimum required thrust/torque (excluding of running load) that has to be applied to the valve
stem to cause the valve to perform operational function under the design basis conditions.
They are calculated using specific vendor equations and assuming worst-case differential and
line pressures.
One of the limits is Reduced Voltage Stall Limit that takes in account voltage drop and
degradation due to temperature. It represents actuator torque at which motor may stall under
given conditions.
Other limits Maximum Total Thrust and Torque are based on the actuator and valve
limitation comparison. This comparison utilizes weak-link analyses that have been already
made for all safety-related MOVs at NEK [6]. The lowest weak-link thrust and torque values
(actuator or valve) are used as the maximum allowable limitations.
Uncertainty i.e. the Total Error is applied to the raw target and limitation values in
conservative direction. This has the effect of increasing the minimum values and decreasing
maximum values. Finally targets and limitations inclusive of uncertainty adjustment, together
create test setup window. Furthermore, to avoid misunderstanding there is need to notify that
any particular error should be evaluated autonomous for each particular target/limitation
[Figure 11.
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Figure 1 - Basics of Test Setup Window

The Total Error (99% probability) is sum of the Depcndent Error (bias) and the
Independent Error (random).
Dependent Error contains degradations such as Load Sensitive Behavior (LSB), Spring
Pack Relaxation (SPR) and Stem Lube Degradation (SLD). Dependent Error uses the most
conservative model for determining uncertainty, errors are simply added (99% probability).
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On the other side Independent Error envelops Test Equipment Error (TE) and Torque
Switch Repeatability (TSR) or Limit Switch Repeatability (LSR). Just TE includes all
individual component errors involved in the measurements (such as transducer, module, A/D
board, etc). Independent Error utilizes more realistic estimate for uncertainty based on the
familiar root-sum-square model (95% probability).
This methodology takes in account test data to prove uncertainty (bounding value) of
degradations such as LSB and SLD. Further, Valve Factor (VF) and Stem Factor (SF) used
in design basis calculations can be evaluated through the analysis of test data. Therefore
estimated values can be replaced by the actual measured values adjusted for test equipment
uncertainty. The only missing statement is a sufficient number of test strokes that allows
determination of complete uncertainty for repeated measurements.
From the reason that only two cases of control circuit are applied on MOVs included into
NEK MOV Program Procedure PR-1 la, Rev.0 defines two possible ways of test results
evaluation, as follows:
case #1 - Torque Closed & Limit Switch Controlled MOVs with an Active Torque Switch
case #2 - Limit Controlled MOVs with not active Torque Switch (not Wired or Bypassed)

For MOVs with an active torque switch diagnostic testing allows evaluation through direct
comparison of measured values against corresponding, uncertainty-adjusted target/limitation.
On the contrary, for MOVs from case #2 evaluation of design basis requirement versus
limitations has to be performed.
Testing was performed in accordance with the procedure 'PC- 15. 1, 'resting MOVs Using the
CRANE Movats Series 3500 System, Rev.0. Usual scenario of MOV testing consists of the
following main steps:
(a)
(b)
(c)
(d)
(e)

verifying (and if necessary lowering) torque switch setting
preliminary testing
in-field analysis
new torque switch setting (if necessary)
"as-left" testing and in-field analysis

During in-field analysis testing crew evaluated test data considering following issues:
o
o
o
o
n

*/58

thrust/torque value meets requirement
thrust/torque value does not exceed limitation
spring pack displacement daces not exceed limitation
torque switch bypass covers unseating
control switch trip actuates at 50-75% of window (if possible)

International Conference Nuclear Energ

in Central Europe '99

Nuclear Power Plant Operation

Data Anaivsis Computer
01Wd:Bs

MOTOR OPERATED VALVE
OPERATION

0

cUWRE1
Aim
F

~~~~~~~~~~~~~~~~~~~~

'T~

~
si

Cycle CLOSE

~

z

I outpu

SignalConditioner

Figure 2

-

In-Place of MOV Testing

In-field analysis was performed on tee Data Collection Computer. Then, test data was
transferred to the centralized 3500 valve-database (within [)ata Analysis Computer) via
floppy disc [Figure 2]. Results of detailed test traces analysis were inputted into PR-1la
Datasheet (part of test package).
The fast analysis of test traces performed immediately after tests for thirteen MOVs selected
have shown that the most of them have substantial margin (low requirements with high
limitations) for reliable operation and performance of necessary safety function(s). The only
detected margin discrepancy was the medium margin on CC 10366, which increases the
testing frequency. Detailed engineering evaluation perfonned latter at Crane Movats facility
using new UDS diagnostic system (Frequency Domain Analysis) has detected the critical
Finding on CC_10366. Correction of this deficiency is recommended as soon as possible. All
other deficiencies can be addressed in accordance with future planned maintenance activities
or during the next scheduled periodic verification test.
An effective evaluation process points out all margin discrepancies, catch errors in test setup
windows and data acquisition, prove the effectiveness of the preventative maintenance
program, and recommends periodic verification testing frequency.
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Abstract:
Part of NEK documentation has already been presented on NEK Intranet such as USAR,
Technical Specifications, QA Plan as well as some frequently used series of drawings.
At the time being the process of presentation of all procedures (thereinafter INTRANEK
procedures) is in progress. The purpose of this project is the presentation of 1600 procedures
with average size of 30 pages what is more than 48000 pages altogether. ADOBE PDF
(Portable Document Format) has been chosen as the most suitable format for the presentation
of procedures on INTRANEK. PDF forrmat meets the following criteria: the outlook of a
document page is always the same as an original one and it cannot be changed without control.
In addition to this, full text search is available as well as easy jump from procedure to procedure.
Some changes of working process on internal procedures have to be made before the project
start, which determine the responsibility of individual users in the process. The work flow, which
enables easy daily maintenance, has been prepared, the rules of both procedure numbering as
well as the folder contents/name have been set and the server selected.
The project was managed and implemented with the extensive use of computer-aided
management, document distribution and control, databases, electronic mail and Intranet tools.
The results of practical implementation of NEK procedures and our experience with INTRANEK
are presented in this paper.
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Procedures on IntraNEK (NEK Intranet)
We made project in two phases. In "preparation phase", which already is finished, we
frieze the current status. Second phase ("using phase") is almost done.

1. Preparation phase
1.1 Scanning phase
For scanning Digital Sender HP9100C (15 pages/min) has been used. 13 working days
were spent for scaning 55000 pages. In average, page takes 40 KB, so we spent 2.2 GB
on data server.
1.2 Renaming scanned files
Name for scanned document is gives by Digital sender 9100C. After scanning phase,
every file must be renamed. 15 working days were spend for renaming all fles. Renaming
was made in accordance with naming practice from Document Control Module.
Example: adp-1.1.027r2.pdf would be file name for the procedure Quality Records
Management, rev. 2 (Procedure number ADP-1.1.027).
1.3 Links from Document Control Module
For every record in Document Control Module proper link to its file is required. These links
can be automatically generated and saved by database administrator as Document
number plus "r" plus Document revision plus ".pdf'.
Example: for procedure Quality Records Management, rev. 2 (Procedure number ADP1.1.027) that name would be "adp-1.1.027" plus "r" plus "2" plus ".pdf': adp-1.1.027r2.pdf.

2. Using Phase
2.1 Access to pdf files from IntaNEK
HTML pages were prepared to access pdf files with Internet browser. HTML pages with
links were active, and are results of data stored in Document Control Module. Thus, if
some procedures become inactive for some reason, there would no be link on html page.
Oracle WWW server would calculate address to the pdf file as "http://g50/procedure/"
(predefined value) plus DocType plus Doc_SubType plus Location.
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Example: for procedure Quality Records Management, rev. 2 (Procedure number ADP1.1.027) link would be http:l/g50/procedurel plus "1001" plus "/" plus "03" plus "P"plus
"adp-1 .1 .027r2.pdf':
http:11g5Olprocedurell 001103/adp-1.1 .027r2.pdf

2.2 New Procedures
In case of new procedures, steps from Preparation Phase have to be made.

2.3 New Revision
In case of new procedure revision, steps form Preparation Phase have to be made, plus
previous revision file must be deleted.
2.4 Procedure Changes Notes (PCN)
In case of change of procedures, PCN must be scanned, and inserted to the beginning
of pdf file.

3.0 Conclusion
Integrating HP91 OOC Digital Sender, NEK Document Control Module, WVJWW server we
create fast, simple (figure 1: Flow Diagram) and accurate access to procedures.
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LEGISLATION IN HUNGARY
Implementation of the Act on Atomic Energy

ZollAn Szinyi
(szonyi(dhaea.gov.hu)

Hungarian Atomic Energy Authority
Abstract
The presentation gives a short overview of the history and development of the
Hungarian nuclear regulatory regime.
The new Act on Atomic Energy is a consequence of the significant internal and international changes.
The main characteristics of the Act represent the new expectations and challenges of the nuclear
community and the solid and reliable Hungarian legal solutions.
The competences, duties and responsibilities of Hungarian Atomic Energy Authority and of the
joining other relevant ministries and the complete regulatory framework guarantee the enforcement of
the requirements set by the Act.

1.

Brief history of the Hungarian nuclear regulatory regime
In the beginning the regulation of safety requirements and the licensing of nuclear

facilities was dependent

on the Minister of Industry. who first authorized the State

Supervisory on Energy and Safety to perform this task. For this purpose a ministerial decree
was published (No. 5/1979 (111.31) NIM) regarding safety issues of nuclear power plants:
regulating the licensing process, inspections and safety engineering requirements; and it
designated the regulatory body in these issues. Its appendices served as volumes of safety
regulations for nuclear facilities - regulations which have been in force until very recently.
The first Atomic Energy Act, issued in 1980 (Act No. 1 of 1980) affirmed this
regulation; it confirmed the traditionally developed divided system of responsibilities in other
areas such as radiation safety, environmental protection, physical protection, etc.; and it
formed the basis for numerous ministerial decrees that were issued later.
This legal system and regulatory frame were in force by the end of 1990.
Significant changes were introduced into the regulatory system in the early 1990s
when, based on Governmental Decree No. 104/1990 (X1I.15) Korm, the Hungarian Atomic

Energy Authority (HAEA) was established and the Nuclear Safety Inspectorate, as the
regulatory body for nuclear safety in the first instance, became part of the EHIAEA.
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The Hungarian Atomic Energy Commission (HAEC) was designated as the licensing
authority for nuclear installations with its president being responsible for running of all the
bodies mentioned above.
Because of the significant changes that took place in the nuclear community (many
new expectations) as well as in Hungary (social and economical transition) during the first
half of the 1990s it became more and more urgent to renew the legal system of the regulatory
control of nuclear energy. After several years' preparatory work the new Act on Atomic
Energy was passed by the Hungarian Parliament in December 1996 (Act No. CXVI/1996),
and the most important governmental and ministerial orders and decrees have followed it and
are already in effect or will be in effect very soon.
The new Atomic Energy Act has been constructed according to the most advanced
international standards and principles and it is in compliance with the requirements and
recommendations of the European Union, the OECD-NEA and the IAEA.
2.

The main characteristics of the new Act on Atomic Energy and changes

compared to the previous regulations
*

the exclusive state ownership of nuclear installations and radioactive substances has been
terminated,

*

it declares the organisational and financial independence of the Autority,

•

it transfers the responsibility for licensing nuclear facilities from the HAEC to the HAEA,

*

it declares - in conformity with the Nuclear Safety Convention, promulgated in Hungary
by the Act No. I. of 1997 - the over all priority of the safety and defines the operator's
responsibility for the safe operation as well as the governmental responsibility for control
and supervision of all nuclear facilities and materials,

*

it maintains and quantifies the regulation of nuclear liability that was introduced in the
first Act on Atomic Energy, taking into account the fact that Hungary joined the Vienna
Convention on third party liability as well as the results of the revision of this Convention,

*

it authorizes the HAEA to impose a fine on all users of nuclear energy for violation of
safety rules and requirements,
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*

it prescribes that licensees are liable to cover the costs of the final disposal of radioactive
waste, as well as the interim storage and final disposal of spent fuel, and of the
decommissioning of nuclear facilities by setting up a Central Nuclear Fund,

*

it declares the necessity of human resources and education as well as R & D activities for
the safe use of nuclear energy,

*

it stresses the importance of abnormal event assessment, reporting and feedback.
Information given to the public is required to be an ongoing and comprehensive activity of
the licensees and the authorities,

*

it gives directives for emergency planning and preparedness,

*

it defines the regulatory tasks of all governmental bodies such as ministries, state offices,
civil defence, military and police task forces, i.e. all those directly involved in nuclear and
radiation safety regulations.

Under the new Act the establishment of a new nuclear facility or radioactive waste disposal
facility as well as the addition of any further units containing a nuclear reactor to the existing
nuclear power plant requires first of all the approval of Parliament.
3.

The Government and the role of Hungarian Atomic Energy Commission (HAEC)

and of Hungarian Atomic Energy Authority (HAEA)
It is the Government's task to control and supervise the safe application of nuclear
energy. The Government provides fbr the execution of these tasks through the IHAEC, the
HAEA as well as the Ministers concerned.
In matters related to the peaceful use of nuclear energy, the HAEC is a commission
that prepares decisions and carries out co-ordination, makes decisions concerning issues
defined under special legal regulations, and undertakes supervisory tasks. Members of the
HAEC are the senior officials of the ministries and central public administration organizations
performing regulatory tasks pursuant to the Act in the field of the application of nuclear
energy. The members of the HIAlC are appointed and relieved by government Ministers and
the heads of the central public administration organizations concerned, with the agreement of
the President of the IJAEC. The President of the HAEC is appointed (and relieved) by the
Prime Minister from the members of the Government. At present, the President of the
Commission is the Minister of Economy, who performs this task independently of his
ministerial responsibilities.
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The Commission's President presents an annual report to the National Assembly on
the safety of the utilization of nuclear energy.
In the field of the peaceful use of nuclear energy, the HAEA acts as a central public
administration body with autonomous tasks and regulatory authorization under the control of
the Government, providing preliminary review of legislation and regulatory rules related to
the use of nuclear energy. The Director General and his Deputies are appointed and relieved
by the Prime Minister. In order to ensure a scientific basis for the governmental, regulatory
and nuclear emergency preparedness measures, a Scientific Board supports the work of the
HAEC and the I-IAEA.
The Government exercises supervision over the HA!EA through the President of the
HIAEC. The control and supervision of the HAEA is required to ensure the primary
enforcement of all aspects of nuclear safety. The HAEA may oblige the licensee to pay a fine
for violating a legal regulation or a safety regulation, and for failing to comply with an
obligatory standard or with the provisions set forth in an individual regulatory licence issued
based on these regulations and standards. Special legal regulations prescribe the amount of the
fines and the utilization of them.
4.

Implementation of the Act on Atomic Energy
45 regulations have been prepared (some more documents are still in preparation) for

the implementation of the requirements of the Act, containing the rights and responsibilities
of the relevant authorities.

*

12 of them Governmental [)ccrees

*

33 of them ministerial decrees

5.

Regulatory role of HAIEtA
From the nuclear safety aspect there are 2 decrees of high importance:

Government Decrees on the statute of the IIAEC and the FIAEA (No.87/1997 (V.28) Korm.)
and that on nuclear safety regulation and procedures of the HAEA. (No. 108/1997 (VJ.25)
Korm.) According to the latter one the former Nuclear Safety Inspectorate as the Nuclear
Safety Directorate (NSD) of the HIALA is the nuclear safety regulatory body in the first
instance while in the second instance level it is the Director General of the HAEA who is the
final decision maker in the case of an appeal against a resolution of the NSD.
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The appendices of the latter decree are the nuclear safety regulations in 5 volumes that
describe the mandatory regulatory requirements for nuclear facilities.
Taking into consideration the new legal power of the HAEA which is now the main
licensing body of nuclear installations and their equipment, restructuring of the IIAEA
became appropriate, also according to the spirit of the new Act.
HAEA has regulatory rights and responsibilities in the following areas:
5.1.

Nuclear Safety
(within the frame of NSD)

*

licensing, for siting, construction, enlargement, commissioning, operation, modification,
taking out of operation and decommissioning of nuclear facilities;

*

nuclear safety inspection of nuclear facilities;

*

regulatory licensing of civil structures related to nuclear facilities;

*

nuclear safety and technical radiation protection
licensing, and
inspection of
design, manufacture, installation, commissioning, operation, modification (repair),
import from abroad taking out of operation and decommissioning of
nuclear equipment;

*

inspection of the quality assurance or having it inspected by an institution designated by
the NSD.
The HAEA - NSD's regulatory activity has been extended to technical radiation
protection, civil structures and engineering and - as co-authority - to physical protection
and emergency preparedness. For the last item, NDS has initiated the installation of its
multipurpose center of emergency response, training and analysis (CERTA) equipped
with hardware and software tools for independent analysis of abnormal events and
accidents giving estimations on source term and possible escalation of the consequences
of accident scenarios. 'The center serves also for the training of regulatory staff members
using simulators as well as providing them with PSA - based tools to assist in their
everyday decision making work.
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As mentioned, one of the governmental decrees issued the mandatory regulations.
In addition, the HAEA's Director General has issued several guidelines. If these are
complied with, the regulatory procedure is simpler. However, in case of differences, the
licensee has to prove that its version is equivalent or even better from the safety point of
view.
The mandatory documents are as follows:
Vol. 1. Regulatory Procedures of NPPs
Vol. 2. Quality Assurance
Vol. 3. Design Requirements of NPPs
Vol. 4. Operation Requirements of NPPs
Vol. 5. Regulations of Training and Research Reactors
In the first phase, 33 guidelines have been issued. The HAEA is obliged to review
and, if necessary, to amend its regulations every five years, and the intention is to do the
same with guidelines - but more frequently. Further guidelines will be issued according to
necessity.
5.2.

Safeguards for accountancy and control of nuclear materials
(within the frame of GND)
The new Act on Atomic Energy and its executive orders place responsibility on

the HAEA's Director Gencral bar executing Hungary's safeguards agreement with the
IAEA as well as for ensuring the fulfilment of the detailed regulations issued on the
accountancy system of nuclear materials and their international control.
The General Nuclcar [)irectorate of the -IAEA (more precisely its Department of
Nuclear and Radioactive Material) runs the State System of Accountancy and Control
with the assistance of the Institute of Isotopes of the Hungarian Academy of Sciences
performing the computer based accountancy work.
The new Act on Atomic Energy reconfirms the legal framework of nuclear export
control in Hungary and authorises the Government to issue the relevant regulations. The
new governmental decree on nuclear exportation and importation supersedes the previous
decree of 1986.
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5.3.

Registration of radioactive materials and approval of their packaging
(within the frame of GND)
The accounting system is based on the central registration of radioactive materials

and products that was put into operation as soon as the use of radioactive isotopes started
in Hungary.
Under the executive orders of the new act on Atomic Energy the HAEA's
Department of Nuclear and Radioactive Material is responsible for the Central Registry.
In discharging this responsibility it relies on the assistance of the Institute of Isotopes of
the Hungarian Academy of Sciences in running the computer based accountancy.
Approval of the packaging of radioactive materials and the approval of and the
notification on their transport required by international transport regulations is also
performed by the HAEA's Department of Nuclear and Radioactive Material with the
expert support of the Institute of Isotopes.
6.

Tasks and responsibilities of other ministries and regulatory bodies
In the licensing procedure of nuclear facilities under the responsibility of the HAEA

*

the Minister of the Interior - through the offices of the National Police Force, and the Fire
Protection and Civil Defence Services - enforces the considerations relating to public and
internal order, fire protection, security, as well as civil defence and nuclear emergency
management;

*

the Minister of Agriculture and Regional Development through the offices of the Animnal
flealth and Food Control Stations, and in agreement with the Minister of Public Welfare enforces the considerations related to food, plant and animal hygiene, as well as soil
protection;

*

the Minister of Economy - through the Hungarian Geological Survey

-

enforces the

-

through an

considerations related to geology;
*

the Minister of Transport, Communication and Water Management

organization appointed in a separate legal regulation - enforces the considerations related
to water utilization, water base protection, and water damage mitigation;
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the Minister of Environmental Protection - through the offices of the Local Environmental

*

Inspectorate - enforces the considerations related to environmental protection, nature
conservation and water quality protection;
the Minister of Public Welfare - through the State Public Health and Medical Officer

*

Service - enforces the health and radiation protection considerations related to ionizing
radiation;
*

the competent building authority for the area enforces the general considerations related to
regional planning and building;

*

the President of the Hungarian Mining Authority enforces mining technological, mining
technical and mining safety considerations.

Conclusions

The new Act on Atomic Energy is a result and consequence of a long-term development and
of a sistematic collection of national and international experiences and proven practices.
The enforcement of the legal requirements is guaranteed by the complete and solid regulatory
framework and by the committed activity of Hungarian Atomic Energy Authority.
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Coitfi-urationI Managenient at NEIK

4arijan 1)odliraski
Nulucarna clektrarna Krsko

ABSTRACT
Configuration Management (CM) objectives at NEK are to ensure consistency between
Design Requirements, Physical Plant Consfiguration and ConfigurationInformation. Software
applications, supporting Design Change, Work Control and Document Control Processes,
are integrated in one nodule-oriented Management Information System (MIS). Master
Equipment Component List (AECJL) database is central MIS module. Through a combination
of centralized database and process migrated activities it is ensured that the CM principles
and requirements (caccura-le, current design data matching plants physical configuration
while complying to applicable requirements), arefollowed andfulfilled.
Summary
To support the safe, reliable and economic operations, maintenance, engineering and
modifications, Nuklearna Elektrarna KrMko has undertaken a long-term strategic program to
provide the plant personnel and management with timely access, accurate and transparent data
to assist them in conducting their jobs and in making decisions.
Configuration Management at NEK is the policy, the way we do business with distributed
ownership. We provide the controls necessary to ensure that the physical and functional
attributes of NEK plant structures, systems and components are consistent with established
design configuration and, that the plant is designed, constructed, maintained and operated
consistent with the design bases, and that the information describing these attributes is readily
accessible.
Paper describes the MECL database that was defined and developed to serve as the central
media for configuration management information deposit and usage.
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What is MECL
The MECL module, as a key database within NEK Management Information System (Fig. 1),
serves as the central data base and data repository for all permanent plant equipment,
components and subcomponents information necessary to support operations, maintenance,
modifications and configuration management at NEK. The MECL maintains an accurate
representation of the plant's as-built condition and contains component data such as unique
identification number and associated engineering, vendor, manufacturer, documentation and
safety classification data.

Design

Req uirements

Configuration
Information

Ph sical Plant Configuration

Figure 1. Integrated Configuration Management Information System
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MECL Development and Implementation

NEK Information System, consisting of related databases, was gradually established and the
use, identification, storage, control and retrieval of information important to configuration
management was taken in the account. This system provides link between the physical
configuration (the actual physical location, arrangement and material condition of structures,
systems and components at NEK) and documentation including Design Basis.

MECL database is the result of the project guided by the qualified American company in the
period between 1990 and 1993, with the intention to produce the modular information system.
During that period the complete installed equipment was physically inspected. After the plant
equipment inspection (walk down) and data identification on the installed components, data
were compared with basic design documents. Thus was obtained basic configuration
information (integrated picture of physical and paper plant). Simultaneously were developed
the procedures for maintenance of the established database to ensure its prompt update by the
plant personnel.

Special attention was paid to the training of the plant Technical Operations and Engineering
personnel followed by adequate presentations, on-line instructions and paper guides.
Discrepancies, observed during database implementation period, were removed by procedure
and software improvements. Interactive relation with configuration changing processes was
emphasized.

What Does MECL Contain
Included are all mechanical components identified on Flow Diagrams, electrical components
identified on Electrical Drawings and I&C components shown on the Instrument Loop
Diagrams. Database scope is defined by design documentation describing plant functional
configuration. For example, flow diagram shows functional configuration of the system
defining its individual components. Transferring this configuration in the database and adding
physical location designators as well as the actual manufacturer data for each system
component, obtained was integrated picture of the system configuration. In other words,
MECL database contains integrated functional and physical system configuration information.
InternationalCon)rrence Nuclear Ftiersorv in Central 1u Hpe 'QQ
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The same approach is applied for every system modification. Reviewed design documents are
input for MECL database update. MECL database reflects the current (as-built) data of the
installed equipment, while historical data are available from records (update documents are
also part of M1E.CL database).
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Illustration above is example of configuration information for system component FK3003.
Available are b~asic design inforrnation, related documents, label description and interface
with rnodification and work order processes. Navigation between screens is possible in all
directions (jump options).

Excluded from IvECL scope are non-process components such as pipelines, piping elements,
hangers, cables, penetrations, conduits, NI E fuses&lights and skid package instruments.
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Component data are separated in several typical groups:

*

Basic data includes functional determinants (system, functional description, component
status, category), location information (building, elevation, room, equipment elevation),
safety determinants (ANSI. ASME & IEEE classification, seismic category, el.train).

*

Technical data includes size, pressure, temperature, voltage, power source, frequency
(additional information is available from Notes when applicable field does not exist).

*

Vendor/manufacturer

information

includes

vendor and/or

manufacturer's

basic

information (name, address..), component model number, serial number, purchase order
number, manufacturer's part number.
*

Reference documents information includes list of applicable related documents, such as
design criteria (design/equipment specification, system description), design drawings
(flow diagram, electrical schematics, instrument loop diagrams, building layout
drawings, isometric drawings), vendor documents (composite drawings, instruction
manuals), plant procedures (administrative, operating and maintenance procedures) and
all other relevant documents.

*

Setpoint data includes information about instrument range, service, calibration,
function, type, and setpoint.

•

Label description data gives information about text engraved on label.

Data Confidence Level

The MECL database is controlled and maintained by Engineering Support Department. Plant
configuration changes are primarily updated through controlled documents as the result of
design and work control activities. Technical Operations and Engineering department
personnel is requested to initiate data update request when plant configuration is changed to
affect data in MECL. Some delays in responding to this request appeared during the early
phase of implementation period. Reasons are due to simultaneous implementing and
development of other software applications as well as the required transparency of the
information. Some time was required, due to individual approach, to reach satisfactory
response and data confidence level.
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MECL Data Usage/Update

Current database is the result of interaction between its usage and update. Since the
interaction between usage and update is unavoidable tools for MECL usage are equally
important as tools for its updating. It is possible, for instance, that user noticing data
discrepancy does not report because of complicate update procedure. It is also possible not to
notice discrepancy because data searching seems not user's friendly.

Therefore, various ways of using database are available to the plant personnel and other
MECL users. Besides the improved navigation through database forms creation of reports in
hard copy or ASCII files is available. Modem technology offers bigger and bigger
opportunities in information management and controls what demands stronger personal
discipline to avoid anarchy and to improve data confidence level.

MECL Upgrade

MECL database as the result of Data Acquisition Project is in function from 1993.
Implementation started when three basic requirements were satisfied:

*

Completed database in accordance with approved Project Plan, including software design
& testing, data collection & verification, QA audit and final conversion in to production.

*

Implemented procedures and team responsible for database maintenance and control

*

Trained plant personnel to use database in interactive manner

Early phase of the implementation period (transition period) showed that what was done was
not enough. Configuration changes (component replacement) were made but they were not
reported to MECL. The question was where was the mistake and why did we have the
problem. Was it in MECL database (scope, structure, quality, team, and hardware) or was it in
users (motives, discipline, responsibility, and data ownership). It was a little bit of everything
but mainly in some kind of communication shock for plant personnel. Information, that were
hidden and semi-private, suddenly became required to be public, what means that they
became accessible and audible. Numerous software applications and procedures required from
user to change work style what caused fear, rejection and finally poor information feedback
480)

fntcrplbrfiona

lf

iuzwr

.\'lIL/ca,

Ec,-j,

Iii

(iculi-ullIurnr 'Q()

Nuclear Energy and Public

Next question was how to improve feedback from configuration changing processes to avoid
discrepancy between real (installed) and virtual (MECL) plant physical configuration.
Answers were transferred in to the request for procedural (administrative) and structural
(software) changes that turned in to the MECL Consolidation Project. Major objectives of the
project that is still in progress are as follows:

*

HIERARCHICAL PLANT STRUCTURE - equipment, components and subcomponents
will be presented hierarchically, in accordance with original design documentation

*

FUNCTIONAL RELATIONSHIP -- physical and functional structures will be separated
(equipment component or subcomponent is part of physical structure but it may be in
functional relation with component belonging to another system)

*

AS-BUILT -

all configuration

changes, missed from the beginning of MECL

implementation, should be identified and updated.
*

UPDATE MECHANISMS - implement electronic data update form and history file

.

PLANT CONFIGURATION IDENTIFICATION - improve nomenclature consistency
between Document re\'iew, labeling and MECL equipment numbering processes.

The Project is scheduled to be finished before Spring 2000 due to the biggest configuration
change in NEK since start of operation. Replacement of steam generators will bring a lot of
new and reinstalled equipment and components as well as a lot of new documents, diagrams,
manuals, etc. in a short period of time. We wish that MECL is ready for this big 'infoquake'.
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Abstract:
The physical protection and security of nuclear facilities and materials concerns utilities, manufacturers, the
general public, and those who are responsible for licensing and regulating such facilities. The requirements and
process to ensure an acceptable physical protection and security system have been evolutionary in nature. This
paper reviews the first step of such process: thJe State's safeguards system and the international safeguards

system of the International Atomic Energy Agency (IAEA), including the relationship between these two
safeguards systems. The elements of these systcnns that are reviewed include the State System of Accounting for
and Control of Nuclear Material, physical protection measures, and containment and surveillance measures. In

addition, the interactions between the State, the facility operator, and the IAEA are described. The paper
addresses:
* The IAEA safeguards system, including material accountancy and containment and surveillance;
* The State safeguards system, including material control and accountancy, and physical protection;
* The role of the IAEA in physical protection;
* A summary of safeguards system interactions

1.

Introduction

In 1963, US President John I. Kennedy forecast that by the 1990s, over 20 countries
around the world would possess nuclear weapons. It was a frightening prediction for a world
already shocked by a nuclear missile crisis over Cuba and an escalating Cold War arms race.
Within only a few years of that prediction, however, the international community had taken
decisive steps toward averting the President's nuclear nightmare. The International Atomic
Energy Agency (L4EA) has, from the outset, been the instrument of governments to verify that
the "peaceful use' commitments made under the Treaty on the Non-Proliferation of Nuclear
Weapons or similar agreements are kept - performing what is known as its "safeguards" role
[11. The Agency, established in 1957 as an autonomous intergovernmental organization in the
UN family, was mandated to "accelerate and enlarge the contribution of atomic energy to
peace, health andprosperity throughout the world' and to ensure "that assistanceprovided by
it or at its request or under its supervision or control is not used in such a way as to further
any military purpose".
The IAEA and its Member States developed the Treaty on the Non-Proliferationof Nuclear
Weapons, commonly known as the NPT [2]. The NPT is the global international agreement
formalizing some of these incentives. Each non-nuclear-weapon State that signs the NPT or
similar regional treaties agrees to conclude a Comprehensive Safeguards Agreement [3] with
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the IAEA for application to all its peaceful nuclear activities - and it should have no other with a view to verifying the fulfillment of its obligations.
Since the early 1990s and especially since the Gulf War and the consequent revelations of
Iraq's clandestine nuclear weapons program, the IAEA and its Member States have been
working to introduce a new, more rigorous inspection and verification system. An Additional
Model Protocolto supplement current safeguards was approved by IAEA's Governing Board
in mid-1997 [7]. INFCIRC/540 represents the most important step that safeguards have taken
since the entry into force of the NPT and the completion of INFCIRC/153 in 1970-7 1.

2.

General Comments on Safeguards Systems

Safeguards were the child of nuclear energy, even if they are now applied in other fields
such as verifying the destruction of chemical warfare agents. A distinction must be made
between the overall system of safeguards within the State and of the IAEA, and the component parts that are operated respectively by the State and by the IAEA.
What is normally referred to as "IAEA safeguards" is based on the IAEA Statute and later
documents that define the system in more detail. The IAEA safeguards are a set of activities
by which the Agency seeks to verify that peaceful nuclear activities of the State do not
contribute to any military purpose. Fundamental to IAEA safeguards are material
accountancy verification measures and containment and surveillance measures. The main aim
of IAEA safeguards is to provide assurance to the international community that a State is
complying with its non-proliferation and exclusively 'peaceful use' undertakings under its'
safeguards agreement. Comprehensive safeguards agreements [3] apply to all of the nuclear
material in peaceful uses in the State. In the case of non-comprehensive agreement [1],
safeguards apply to the nuclear material, equipment, non-nuclear material and facilities
specified in the agreement.
In both cases, the State has direct resp/onsibility for implementing an effective system for
accountingfor and control of nuclear materials. The State also has to deal with the possibility
that paramilitaryor guerilla groups, terroristorganization~s, or disgruntled employees might
seek to divert safeguarded materials for the purpose of threatening or harming the public
(including possibly making a nuclear explosive). Unauthorized actions by individuals and/or
subnational groups are the concern of the security authorities of the State. To counter these
threats, the State must institute physical protection measures. Physical protection is a matter
that involves the State's internal security, and hence an area where the State's sovereign
authority is most carefully recognized and maintained. For that reason, the IAEA's role in
physical protection is limited to the promotion of guidelines and high standards, and the
provision, upon request from the State, ofStraining and advisory assistance.
The State's safeguards systems and the IAEA safeguards systems thus operate on two levels:
1. The State regulates the handling, control, and accounting of nuclear materials and
ensures physical protection.
2. The IAEA independently verifies the material accounting data provided under State
direction and promotes high standards of physical protection and material accounting.

3.

International Safeguards System

IAEA safeguards approaches are based on nuclear material accounting as a measure of
fundamental importance, with containment and surveillance as important complementary
measures.
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3.1 Material Accountancy
Clearly, the first Line of defense in protecting nuclear materials is an effective State
System for Accountancy and Control (SSAC) through which States have an exact knowledge
of the quantities and location of their nuclear material. International safeguards are based on a
national system of accountingfor nuclear materials, that is, maintaining records of the kinds
and quantities of nuclear materials in each part of each nuclear facility. Nuclear materials
accountancy is the responsibility of the facility operator, following procedures, which are set
by national authorities as the State System of Accounting and Control. This control system
serves to establish the quantities of nuclear material present in a nuclear facility and the
changes in these quantities that take place over time, and is comparable, both in concept and
procedures, to a financial accounting system. In terms of procedures, the basic elements of the
safeguards system include facility design review and verification; maintenance of facility
operating records; reports on facility operations; and on-site inspections. Facility operators
maintain accountancy records for each facility and report them to the State and IAEA at
regular intervals. These data provide the basis for the IAEA's own independent verification
activities, which include on-site inspections involving activities such as record checking and
the taking of measurements. Two kinds of reports are made by the facility operators, through
the national SSAC of nuclear material to the IAEA: an Inventory Change Report (ICR) that
provides details of all receipts and shipments of nuclear material in each category; and a
PhysicalInventory Taking (PIT) which includes a detailed list of the nuclear material existing
in a facility's inventory at a given point in time. Any difference between the book stock and
the physical stock is called "material unaccountedfor` (MUF).
The safeguard methodology for a given country depends primarily on the design and type of
nuclear facility and the type of material being handled there. Member States also report to the
IAEA exports and imports of certain equipment and non-nuclear materials used in the nuclear
industry.
Such reporting has been done on a voluntary basis since the early 1990s. Under the new
Protocol[7], States will accept a legal obligation to report such information. The reporting by
Member States under the terms of the safeguards agreement gives the IAEA up-to-date
knowledge of the total quantity of nuclear material in the State which is subject to the
agreement. Correlation of this information with the State's declared nuclear activities is
intended to provide the Agency with early indications of any diversion of declared nuclear
material or the existence undeclared activities.
IAEA also systematically collects and reviews information appearing in the media and
elsewhere about nuclear activities around the world, and about imports and exports of nuclear
related equipment and materials. The Agency may also employ information from satellites or
other means; it does not ignore any safeguards relevant information from any source, but it
critically examines and corroborates such information with its own to assess its relevance.
A Safeguards Agreement between the IAEA and the State [31, [6], along with subordinate
documents called Subsidiary Arrangements and Facility Attachments, defines the responsibilities of the national authorilies and facility operators to maintain nuclear materials
accounting records, to make periodic reports to the IAEA, and to permit the IAEA to make
independent audits and measurements.
3.2 Containment and Surveillance
As noted above, in international safeguards, containment and surveillance are important
complementary measures to materials accountancy. In this context, containment refers to the
use of seals on vaults, transportflasks, cans, and other items which by their nature permit
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detection of tampering to evade the seal. Surveillance refers to the use of film or video
cameras, or possibly other technologies, and on occasion, inspector's eyes. The purpose of
containment and surveillance (C/S) methods is to maintain "continuity of knowledge" to
ensure that an item once measured is not altered. C/S methods are also used to protect against
tampering with IAEA instruments that operate automatically when an inspector is not present.
As a C/S measure, the IAEA uses unattended optical surveillance to monitor areas of
safeguard interest during inspection intervals of 1-3 months. Review of the accumulated data
during or subsequent to the inspection is used to detect anomalies, which are discussed and
resolved with the State/facility operator.

4.

The State Safeguards System

The State safeguards system consists of organizational arrangements, on the national
level, to achieve the following two objectives:
l. National objectives, to deter, detect, and prevent theft or unauthorizeduse of nuclear
material by individuals or subnational groups.
2. International objectives, to provide the national controls that are necessary for the
IAEA to apply safeguards pursuant to a safeguard agreement between the State and
the IAEA.
The two principal national functions of the State's safeguards system are Nuclear Material
Accounting And Control (SSAC), and physical protection. Regulatory and licensing
responsibilities are fundamental to each of these functions.
The international component of the State's safeguards system consists of three principal
elements: (1) a legal framework within which the State exercises its control, (2) an
organisational infrastructure at State and facility operator levels, and (3) a functional
infrastructure at State and facility operator levels. In particular, the SSAC portion of the States
safeguards system reports accounting data to the IAEA, and its findings are subject to
independent verification by the IAEA.
This State system of safeguarding is designed to protect the interests of the State, itself; i.e.,
the execution of a system by the State to assure the populace of the State that nuclear
technology is acceptable, regardless of the threat. There is another aspect of safeguards that
extends the State's concerns: that aspect involves the credibility of the nuclear program of a
State to the rest of the world that the technology is used for peaceful purposes.
4.1 State System of Accounting and Control
The State System for Accountancy and Control (SSAC) represents mechanism through
which States have an exact knowledge of the quantities and location of their nuclear material.
This system helps deter illegal activities because of the possibilities of timely detection of
missing material.
As noted earlier, the objective of the SSAC is to maintain current information on types,
quantities, and locations of material at the State level. Essential elements of nuclear material
accounting are material measurements, record keeping, preparation and submission of
accounting reports, and verification and analysis of these accounting data to determine
correctness, accuracy of material unaccountedfor (MUF), and evaluation of causes of MUF.
In the area of nuclear material accountancy. the State specifies the accountancy requirements,
which are implemented by the facility operator. The accounting data are provided to the State
for evaluation.
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4.2 Physical Protection
The possible use of nuclear material for non-peaceful purposes underlines the need for
its special protection. Effective systems are therefore required to protect nuclear material and
facilities from thef and sabotage both for non-proliferation and radiation safety purposes.
Radiological sabota~e means deliberate damage to a facility which would result in a release
of radioactivity that could damage public health and safety. Dispersal of stolen nuclear
material could have the same impact. The responsibility clearly rests with governments for
ensuring that such systems are properly established and operated.
The basic guidelines for physical protection systems have been developed by the IAEA [41
(INFCIRC1/225/Rev.3, Recommendations for the Physical Protection of Nuclear Material).
First published in 1972, the guidelines have been revised a number of times since then. They
cover physical protection for nuclear material in use, storage and transport,both domestically
and internationally. The categorization of nuclear material in this document was used to set
the levels of physical-protection agreements with Member States.
Theft of material or sabotage of the facility may be prevented in two ways: by deterring the
adversary from any action, or by defettilg the adversary once he takes action.
Deterrence may be accomplished by implementing a physical protection system that is seen
by all potential adversaries as too difficult to defeat; it makes the facility being
protected an unattractive target. The problem with deterrence is that it is
impossible to measure. It would be a mistake to assume that, because an
adversary has not challenged a system, the effectiveness of the system has
deterred such challenges.
Defeatin. the adversary refers to the actions taken by the protection or response force to
prevent an adversary from accomplishing his goal once he actually begins a
malevolent action against a facility.
There are several functions that the physical protection system must perform. These functions
are detection, delay and response.
Detection is the discovery of an adversary action. It includes sensing of covert or overt
actions. In order to discover an adversary action, the following events need to
occur:
* A sensor of some type (including a person) reacts to an abnormal occurrence
and initiates an alarri.
* The information from the sensor is reported.
* An assessment is made of the information, and the alarm is judged to be a
valid or invalid detection of an adversary action.
Included in the detection function of physical protection is entry control. Entry
control means allowing entry to authorized personnel and detecting attempted
entry of unauthorized personnel and/or material.
Delay is the second function of a physical protection system. It is the slowing down of
adversary progress. Barriers Locks, and active technical measures can
accomplish delay. Guards can be considered elements of delay if they are in
fixed and well-protected positions. The measure of effectiveness for delay
mechanisms is the additional time required by the adversary (after detection) to
perform each task to accomplish his objective.
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Response consists of the actions taken by the protective force to prevent adversary success.
The measure of response effectiveness is the time between receipt of a
communication of adversary action and the neutralization of the adversary
action. Response consists of interruptionand neutralization. Interruptionmeans
forcing the adversary to focus his actions on defense instead of pursuing his
objective. Neutralization is the act of defeating or arresting the adversary before
his goal is accomplished.
For a physical protection system to be effective, these three functions-detection, delay, and
response-must be integrated in a consistent and complementary manner. No one of these
functions is more important than the other two. Without detection, the response cannot be
called upon, and thus delay will not prevent adversary success. Likewise, without adequate
response or adequate delay, the best detection system in the world will not prevent adversary
success.
In general the flow of physical protection responsibilities is from the State to the facility,
commercial or State owned. The State specifies the required physical protection systems, and
the facility operator installs and operates the systems, including response actions as required.
This general flow of responsibly is typical for most IAEA Member States, which engage in
nuclear activities.

5.

The Role of the IAEA in Physical Protection

The IAFA has no responsibility for the provision of a State's physical protection system
or for the supervision, control, or operation of such a system. However, in order to promote
uniformly high standards for the protection of nuclear material, the IAEA provides
recommendations in INFCIRC/ 225 [4] on the requirements for physical protection of nuclear
material in use, transit, and storage.
Another event of potentially greater importance is the Convention on the Physical Protection
a of Nuclear Material [5], which entered into force in 1987. The Convention obligates parties
to (a) make any use or threat to use nuclear materials to harm others a criminal offense; (b)
extradite or prosecute those accused of such crimes; (c) provide assistance to other parties in
the event of an incident; and (d) maintain specified levels of protection on nuclear materials
in international transport. The Convention recommends, but does not require, those levels of
protection on domestic activities.
Also, at the request of a State; the IAEA will provide advisors to assist in establishing or
strengthening physical protection systems. The specific physical protection measures that are
applied to a particular facility are determined by the State. That determination is based on
factors specific to the State, including threat perception, economics, political infrastructure,
and culture.
IAEA activities on the technical aspects of physical protection involve the co-ordination of a
training course known as the International T;haining Course on Physical Protection of
Nuclear Facilities and Materials. The IAEA is aware that improvements are needed in the
international regime for the security of nuclear material and its implementation and is
assisting States to improve their physical protection systems. It has set up an advisory peer
review service for the evaluation of national physical protection systems, at the request of
States. At least eight missions under the International Physical Protection Advisory Service
(IPPAS) has been carried out in the past years. Based on arrangements with the host country,
an IPPAS team evaluates the physical protection systems at facilities and the supporting
regulatory infrastructure. States who availed of this service has found the reports of the
IPPAS teams useful.
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The IAEA also is assisting several States as regards the development of legislation and the
establishment of regulatory systems and in areas of training, where national courses have
been arranged in co-operation with some Member States.

6.

Summary of Safeguards Systems Interactions

The physical protection, material accounting and C/S measures, responsibilities, and
interactionsthat have been discussed are summarized in Figure 1. The principal elements of
the State safeguards system are material accounting and physical protection.
In material accounting, the IAEA provides recommendations and advice to the State on the
structure and format of the accounting system. The State specifies, regulates, and inspects the
accounting system used by the State or facility operator. The operator implements the system,
providing the accounting data to the State. Finally, the State supplies the accounting data to
the IAEA for independent verification.
This verification is achieved through review of the State supplied data, together with
inspections to compare data, to perform independent measurements, and to review the information from the C/S equipment. From all of these operations, it can be seen that material
accounting involves strong interaction between the IAEA, the State, and the facility operator.
Physical protection presents a different picture. The State and facility operator interactions
are essentially the same as for material accounting. In physical protection, however, the State
or facility operator has no responsibility to the [AEA. Related data is kept within the State.
However, upon request, the IAEA will assist the State with physical protection system
recommendations and advice.
The main functions of the physical protection system are to detect, assess, delay, and
respond. In some cases, data from the physical protection system is used to complement the
material accounting system in a manner similar to the C/S measures used by the IAEA.
Should the physical protection system fail, the material accounting system is designed to
identify the type and quantity of material missing.
The IAEA's ver/ifcation system cannot physically prevent diversion of nuclear materials or the
setting up of an undeclared or clandestine nuclear weapons program. Under its current
mandate, the IAEA acts not as an executive force but as an inspection, detection and alarm
mechanism. It can neither force countries to sigrn the NPT or similar treaties, nor can it
prevent a country from withdrawing from such treaties and IAEA membership.
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Abstract
The paper presents some key aspects of the Romanian nuclear program, focusing on
Cernavoda NPP - Unit #2 and the pantnership with Atomic Energy of Canada Ltd.
(AECL) and ANSALDO - Italy for completion of this project. A brief historical
presentation of the Romanian nuclear program is included.
The success of Cernavoda NPP - Unit #1 represents an important element in
finalizing Unit #2 in an advanced state of equipment installation and more than 40%
complete. Also, the national infrastructure, including the legal framework and new
Electricity Law represents a positive element for Project completion. The Romanian
Nuclear Regulatory Body represents the guarantee for the safe operation of CANDU
reactors in Romania.

History of Romanian Nuclear Program
The story of the Romanian nuclear power program goes back to the first contact with
suppliers in the 1960's. In 1977 the Rornanian and Canadian Governments formally
agreed to cooperate in the field of peaceful use of atomic energy. A joint team
prepared a feasibility study that led to the decision that the CANDU 6 nuclear power
plant, design of Atomic Energy of Canada Limited (AECL) would be the basic plant
upon which Romania was to build its nuclear program.
A large National Nuclear Power Program was launched which envisaged the
construction of more than twelve (12) CANDU 6 and three (3) VVER-1000 units and
a tremendous effort was spent to build a national infrastructure to maximize
Romanian participation in this program.
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The Romanian nuclear power program started and has been developed around the
first nuclear power plant (NPP) site at Cernavoda, in the south-east area of Romania
(Dobrogea region) on the right side of the Danube River, about 160 km east of
Bucharest. This first nuclear site was developed for five CANDU 6 units of 700 MWe
capacity each.
In December 1978, ROMENERGO, the Romanian company dedicated at that time to
international trade in the power sector, concluded a CANDU license contract with
AECL as well as other contracts by which the Canadian party provided engineering
and technical assistance services, equipment and materials procurement from import
necessary for the nuclear part of Unit 1. The services, engineering and procurement
contracts were extended to Unit 2, in 1981. In February 1981 the contract was signed
for the conventional part of Units 1 and 2 (turbo-generator set, electric generator and
auxiliaries) with General Electric (USA) and ANSALDO Spa (Italy).
Construction works for Unit 1 started in 1980, under Romanian management, and in
1991 the completion was 45%. After 1990, the program was reconsidered and
following recommendations of the International Atomic Energy Agency - IAEA, in
1991, RENEL and ROMENERGO signed a Project Management Contract (PMC)
with the AECL - ANSALDO Consortium (AAC), stipulating that the consortium would
take over the project management activities, including the completion and
commissioning of Unit 1. The Consortium was to operate the plant for the first 18
months, and to provide formal and on-the-job training for the Romanian personnel
who were to operate the unit when AAC's job was done. Romanian specialists also
worked on the project management team (PMT), under the direction of the Canadian
and Italian managers, in order to acquire the necessary management skills.
The signature of the Project Management Contract (PMC) between RENELROMENERGO and AAC represented the start of the first significant cooperation
between western organizations and a utility of Central/Eastern Europe for the
completion of a nuclear power plant. The Cernavoda and Krsko NPP's are the sole
nuclear facilities in Central and Eastern Europe effectively relying on Western
technology and on internationally recognized safety criteria.
Success of Cernavoda Unit 1
The above is history now, but extremely successful history. Cernavoda Unit 1 started
commercial operation on December 2, 1996 and until August 1999 it produced over
15 million MWh of electricity, worth approximately $600 million at the commercial
electricity rates charged by CONEL. In the process, it attained a capacity factor of
90%, which is very good by international standards. The unit is professionally
managed by Romanian specialists and has earned praise from foreign experts.
Cernavoda Unit 1 is now owned and operated by Societatea Nationala
"Nuclearelectrica" SA (SNN), one of the successors of RENEL.
It provides
approximately 10% of the electricity requirements of Romania, thus avoiding the
annual import of approximately 1.4 million tons of hydrocarbons, a currency effort
worth approximately $100 million per year.
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Unit 2 and beyond
The Cernavoda site was developed for five CANDU nuclear plants and, in addition to
the operating Unit 1, there are four other reactor buildings already erected. Of these,
Unit 2 is also in an advanced state of equipment installation and is more than 40%
complete. Once Unit 1 was completed at the end of 1996, SNN turned its attention
to Unit 2 and proceeded with the installation of much of the equipment already
procured.
The partners are now focused on securing financing to complete the
project by 2003. When Unit 2 enters commercial operation, Cernavoda will be
supplying close to 20% of Romania's electricity needs and will add further flexibility to
export electricity to neighbouring countries.
In addition to the purchase of certain specialized nuclear equipment in Canada and
Italy, approximately $400 million will be spent with Romanian industry to complete
Unit 2 and thousands of jobs will be created. Needless to say, the project will have a
significant impact on Romania's economy over the next few years and is viewed as a
priority by the Romanian government.
National Regulatory Body and Romanian Nuclear Legal Framework
In all countries with advanced nuclear program, the industry is highly regulated.
The Romanian Regulatory Body - National Commission for Nuclear Activities
Control (CNCAN) is organized as an independent body, reporting directly to the
Romanian Government. CNCAN is a highly professional entity, and the licensing
rules and regulations are entirely devoted to protect the safety of the public and the
environment. After 1990, CNCAN was insulated from political influences, and saw
remarkable improvement of its activity.
CNCAN has worldwide contacts, first with its Canadian Regulatory counterpart, the
Atomic Energy Control Board (AECB), but also with American, Japanese and other
regulators. IAEA support to improve CNCAN performance was also very important.
At the same time, cooperation and communication between Utility and Regulatory is
a continuous process, and guarantees the safe operation of the Cernavoda NPP.
Romania also developed a modern legal framework related to nuclear safety and
nuclear liability, taking advantage of IAEA and OECD/NEA support, in order to
comply with European rules and legislation.
The Romanian Nuclear Industry: Challenges and Opportunities
Within RENEL was developed an industrial support structure for the Cernavoda
Project, represented by the Nuclear Fuel Plant in Pitesti, and the Heavy Water Plant,
located in the southwest of Romania, near Drobeta-Turnu Severin. The "brain"
support for the Romanian Nuclear Program was provided by the Nuclear Research
Institute - ICN for specific Research and Development (R&D) activities and by the
Center for Nuclear Projects Engineering and Technologies - CITON for designengineering activities.
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Romania also implemented a dedicated nuclear infrastructure, beginning with an
educational system to industry and research-engineering capabilities. From the
industrial sector can be mentioned: Heavy Component for NPP Factory - FECNE,
General Turbo, Vulcan, CASTUM.AG, Ventilorul, Titan Nuclear Equipment, and
Automatica, from the construction-erection sector: Nuclear Montaj, Trustul de Montaj
Utilaj Chimic, from design-erection sector: Power Studies and Design Institute,
EUROTEST, Institute for Thermopower Components Research and Design and the
Institute for Atomic Physics.
One can further mention players operating in
international business, such as RC)MENERGO, and in the financial sector banks
such as BANCOREX or the Romanian Bank for Development and in the specialized
insuring market one finds in the Rornanian Atomic Pool. Specialized industries such
as uranium mining, milling and concentrating in Compania Nationala a Uraniului were
also developed.
The above attests to the breadth of the Romanian nuclear industry. This industry will
play a greater role on completing Unit 2 than it did on Unit 1. If one looks at the
Korean experience where four CANDU 6 reactors are currently in operation, the
future points to a growing role for Romania's nuclear industry in the completion of
Units 3 to 5.
Romanian industry has also started to penetrate the international nuclear business
and is already supplying components to AECL's CANDU project in China. Although
still relatively modest, the opportunities are quite promising and will be solidified by a
sound domestic market.
The Environmental Benefits of Nuclear
Aside from some hydro-electric plants, most of Romania's conventional electricity
generating capacity consists of relatively obsolete thermal plants, close to the end of
their design lifetime, with low availability, 40% of which burn coal, with high releases
of CC 2, SO 2 , NOQ, dust and ash. 50% of Romanian power plants have seen more
than 21 years of service and another 30% between 11 to 20 years.
To produce the equivalent yearly electrical power of Cernavoda Unit 1, a lignite coal
power plant requires about 6,000,000 tones of lignite and "produces" 1,500,000 tones
of ash, of which 20,000 tones is fly-ash, about 4.5 millions tones of CO2 and
significant quantities of SO2 and NO,. The nuclear option represents a good
opportunity for Romania to reduce polluting emissions, within the United Nations
Framework on Climate Change, and the last Conference held in Buenos Aires,
Argentina in1998.
It is also a little-known fact that the radiological impact on the population of a nuclear
power plant, such as the CANDU station at Cernavoda, is comparable, or less, than
that associated with other alternatives of electrical generation, such as coal (coal
contains radioactive elements which are released into the atmosphere when it is
burned).
Furthermore, Romania is developing radioactive waste management
programs and adopting concepts recognized worldwide (interim dry storage for spent
fuel, near surface repository for low and medium level waste).
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Safety and Environmental Impact
CANDU reactor is a safe concept, proven by approximately 500 reactor-years of safe
operating experience. One might ask, how does this translate to the Romanian
situation? The CANDU station at Cernavoda is as safe as any other in the world, a
statement which is supported by the following arguments:
*

the advanced countries experience from Canada, Italy and the United States is
implemented in the Cernavoda Project, Canadian and Italian specialists were
deeply involved in construction, commissioning and initial operation of the station;
• Romanian staff, very well trained in Canada, with hundreds of thousands of
training hours in the Canadian sister nuclear power plant, Point Lepreau, are
successfully managing the business process;
* The international nuclear community support is very strong, with significant results
in process improvement and in implementation of the "safety culture" among
Romanian specialists and Romanian authorities; PRE-OSART missions from
IAEA, or training programs, seminars, co-operation with IAEA, OECD-NEA,
WANO or COG are supplementary warranties to the safe operation of Cernavoda
NPP.
Unit 1 releases are very low, as an example could be mentioned the actual dose of
5.58 l~Sv in 1998, as cumulated release of radioactive effluents for the population
and environment, compared with the station's target of 50 pSv/year and the legal limit
for population of 1000 RSv/year. Also, a relevant figure is represented by the actual
volume of radioactive waste of 17.7 m3 in 1998, compared with the design
requirement of 30 m3 /year. The station policy is also directed to the own personnel
protection, in 1999 an average dose of 0.76 mSv was reached; the maximum dose
achieved in 1998 is 6.20 mSv, compared with the professional exposure legal limit of
20 mSv/year.
Public Acceptance Issues
Generally speaking, the Romanian public attitude to nuclear has remained very
positive. This has been further reinforced by the excellent performance of Cernavoda
Unit 1 during the past three years. The green movement is not strongly represented
on the Romanian political stage. Inside the ruling coalition of political parties there is
the Romanian Environmentalist Federation (Federatia Ecologista din Romania FER), represented in both chambers of the Parliament, but their participation and
impact is still very low. The attitude of this political party is to accept, within certain
limits, the nuclear energy for Rornania. Some Non-governmental organizations
(NGOs), mainly financed by similar Western organizations, have adopted a more
aggressive attitude, similar to what has been experienced in other European
countries, but their arguments are not very popular among the Romanian public. But,
all these are not reasons for the nuclear promoters groups, either official or nongovernmental, to be complacent. European greens recently organized, with FER and
anti-nuclear NGOs participation, a symposium dedicated to energy in general, but
focusing on nuclear aspects, and advocating the stopping of the Cernavoda Unit 2
Project. It is interesting to note the rather objective presentation of the Greenpeace
representative, who considered the nuclear option as a valuable one, mainly related
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to the reduction of polluting emissions from the conventional thermal plants. At the
same time, they expressed their opinion that there is a need to monitor the nuclear
activities in Romania but these cannot be considered as being exaggerated.
The Romanian "Nuclear Energy" Association (AREN) is making efforts to better
inform the Romanian public about nuclear energy, as well as the decision-makers
and local authorities. Together with other Romanian NGOs, AREN is deeply involved
in TV presentations on nuclear energy, discussions with the decision makers,
presentations in schools, interviews in the major Romanian mass-media, editing
pamphlets, etc. Romanian experts take advantage of every opportunity to explain the
benefits of the nuclear energy and do not avoid discussing the key elements of
awareness, such as radiation or waste management and disposal.
The future
In a world of relatively inexpensive fossil fuels, one would be tempted to ask why
nuclear? Nuclear power offers a virtually unlimited source of energy for generations
to come.
Although fossil fuels are relatively inexpensive now, in the future the
supply will no longer be able to meet demand and prices will rise significantly.
Production of electricity with nuclear plants will help to better manage these valuable
hydrocarbons for future generations and will provide the world with greater flexibility
in meeting the growing energy demands of the developing countries. Not to mention
the issues surrounding the contribution of fossil fuels to global warming and the
prudence inherent in tempering our appetite for fossil fuels until this phenomenon is
better understood.
As for Romania, the partnership that worked in making Cernavoda Unit 1 a success
will work again on Unit 2 and beyond. Nuclear is becoming more and more of an
indigenous industry relying on domestic uranium resources and fuel fabrication plants
to generate reliable, competitive electricity. And with a growing domestic industry,
Romania will be better positioned to become a player on the international scene and
make its contribution to the world energy picture. Regionally, the export of clean
nuclear generated electricity can be a key factor in reducing pollution from coal-fired
plants and in meeting the electricity requirements of areas with growing demand,
such as Turkey and Greece.
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Future of Nuclear Energy is Promising
Andrej Strilar
"JoiefSteJfn" Instilute

Nuclear Training Centre
Jainova 39
LjubIjana, Slovenia
andrej.stritar@ijs.si

Abstract
Paperis irving to clearly present the facts about World nuclear energy production in the
past and in the future. The production has increased in last ten years for about 26 % and
will continue to grow. After next ten years we can expect between 12.5 % and 25 %
higher production than this year. There/ore we, nuclear /proJfrsionals.should not be
pessimistic. WVe should strive not to use "negative" words in our communications
between ourselves and especially to generalpublic. Instead, we should proudly underline
our achievements in the past and prospects for the ffianre stressing all the benefits of this
type of energy production.

Introduction

Nuclear Energy is subject to constant attacks from different opponent groups. They have
managed to make negative public opinion, which tends to minimise the importance of that
energy production sector and create a feeling, that in the near future this will cease to exist.
Much too often we, nuclear professionals, are also subject of that propaganda and are even
by ourselves pessimistic about the future of our industry.
We are used to complain about our destiny also when communicating between ourselves.
Just a brief look into any of our magazine or journal could convince reader, that we are
struggling for existence and that our industry is in a steep decline. One such example is a
leading article in the leading European nuclear journal Nuclear Europe Worldscan about a
major nuclear event European Nuclear Conference in Nice last year. The title was World
nuclear: an energy facing rhetorical retreat or realistic reneival?' What does rhetorical
retreat mean? Does it mean that we have to end our business? And why are we talking
about renewal? Are we dead, broken, useless, so that we need to be renewed?
By constant delivering of similar subtle messages opponents of nuclear energy have
managed to create very negative opinion about anything nuclear among general public. And
we, nuclear professionals, are also joining it! We ourselves are becoming convinced that
our industry is in deep troubles and that in the future it will be even worse. We are telling
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to young people: "Well, maybe nuclear really is not very promising, but would you not
consider choosing it for your career anyway?" We ourselves are making negative opinion
about us. And that may eventually achieve the goal of our opponents - kill nuclear.
But facts are talking differently. In this paper I have tried to summarise the actual data
about the history of nuclear energy production, the current status and the future. At the
Nuclear Training Centre in 1,jubljana we have created a database about all the nuclear
power plants around the world. We have used almost all publicly available sources and
have tried to create some additional analytical data out of that collection.

The history of energy production
If you ask a question: "What are fastest growing primary energy industries in the World?"
probably most of people would be reluctant to mention nuclear among them. l have taken
data from BPAmoco", published at http://www.bpamoco.com/worldenergy/. Figure 1
presents the growth for the period 1988-1998 for the whole World. It is evident that the
growth of the nuclear is the fastest.
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Figure 1: World relative growth of major primary energy consumption - BPAmoco

Of course nuclear is not covering the major share of primary energy supply. Figure 2 is
showing absolute amounts of primary energy consumption. Nuclear share has increased
from 6,45 '/o in 1988 to 7,39 % in 1998.
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Figure 3: Growth of nuclear energy by regions - BPAmoco
Figure 3 shows big differences in the growth of nuclear consumption in different regions of
the world. Far East has almost doubled it, while in former Soviet Union the production has
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dropped to 78 % in 1994 and is back to 86,7 % in 1998. It is not promising that production
in North America is dropping in last years. Also in Europe the growth has leveled off after
last major units in the West were put in operation few years ago.
Figure 4 compares prices of crude oil and natural gas with the installed nuclear power.
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Figure 4: Prices of oil and gas (BP'Amoco) compared to the growth of installed nuclear
power
We can observe the change in the slope of nuclear power growth at around 1988, that is
year or two after significant drop of crude oil prices. The decrease of interest for nuclear
could very probably be linked to that major economical fact. Another important issue, the
Chernobyl accident in 1986, has certainly also contributed to the decreased interest for this
technology.
The future
To make a prediction for the future developments of the use of nuclear power we have
created a database containing data about each commercial nuclear power plant in the world.
We have used most of publicly available sources, most of them from Internet (IAEA',
INSC'V, NucNetv, filC Newvsbriefs"). From the beginning this task seemed to be simple and
straightforward, but later it turned out that available data are surprisingly unreliable. Even
data about the electrical power for each reactor could differ for several tens of MW at
different sources. So we have decided to carefully follow developments in the industry at
various sources and update our database permanently. We are trying to achieve as accurate
data as reasonably achievable (could we call it AAARA?).
Our prediction for future installed nuclear power is based on the following:
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*
*
*
*

40 years life time for western power plants unless other information is available for
individual plants
30 years life time for WWERs and RBMKs
operating plants, plants under construction and firmly planned plants are taken into
account
uprating is not taken into account

Figure 5 shows the history and future of installed nuclear power around the world.
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Figure 5: History and future of installed nuclear power around the world.
The days of fast growth (almost 100 % in five years) in eighties are gone. But the growth is
still steady in stable. Based on the best available data, we can expect even slightly faster
growth in the beginning of the next decade. Only at about 2010 we would reach a peak
installed power and only at around 2014 we would be back at the current level of the
installed nuclear power around the world.
Prediction of the future nuclear energy production is more uncertain. It depends on
achieved availability of plants, i.e. on the excellence of nuclear operators. We have inade
three scenarios:
1. Basic case - all power plants continue to operate with the same availability as in the
year 1998. If no individual data were available than the average world NPP availability
was used. It was around 75 % in 1998.
2. Increased availability case - all plants were assumed to improve their availability from
current level for 1 % per year until the year 2008. After that achieved availability
remains the same. For plants without availability data the world average availability
was assumed.
3. Longer lifetime case - the lifetime of 50 years for western power plants and 40 years
for WWERs and RBMKs were assumed.
Just to be consistent with the previous analysis we have started the prediction from the data
published by BPAmoco. So on the next figure 6 we have history of nuclear energy
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production until 1998, which is taken fl-om BPAmoco and shown on figure 1. For the 1998
we have adjusted data from our database by means of average world availability to
BPAmoco data and continued from there.
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Figure 6: World nuclear power production - base case
It is evident that production data for the base case are very similar to the predicted shape of
installed power.
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Figure 7 compares four future scenarios to the growth in the past ten years. In all cases the
growth rate will be slower than in previous ten years. However, `better" and "better and
longer" scenarios are not far below it and will end up only slightly lower. In ten years time
we may end somewhere between 12.5 and 25 % higher than today.
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Figure 8: World nuclear energy production - all four cases
From figure 8 we can see that there are significant possibilities for the increase of
production (and revenues) hidden in improved quality of operation. The following table
summarises the cumulative production.
The relative increase of cumulative nuclear
energy production until the year 2025 is shown.

Relativc
cumulative

Scenario

For example, if we manage to extend the
lifetime of all our nuclear power plants, we
would produce 9 % more terawatt hours than in
the "basic case".

production until
_

2025

Basic
Improved availability

100 %_

Longer life time

109 %

108 %

118 %
Of course many things could influence the
Improved availability
ad life time
future. The history curve in 2009, ten years
from now, will probably lie somewhere
between my predictions from figures 6 and 7. But most probably in the years to come there
will be new nuclear power plants ordered and the curves could also turn upwards.
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Conclusion
We have no reason for pessimism. During last ten years nuclear energy was growing faster
than coal, hydro, oil and even gas industries. Facts also tell us that in the future such trend
will continue. We can expect to have between 12,5 and 25 % more production of electricity
after next ten years.
Therefore we, nuclear professionals, should be aware of that and should deliver appropriate
messages whenever possible. Instead of words like "retreat" or "renewal", we should have
words like "growth", "challenge" and "excellence" in our minds and headlines.

World nuclear: an energy facing rhetorical retreat or realistic renewal? Nuclear Europe Worldscan I12/1998, pages 9-11. ISSN 10 16-5975.
Statistical review of World energy, BPAmoco, http://www.bpamoco.com/worldenergy/, 1999.
PRIS, Power reactor information system, database maintained by IAEA.
INSC, International nuclear safety centre, database at Argonne National Laboratory, sponsored by DOE,
http://1vww.insc.anl.gov/index.html.
'Nucnet, Nuclear news agency, operated by European Nuclear Society, http://nucnet.aey.ch/nucnetJ.
iUIC Newsbriefs, electronic newsletters distributed by Uranium Institute, London.
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New devices for better understanding of radioactive waste by general
public
Andrej Stritarl, Oton Gortnar', Jelislav Kovaitid', Mat/ai Kozelj/, Irena Mele2 , Nadja
Zeleznik2
IJozef Stefan Institute, Nuclear Training Centre, Jamova 39, Ljubljana, Slovenia
2Agency for Radwaste Management, Parmova 53, 1(000 Ljubljana, Slovenia

andrej.stritar@lijf. si

Abstract
Several new exhibits, added to the nuclear information centre, are described We
have prepared a quiz about radio.ctive waste, interactive most frequently asked
questions about radioactivity and radioactive waste, a World map of nuclear
objects, a set of demonstration exercises and CD ROM about radioactive waste.

Introduction

One of the activities of the Nuclear Training Centre in Ljubljana is public information about
nuclear technologies and radioactive waste. On our premises we have an information centrc,

which is visited by about 7500 mostly young visitors every year. It is also the official
information centre of the Agency for Radwaste Management. In the year 1999 we have
together added several new exhibits, which we hope will present the radwaste technology in a
friendly way to our audience. This paper describes each of new exhibits.
Quiz about radioactive waste
It is important to attract visitors of information centre by some entertaining devices. With that
in mind we have developed a computerised quiz system, where two players can challenge
themselves. We have created a set of about 150 questions of different difficulty. During teach
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game two players are asked eight randomly chosen
questions like the one on figure to the right.
Each player has three buttons for three possible
answers. The one that answers the fastest gets the
score. The scores depend on the time lhe correct
answer was given - faster the answer, higher the
score.

Once the answer is given or missed, the correct
answer is repeated and some short additional
explanation is given like in the figure at the right.

*I
:0

After eight questions the winner is declared:

We have two workstations with this software in the information centre.
Interactive most frequently asked questions about radioactive waste
In 1997 Agency for radwaste management published a booklet with answers to 141 most
frequently asked questions about radioactivity and radioactive waste. This year we have
converted them into the computerised form and made an interactive device. T hereby we hope
to invoke more interest and more asked questions.
'[he software is designed like a typical World wide web page and is easy to navigate.
Questions are grouped into 5 groups. Most of the answers are in written form, while for some
we have added also graphical explanations (see figure on the next page.)
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We installed two computers with this software in the Information centre.

Interactive World map of radioactive waste facilities
We consider this to be the most attractive new device. Already the physical set-up is
something special. The user sits in the "command" chair. navigates through the system with
the joystick like a pilot and the main image is projected on the big screen so that the wider
public can see it too.
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On the main screen the World globe is always present and the user can attractively navigate
around it. Once he has selected a part of the world, he can zoom closer. Icons representing
nuclear locations appear. By clicking on selected location the user gets a new, more detailed
map of it and possibility to see additional information. This also includes almost 400 different
photographs of different facilities.

Dig~~~~~~~~~~~~~~~~~~~,;..i

Add.

There are several different kinds of browsing capabilities available. In addition to virtual
"flying" around the World user can also look into selected country on the textual menu on the
right hand side of the screen. Another possibility is searching through the list of selected types
of facilities. For example, it is easy to find all surface radioactive waste repositories around
the world and get information about each of them.
Building the data base with the information about nuclear facilities was a separate, quite
demanding task. The amount of information presented on the screen to the average citizen
must be small, but exact and concise. Therefore we had to carefully edit and select
information of sites, for which we had plenty of known data. Unfortunately for most of the
sites the problem was the opposite: there was none or very little data available. In such cases
we have left few sentences of general description of that particular type of the facility. For
example, we know that there is a near surface repository in Ekores in Belarus, but we have no
detailed information. In such case the text generally describing such type of facility would
appear.
The software is designed so, that it can be easily upgraded. We intend to maintain and
improve data base and regularly update the exhibit.
Demonstration exercises about radioactivity
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We have prepared a set of exercises, which will be used for demonstration to young visitors.
Final objective is to help them understand selected phenomena, which are difficult to
comprehend. Following is the list of demonstrations:
1. Penetration of alpha particles - alpha radiation is blocked by different obstacles, by
which the shielding effect is explained.
2. Penetration of beta particles - same as above, only that the beta source is used.
3. Penetration of gama radiation - again similar as above, only with the gama source.
4. Decay of radiation by distance - a source and a ratemeter are put on a simple mechanical
construction, where the distance between them could be changed.
5. Radon in our environment - by ordinary vacuum cleaner we collect some dust on a paper
filter and demonstrate increased activity on it (figure below).
For each exercise a separate working
point is prepared with the ratemeter or
other necessary device needed for
presentation.. The exercise can be
shown to about 20 visitors at a time.
Each session lasts between 15 and 30
minutes.

CD ROM about radioactivity and radioactive waste
The first phase of the development of the software for
interactive
demonstration
of radioactivity
and
radioactive waste has been concluded. The overall
design and general scenario was prepared. The whole set
of pictures and animated sequences has to be developed
in the near future.
the presentation is prepared in an attractive way aimed
to teenagers. There are many drawings, animated
sequences, speech and music. We intend to distribute
CD ROM to visitors of our information centre.
Conclusion
Modem information centre must include attractive exhibits, which give visitor some
possibility for activity. With that in mind we have developed here described devices. They
should gradually replace `static panels with text and figures only.
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iAndrej Stritar, Radko Istenic: Najpogostejsa vpra~anja in odgovori o radioaktivnih odpadkih. Ljubljana,
Agencija za radioaktivne odpadke,julij 1997. ISBN961-90482-1-0.
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Public Opinion about Nuclear Energy

1999 Poll

Andre] Siritar,Radko Istenic
"Jozef'Stefan" Institute
Nuclear TrainingCentre
Jamova 39
Lju~bjana, Slovenia
andrej.stritar@ijs.si

Abstract

In the Nuclear Training centre in Ljubljana vve are polling our visitors on a yearly
basis. The visitors are elementary and high school students. They are polled
befbre they listen to the lecture and visit the permanent exhibition. This year the
attitude towards nuclear power remainedfavourable. For the first time we have
asked also about the preparedness to accept a new nuclear power plant. About 7
% there in favour. In addition wve have studied the influence of the social
background to the acceptance of the nuclearpower.

Introduction

Nuclear Training Centre Milan Copic at the Jozef Stefan Institute in Ljubljana is performing
extensive public information activities. All the elementary and high schools in Slovenia are
invited to visit our permanent exhibition and attend the lecture about the nuclear energy or
radioactive waste disposal. In the year 1998 7427 visitors visited us. Most of them are from
the 7 th and 8 t'hgrade of elementary school, age 14 to 15.
Every year in the spring we ask several hundred of visitors the same set of questions about
their knowledge and opinion about nuclear energy. They are polled before they listen to the
lecture or visit the exhibition. In that way we are trying to obtain their opinion based on the
knowledge they obtain in everyday life.
Result of the 1999 Poll

In the following graphs we will present the results of the poll, that was performed in the spring
1999. Results are compared with the similar polls in the previous years.
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Demography
In the spring 1999 810 visitors were polled. This year there were more girls than boys. Most
of them were from elementary schools.
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Questions about the nuclear energy

With this set of questions we are trying to evaluate understanding and opinion about the
nuclear energy. They were defined already some years ago, when there was substantially
stronger anti-nuclear movement in our country.
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What arc the reasons for the use of nuclear energy?

From the answers to the question What are the reasons for the use of nuclear energy? we
can conclude that there was a shift in positive direction regarding the understanding of
environmental friendliness of the nuclear energy. There was only one answer allowed.
From the answers to the similar question What are the reasons against the use of nuclear
energy we can see that the disposal of the waste and radiation from NPPs are only slightly
loosing on importance. We can observe that more people are aware about the possibility of an
accident in the NPP. Ihere was also only one answer allowed.
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What are the reasons against the use of nuclear energy?

Next question was What will be stored in the low-level radioactive waste repository? It is
obvious from the answers that there is considerable misunderstanding of the facts. There were
several answers possible.
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This year we have slightly changed the last question in this group. Until last year we were
asking about the future of the NPP` KCrko: When should NPP Kr~ko be shut down? Possible
answers were: immediately, in five years, at the end of its life time and 1 don't know. This
question was prepared in the beginning of nineties when there was serious threat from green
government to shut down NPP1 Kr~ko in next 5 years. Since there is no such threat anymore.
the question was becoming ilrelevant.
The new formulation for this question is the following: What should be the future of
nuclear energy in Slovenia? Possible answers were: shut down NPP Kr~ko immediately,
shut down NPP Kr~ko in five years, operate NPP Krgko until the end of its life time, build a
new NPP to replace old fossil plants and 1 don't know. Assuming that those for the new plant
are also for the continued operation of the NPP Kr~ko, we can still compare results over the
years.
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What should be the future of nuclear energy in Slovenia?
This year we can see the fburth year of the permanent drop in the number of people against
nuclear power. For the new nuclear power plant were 7.65 % of polled population. If we add
that to 70.49 % of those, that think the NPP Krgko should operate until the end of its life time,
we get slightly higher number of supporters than last year (78.14 % compared to 77.33 % last
year)

International Conlrrencc Nuclear 1,nergy in Ceniral Europe '99

515

NruclearEnergy and Public

Questions about the environment
With these two questions we are trying to determine what is the relationship of the person
towards the general environmental issues.
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What is most harmful to the environment?
From the answer to the question What is most harmful to the environment? we can see how
media are influencing perception about importance of environmental problems. Several years
ago everybody was talking about ozone holes, so this problem has attracted more concerns.
Today ozone holes are less discussed in the media; therefore they have lost on importance
among the polled population.
The positive trend can be observed from the answer describing the fear of radiation from
NPPs. It has fallen from 12.79 % in 1993 to 8.1 % in 1999. However, one of the major public
concerns about nuclear energy is permanently gaining on importance: number of people, who
consider radioactive waste to be a major concern for the environment is steadily increasing
(from 13.64 %/o in 1993 to 18.6 % this yea~r). This year that was even the major concern of all
other issues.
There were 3 answers allowed to this question.
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Finally, we are asking every year our visitors about their acceptance to live close to some
industrial or otherwise disturbing facility. Regrettably, this year again people are more afraid
of the radwaste repository than of the operating nuclear power plant. Last year was the first
time this has changed. But that was obviously not a beginning of the longer trend.
Influence of the social environment
This year each person has answered about the education of his/her parents and about the
education level, he or she would like to achieve. We have then tried to make a crosscorrelation between these two factors and attitude towards nuclear power.
Parent's education:
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These analyses did not produce any obvious and/or expected correlation. In the graph we are
presenting the answer to the question about acceptability to live in the vicinity of radioactive
waste repository. It is obvious, that the level of education of parents does not influence the
acceptability of such facility by their children. Some further studies would have to be done in
that direction to find any clear connections.
Conclusions
Comparison of the results with previous years shows stable and steadily improving public
acceptance of nuclear energy in Slovenia. The following conclusions can be obtained:
• Cleanliness of nuclear power is not well understood and should be stressed in information
activities
• Radioactive waste is still considered as: a major problem of our industry and is even
gaining on importance.
* Percentage cf people believing that NPP Krsko should operate until the end of its lifetime
is high and steady.
• For the first time we have determined, that almost 8 % of people would accept a new
nuclear power plant in the country.
• No correlation between social environment and understanding of nuclear energy could be
found.
But, relatively favourable public acceptance can change over night. Therefore a permanent
information activity is essential.
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PA/SA for Slovenian LILW repository
Nadja Zeleznik, Irena Melc
Agencija za radioaktivne odpadke
Ljubtljana, Slovenija
Abstract:
The RAO Agency staried wit/h a new site selection procedure in 1996. As part of the preparational
work-for tile new disposal facility, tools for assessment of the specific disposal concept inJluence oin
the environment and hunzan has to be developed. Therefore the Slovenian assessment team that has
been organised. joined the IAEAs ISAMO programme, in which different approaches to performiance
and safet- assessment wvere applied to safety cases. .4s part of the ISAM individual (national) safety
cases. The RAO Agency, together with other Slovenian institutions, peiformed the preliminapy
performance assessvnent of the Slovenian LILW repositoryfor generic site location. The method and
the results of tile safety case are presented in this paper.

Introduction
For any disposal practice it is crucial to demonstrate that the practice is acceptable.
This is often achieved by showing compliance with regulatory criteria. Performance
and safety assessment (PA/SA) is a key component in evaluating the acceptability of a
disposal practice. In addition, for the planned facilities, PA/SA can play an important
role in site selection, establishing waste acceptance criteria and designing and
optimising engineered barriers. PA/SA also represents the basis for the licensing
process. In each of these areas, performance and safety assessment plays a key role in
focusing decisions on issues related to the long-term safety of the disposal system.
PA/SA can therefore be seen to be an important component of practical decisions
about disposal facilities.
The RAO Agency started a new site selection procedure in 1996. As part of the
preparational work for new siting, PA/SA had also to be developed. Therefore the
RAO Agency established several new contacts with related organizations abroad in
order to gain some basic information on the PAISA approach in other countries. At
the same time, the Slovenian assessment team, including representatives of different
Slovenian institutions and the RAO Agency, joined an international programme

entitled Improvement of Safety Assessment Methodologies for Near Surface Disposal
Facilities - ISAM, which is organized by the International Atomic Energy Agency.
The main objectives of this five year ISAM programme are:
* to provide a critical evaluation of the approaches and tools currently used in the
post-closure safety assessment of proposed and existing near-surface radioactive
waste disposal facilities;
* to enhance the approaches and tools used;

ISAM - Improvement of safety assessment methodologies for near surface disposal facilities
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*

to provide participants with practical experience in the implementation of the
approaches and tools; and
to build confidence in the approaches and tools used.

Structure and ISAM approach
In order to realise ISAM programme objectives, key elements of a performance and
safety assessment approach were anal'yzed. They are summerized in Figure 1.

Figure 1: The ISAM PAISA Approach
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The first step is to define the assessment context, where the purpose of the assessment
(e.g. site selection, site licensing etc.) is defined, the relevant assessment criteria (e.g.
individual dose, individual risks, environmental concentrations, etc.) are fixed, and
the timescales are considered.
In the light of the assessment context., the disposal system can be described. Outputs
from Elements 1 and 2 (Figure 1) allow relevant features, events and processes to be
identified and incorporated into scenarios. These scenarios are represented in
conceptual and mathematical models, and simulations can then be carried out using
computer tools. The results from the computer calculations are then analysed and
compared against the assessment criteria to allow the adequacy of the safety case to
be assessed. If the safety case is considered to be inadequate the components will then
be reviewed and modified, if appropriate. Iteration between elements in the approach
is to be expected and encouraged.
It is important to stress that the structure of the ISAM approach to the PA/SA is very
general and that its implementation differs from case to case.

Training course for the Slovenian safety case
After joining the ISAM programme different studies were performed, covering basic
understanding of radionuclides migration through engineered barriers and geological
surroundings and their time dependance. In addition, preparation work was started on
the safety case for generic site location for a near-surface low and intermediate level
waste (LILW) repository where the results of the ISAM project were implemented for
the Slovenian territory.
Two disposal concepts/siting options which are currently being considered for the
LILW facility: a surface vault disposal facility; and an underground (tunnel) disposal
facility were chosen for the safety case. All required data and description of generic
location, waste, disposal system and assessment context were prepared by the
Slovenian assessment team. The comprehensive method based on AMBER code was
then applied in a training course, which was organized by The RAO Agency and
representative from Enviros QuantiSci in June 1999, on performance assessment of
the near surface disposal facilities for two types of generic LILW repositories. The
results of the course were analysed by the participants from different fields of work
(teclmical, nature and human science) and a preliminary performance assessment
report was prepared.
The work on the performance assessment for the Slovenian safety case followed the
methodology proposed by the ISAM programme. For the training course, basic
information on all elements was prepared.

Assessment context
The assessment context provides information concerning the key aspects of the study
such as: the purpose, regulatory framework, calculational end points, assessment
philosophy, waste characteristics, disposal system characteristics and timeframes.
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For the purposes of the illustrative course assessment, it was assumed that the
assessment process is at the site/disposal concept selection phase and so the
assessment served mainly:
1. To evaluate potentially suitable locations as part of a siting/disposal options
procedure and to compare the two different sites/options in terms of the level of
compliance with regulatory requirements.
2. To contribute to confidence in the negotiations between the local community, the
regulator and the disposer.
3. To identify key areas of uncertainty that could be investigated in the next stage of
the site investigation programme.
Regulatory framework and timefraimes
In light of the two broadly accepted international principles i.e.: independence of
safety from control and effects in the future, the following additional regulatory
guidance is assumed:
* 100 years of active institutional control of the site after the end of disposal
operations;
* a further 200 years of passive institutional control (e.g. societal memory) after the
end of active control; and
* no pre-determined time cut-off beyond which impacts need not be considered.
Calculational end points
Following the IAEA recommendation for post-closure events at the disposal facility
which are determined to be likely, projections of annual individual effective doses or
risks to adult members of the appropriate exposure groups should not exceed an
appropriate fraction of the dose limit, I mSv y-', or its risk equivalent (5 1 y0) The
appropriate fraction, termed the dose or risk constraint, is assumed to be 0.3 so that
annual individual effective dose from disposal facility is limited to 0.3 mSv/year.
Assessment philosophy
From the range approaches to the assessment of different assumptions used in the
process, a "cautious" approach - (a cautious assumption is an assumption that will not
result in the calculational endpoint(s) being underestimated) - was selected for the
PA/SA training course.
Waste characteristics
The waste to be assessed was primarily short lived LUILW (half life of 30 years or
less) from the operation of the Krsko Nuclear Power Plant (NPP). Although it is not
supposed to have longer lived actinides in the NPP LILW, for the purposes of
illustration for the course assessment it was assumed that concentrations of 5E-7 TBq
m 3 of U-238 and 4E-7 TBq m 3 of Pu-241 were also present in the waste, thus making
the calculation more interesting. ]t was assumed for the purposes of the sample
assessment that the volume of waste would be about 20,000 m3 once the NNP has
been closed. Given the short half life of most of the radionuclides from NPP Krgko, it
was proposed that, for the purposes of this post-closure, the long-term performance
assessment of only Co-60, Sr-90, Cs-137, U-238 and Pu-241 needed to be assessed.
Disposal system characteristics
The surface vault disposal facility is assumed to be located on a low permeability host
rock, whilst the underground disposal facility is assumed to be located in claystone,
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clay, marl or metamorphic clay-type rock. Both sites are assumed to have a relatively
simple geological structure with limited tectonic activity. Generic central European
biosphere conditions are assumed with a continental climate.
Given the early stage of the assessment (i.e. site/disposal concept selection), it is
considered that an approach that assumes constant environmental conditions is
appropriate; the impact of environmental and societal change could be considered in
subsequent assessments.

Scenario development and justification
For the purpose of Slovenian safety case features, events and processes (FEPs) typical
for Slovenian conditions were listed. All possible FEPs which could significantly
influence the performance of the proposed disposal system and the release of
radionuclides, and which are relevant for present and future conditions, including
anticipated and less probable events, were considered. After the screening of FEPs,
and by using expert judgement, the scenarios with descriptions of alternative, but
internally consistent future evolutions and conditions were generated for the surface
(vault) and underground (tunnel) disposal facility, and are presented in Table 1.
Table 1: Scenarios for surface and tunnel types of LILW repository - Slosenian
safety case for generic site location
Surface - vault type of
LILW
repository
Normal evolution scenario - with liquid
release via groundwater flow, gas release
via cap, and solid release due to eventual
cap erosion.
Altered evolution scenario A - human
intrusion into repository resulting in
exposure to intruders and site dwellers.
Altered evolution scenario B - more
rapid failure of engineered barriers than
in normal evolution scenario due to
events such as an earthquake and human
intrusion resulting in bathtubbing of the
wastes.
Altered evolution scenario C - mere
rapid transport of radionuclides into the
biosphere
due
to
existence
of
uncharacterised quick return pathways
(e.g. old boreholes).

Underground - tunnel type LILW |
repository
Normal evolution scenario - with liquid
release via groundwater flow, and gas
release via geosphere, and solid release
due to eventual (very long term) erosion.
Altered evolution scenario A - human
intrusion into repository resulting in
exposure to intruders and site dwellers.
Altered evolution scenario B - more rapid
failure of engineered barriers than in
normal evolution scenario due to events
such as an earthquake and human
intrusion.
Altered evolution scenario C - more rapid
transport of radionuclides into the
biosphere
due
to
existence
of
uncharacterised quick return pathways
(e.g. old boreholes) or due to poor rock
mechanics
-

Model formulation and implementation
Once the scenarios have been developed, their consequences in terms of the
assessment context must be analysed. A set of model-level assumptions (about
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dimensionality, boundary conditions, FEPs, FEP relationships, etc.) was needed for
each of these scenarios. These assumptions were comprised into the conceptual
model, together with a description of the model's basic FEPs, the relationships
between these FEPs and the model's scope of application in spatial and temporal
terms (i.e. its domain).
The conceptual models for each scenario were then expressed in mathematical form
as a group of algebraic and differential equations. with the adequate boundary and
initial conditions that need to be solved. These equations and their associated
parameters, which were required for the disposal system, waste and location
description, were related to human exposure for different scenarios and were solved
by implementing AMBER computer tool which is widely used and assures sufficient
accuracy for the level of PA/SA.

Results from the training course
A summary of the results from the initial calculations undertaken in the training
course is presented in Figures 2 and 3 for each scenario and disposal system
combination. Before discussing these results, it is important to be aware of the
following caveats:
* The results are initial and illustrative, no sensitivity and uncertainty analysis has
been undertaken. Furthermore, the results are often derived using caution
assumptions.

.

*
*
*

The three sources of uncertainty (scenario, model and parameters uncertainty)
must be taken into consideration when reviewing the results, especially given the
long timescales over which impacts are shown to occur.
Each scenario assessed has been asigned a probability of unity, and the results are
presented in terms of dose (Sv/year).
The radioactive inventory has been considered to be regularly distributed in the
disposal facility for all scenarios.
No consideration has been given to operational safety. The results derived only
apply to post-closure scenarios.

Analysis of Figures 2 and 3 shows that all doses fall below the illustrative dose
constraint of 3E-4 Sv/year, with the single exception of the dose from the Altered
Evolution Scenario B (bathtubbing) for the surface disposal facility. Due to the
importance of daughters ingrown from the U-234 chain, peak impacts arise far into
the future (often more than 100,000 years into the future) again with the sole
exception of the bathtubbing scenario for the surface disposal facility which is
dominated by the relatively short-lived radionuclide (Cs-137). The scenarios that
result in the highest doses are Altered Evolution Scenario B (bathtubbing) for the
surface facility, and Altered Evolution Scenario A (intruder) for the underground
facility.
Ignoring the contribution of the U-234 and Pu-241 chains results in slighty lower peak
doses (by up to an order of magnitude) for Altered Evolution Scenario A (intruder and
site dweller) for both types of disposal concept. In addition, doses for Normal
Evolution Scenario and Altered Evolution Scenario C are effectively reduced to zero
due to the short-lived nature of the remaining radionuclides. Peak doses for Altered
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Evolution Scenario B occur within 100 years of the end of the active institutional
control of the site and the consequent abandonment of cap and leachate drainage
maintenance. Peak doses for the Altered Evolution Scenario A occur at 300 years (end
of the passive institutional control). Again the timing of these peaks reflects the shortlived nature of the inventory if U-234 and Pu-241 are excluded.
The underground disposal system provides lower doses for all scenarios by up to two
orders of magnitude. This reflects the greater confinement offered by the underground
facility and the more spatially distributed nature of the waste.
Figure 6.1 Doses for Surface Disposal Facility
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The way forward
The training course organised by The RAO Agency has provided an introduction to
performance assessment and a very preliminary assessment of two disposal concepts.
For the first time in Slovenia the comprehensive disposal system was studied and
calculated by using the AMBER code, which is very general computer tool for
prediction of long-term contaminant release although is sufficiently accurate for the
purpose of this assessment.
More work has to be done in this field. First of all, the assessment cases need to be
developed and extended in light of the initial results obtained, with particular attention
being given to composition of the inventory to be disposed of (short vs long-lived),
the duration of the institutional control period and more detailed sensitivity and
uncertainty analysis. Additional data on parameters typical for Slovenian territory
have to be collected. The conceptual and mathematical models will be studied in
detail. The methods for giving confidence to all interested parties will be explored,
developed and documented.
Further consideration has to be given also to operational safety, thus providing the
basis for an overall safety assesment report which will include routine, accidental and
long-tenn assessment of the disposal concept. It is planned that by the year 2002, the
Slovenian assessment team will be able to perform PA/SA for the LILW repository.
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CROATIAN REPOSITORY CONSTRUCTION PROJECTPRESENT STATUS & MAIN OBSTACLES
S.Kuear )ragieevic. D).Subasid.. A.Schaller. V.1 okner, M.Cerskov Klika
AP3O- Hazardous Waste Management Agency.
10.(0)0 Zagreb, Savska c. 41/1V. Croatia
ABSTRACI'

Croatia has been preparing backgrounds for the construction of the repository for low and
intermediate radioactive waste on its territory, almost for a decade, now. In the name of

Hrvatska elektroprivreda. the co-owvner of the NE Krsko_ APO has been coordinating and
organising numerous activities and projects during that time period. Siting process, safety
assessment, disposal technology & repository design and public acceptance issues arc the
main fields of activities.
The overall status of the project at the moment, including the overview of the present
status of the main four aspects of activities. will be presented.
Relatively big and important progress made on the project work out during the last two
.vears, as wvel as the miain obstacles we were faced with during that time period, will be
discussed.

1.

Introduction

In addition to radioactive waste generated in medicine, industry and research,
Croatia is obliged to manage its share of the waste generated by nuclear power
plant Krsko. Built as a fifty-fifty venture of two former Yugoslav republics, all the
main issues related to the Krsko NPP have been treated on the fifty-fifty basis and
partnership agreements. According to this approach, a number of activities related
to the establishment of a LILW repository in Croatia, for one half of the Krsko
processing and decommission waste, have been initiated in Croatia so far. On
behalf of the Croatian owner, Hrvatska elektroprivreda, APO-Hazardous Waste
Management Agency was established to carry out or supervise all the activities
related to the LILW repository construction. Regardless problems raised up
between owners during last period, APO - as the main implementation
organisation for the repository construction project, has continued with all of the
planned activities regarding:
- siting process,
- safety assessment,
- disposal technology & repository design, and
- public acceptance issues.
The most significant progress has been made on the three fields of activities: (1)
siting process, (2) more detailed infrastructure status evaluation for preferred
locations, (3) overall project cost assessment from the preliminary to the final
stage- closure of the repository.
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2.

Progress made on the repository project

2.1

Siting

history

During the last, almost ten years, the complex miulti-stage procedure has been
applied to radioactive waste repository site selection. During the first phase,
exclusionary screening of the national territory has been done, ending with the
selection of potential areas. During the next phase preliminary comparison of
potential areas has been made and 3i4 potential sites have been identified [11.
Before further site selection, i.e. identification of potential sites, series of
comparative site-acceptance criteria considering all necessary geotechnical and
regional planning requirements have been applied. According to their individual
site- acceptance roles, the specific weighting factors (defined by the expert team)
have been given to each criterion. As a result of the former procedure, four
preferred locations have been recognised as suitable for further investigationsPapuk, Psunj, Moslovacka gora and Trgovska gora [2] (see Figure 1).
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Progress

These four sites have been included into Draft of the Physical Planning Strategy of
the Republic of Croatia ("Strategy" in the following text), being the main (roof)
document for development strategy and land using of the country. Four identified
sites have been equally valorised froM the expert point of view. However, during
November 1998 Parliament hearing, two of these four sites, were rejected by
amendment brought into by local political representatives, without any substantial
scientific or expert arguments. The reasons were purely emotional, and based on
the public opposition to construction of such a controversial facility. So, when the
Strategy Draft was put into few months public hearing (according to the
legislation procedure) two preferred sites for radwaste repository were left Tr-govska and Moslovacka gora. During the public hearing period, local NGOs
made a strong pressure by local radio & TV broadcasting, organising meetings and
collecting of signatures against repository construction. These activities were well
organised, especially for one of the proposed sites. During the final Parliament
hearing, held on April 1999, Moslovacka gora was rejected as the potential site for
the construction of the repository, leaving location on Trgovska gora as the only
potential site for further investigations 131.
Although that obviously was not the optimal result of our eight-year efforts, the
main fact is that one location has been formally accepted as the potential site for
further investigations. In table 1. main outcomes in the siting process are shown.
Table I. Sitinig pro(-ces.s1mi//stones
Year
1994.
1997

Event
34 potential sites identified
4 preferred locations included into Draft of the
Physical Planning Strategy

1998
1998/99
April, 1999

two locations re jected during parliament hearing
public hearing
Trgovska gora, as potential site for further
investigations, included into National Physical
Planning Strategy

Planned activities for next period include further collection of different data types
regarding the potential site, without physical investigation activities oil tile site
itself At the same time detailed monitoring and investigation plans should be
prepared.
2.2
Repository design and infrastructure status
History
Two main types of disposal technologies have been considered during these years
- horizontal tunnel- comb type desiign and engineered surface type. Design
documentation has been up-dated several times according to changes done in
waste processing and packaging systems in Krsko NPP 14]. Preliminary
performance assessment study has been made for both designs based on the
generic parameters of the disposal sites.
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Preliminary investment studies, with assessment of investment and operational
costs have been also made.
Progress
Further step has been to adjust both conceptual designs to preferred four sites,
aiming to define whether both disposal designs are adequate for all four sites, as
well as to define technical characteristics and safety assessment parameters which
have to be chanted.
More detailed design will be piepared after the completing of the site-specific
data.
Infrastructure status, at tour potential sites, have been evaluated includinig:
- transport possibilities -railway framework, roads category
-

electricity gird,
water supply possibilities
telecommunications

These parameters were evaluated fiom technical, as well as financial point of view
1-1.

2.3
Costs assessment
History
The previously prepared project documentation gives the technical, safety and
financial background relevant for construction of the facility itself It included all
costs from land preparing, construction, equipment acquisition, working and
closure of the facility. i lowever, the total costs assessment of the project, including
all costs associated with the project work out - planning, permits issuing, design,
land acquisition, infrastructure preparing, etc. have not been considered up to now.
Progress

Comprehensive preliminary investment study has been done taking into account
not only the investment costs for the facility construction but all the additional
costs connected to the project work out, including:
-

preliminary works costs
construction preparations costs
construction costs
working costs

-

closure, monitoring and surveillance costs

Cost assessment based on these parameters, has been made for four different sites
and two repository designs, giving picture about overall investment costs for eight
considered cases [61.
Evaluation of results has shown that:
a) site preparing costs may differ by 100 %, varying froml6millions
DEM to 33 millions DEM;
b) overall investment costs for tunnel type repository are between 100 and
114 millions DEM, depending on considered site, and for surface type
repository between 75 and 90 millions DEM,
c) using more complex financial and economic methodology, varying
discount rates, and pay back periods, became obvious that this financial
parameters are the most important factor in the economic evaluation of
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the project, repository technical design or site characteristic having
almost negligible influence on the overall cost.

3.

New relations forming new framework for the repository
project work out

Obstacles, we were faced with during accomplishment of the siting procedure,
were related mostly to the opposition of the local communities and different
NGOs. However, new relations between Slovenian and Croatian owners of the
NPP, due to unsolved problems regarding ownership, electricity supply,
decommissioning find, etc., reflected on the whole repository construction project
implementation. There are several institutions and organisations involved in
radioactive waste management activities whose scopes, responsibilities, as well as
welfare and goals have been subjected to significant changes during last few years.
Government of Croatia - as the highest positioned partner in the negotiations with
Slovenian government, Ministry of economy, as the authorised ministry for the
planning and regulating of the energy sector, Croatian Electricity Utility (Hrvatska
elektroprivreda), as the owner of the Croatian part of Krsko NPP and Ministry of
health as the regulatory body for safety & radiation protection, are the most
important ones.

Several alternative levels of Croatian involvement in NPP Krsko waste
management have been considered, taking into account different scenarios of
future agreements. At least three different models regarding the NPP waste could
reasonably be considered. However, as two of them include, in one way or
another, repository construction on the state territory, APO is continuing with the
planned project activities on all of the main fields.
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TtNNEL TYPE RADIOACTIVE WASTE REPOSITORY
PERFORMANCE ASSESSMENT

Dejan Skanata, Davor Sinka, Sasa Medakovic
Faculty of Electrical Engineering and Computing, Unska 3, 10.000 Zagreb, Croatia

ABSTRACT
Although Croatia is not a nuclear-oriented country it has been facing the problem of
possible radioactive waste disposal. In addition to relatively small sources of radioactive
waste from medicine, industry and research, Croatia is supposed to dispose half of the waste
generated by the Krsko NPP, which is Croatian and Slovenian joint venture facility. That is
why planning and construction of the low and intermediate level radioactive waste disposal
facility should be taken into consideration.
In the paper, the preliminary performance assessment of the tunnel type disposal
facility is presented. The assessment considers basic design of the facility located at two
different sites. The main characteristics of the sites, disposal facility and the radioactive waste
that is to be disposed are outlined. A relevant exposure scenario, conceptual and mathematical
models are described. The results of source term analysis, environmental transport analysis
and exposure analysis are given. Radionuclide concentrations in the environment, as well as
risks for developing cancer for the most exposed individuals are calculated. By comparison of
the acquired results the importance of performance assessment in decision making process is
clearly pointed out.
1. INTRODUCTION
Initiated primarily by obligations of Croatian Electric Utility (JIEP) to participate on
parity basis in finding a solution for long-term disposal of radioactive waste generated in

Krsko NPP, an expert procedure for selection of appropriate sites for low and intermediate
level radioactive waste disposal facility was started in the Republic of Croatia in 1991.
Through a multiple-criteria analysis, which included both Olobal assessment of national
territory and comparative assessment of particular areas, 2 sites have been singled out as the
most appropriate ones for further detailed research. The two sites are located on Mount
Moslavacka and Mount Trgovska, respectively [1]. Performance analysis for a tunnel type
waste repository, described in this paper, was elaborated for these two sites exclusively.
Radioactive waste characteristics have been evaluated with the assumption that the
repository was to receive all low and intermediate level radioactive waste generated during
operation and decommissioning of the Krsko NPP, as well as all radioactive waste from
Croatian and Slovenian scientific and research institutes, medical institutions and industrial
International Conference Nuclear Energy in Central Europe '99
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facilities generated up to 2055 (the year of anticipated closure of the repository). The total
volume of waste is estimated to 18,000 m3 with total activity in order of magnitude of 1015 Bq
[1]. The following activities of the most abundant radionuclides can be expected: H-3: 4,0 x
1013 Bq, Fe-5S: 9,9 x 1013 Bq, Co-60: 7,1 x 104 13q, Ni-63: 5,4 x l103 Bq, Sr-90: 4,2 x 1012
Bq, and Cs-I 37: 3,6 x 1('4 Bq.
The performance analysis refers to the tunnel type waste repository for which the
conceptual design was elaborated by the firm Elektroprojekt from Zagreb in 1996 [2].
According to their design, the system for final disposal of radioactive waste is located in low
permeable rock some several tens of meters below the surface. The system consists of one
main and six transversal tunnels. It is anticipated in the project that the entire radioactive
waste is to be stored in the so-called Tube Type Containers (TTC). These containers are to be
put in pairs in reinforced concrete containers, which will than be disposed into the tunnels.
Free space between the reinforced concrete containers and tunnel walls will be filled by a
special concrete mixture.
2. EXPOSURE SCENARIO
In majority of cases, performance assessments of tunnel type repository concentrate on
exposure scenarios which include migration of radionuclides from the repository by a
groundwater flow [11. In the elaborated performance assessment an exposure scenario of the
described type has been utilized, and it ha, been defined in the following way:

cog.

~~ ~-

Unsaturated zone Aquier

-

Low permeable rock
Repository

Conditions at the time of closure

Unsaturated zone

Aquifer
L - X,

Repository

Low permeable rock

--

Conditions 50 years after closure according to exposure scenario

Figure 1 Basic characteristics of exposure scenario
During the first 50 years after the closure, groundwaterflow through the repository is
negligible. After the 50-years period a significrant soil disorder takes place, causing the
aquifer to move into the repository zone (Figure 1). Simultaneously, a gradualweakening of
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77C containers and degradationof radioactive waste form takes place as well. Penetration of
water into the repository creates saturatedconditions, the process of leaching and migration
of radionuclidesthrough the reinforced concrete repository structures is accelerated, leading
to release of radionuclides into the aquifer. Radionuclides released into the aquifer are then
transportedto the well, located 200 m from the repository in the direction of the groundwater
flow. Owner of the well, unaware ofr the radioactive contamination of the well water,
continues to use it as drinking water, wtaterfor watering the cattle andfor irrigation, and in
that way daily intake of certain quantities of radionuclidestakes place.
3. MODELING
Modeling is an essential step in performance assessment. It consists of conceptual
model construction and after that its translation into mathematical model. Conceptual model
includes all characteristics and processes which significantly influence the performance of the
system. Translation of conceptual model into the mathematical domain (construction of
mathematical mode] of the system) enables application of mathematical tools in the analysis.
According to the adopted conceptual model, the system for final disposal of
radioactive waste is modeled as a parallelepiped, wherein volumes of individual system
components are preserved [3]. Thus the ratio of total volume of repository in relation to the
volume of waste remains intact as well. Aquifer is modeled as a homogenous and isotropic
porous medium. It is assumed that the direction of the groundwater flow is invariable in space
and time. No sources or sinks are accounted for.
Leaching of radionuclides from the waste form into the surrounding concrete structure
and their transport through the repository zone is modeled as an advection/diffusion process.
Nature of the process is determined by characteristics of the waste form and the reinforced
concrete structure (density, porosity, diffusion coefficient, hydraulic conductivity and
distribution coefficients). Transport of radionuclides by a groundwater flow is modeled as an
advection/dispersion mechanism. The parameters utilized to characterize this transport
mechanism include distribution coefficients in porous medium of aquifer, hydraulic gradient
of the groundwater flow, as well as dispersivity, density, effective porosity and hydraulic
conductivity of the aquifer.
In elaboration of the mathematical model, a probabilistic approach was adopted, which
enables uncertainty analysis of assessment [3]. The applied model was based on Monte Carlo
method and the LHS procedure. In LI-IS procedure a range of values of variable input
parameters is divided into a certain number of intervals, each of which has the same
probability of occurrence, and then a single value, representing that interval, is singled out at
random from each of the intervals. Input parameters are given as constants, as linear functions
of time (hydraulic conductivity of the concrete) and as distribution functions (degradation of
TTCs and distribution coefficients in the concrete and the aquifer).
4. RESULTS
The perfornmance assessment covered a period from year 0 to year 500 starting from
the moment of closure of the repository, wherein calculation step was At = 1 year. In other
words, 500 time steps were analyzed, in such a way that 2,000 simulations using the Monte
Carlo method were done for each individual time step. It is important to emphasize that all
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subsequent charts and diagrams represent arithmetic mean of output parameters calculated for
each individual time step in the analysis.
Results of source term analysis
Figure 2 shows an advection flux from TTCs into the concrete structure of the
repository. It can be clearly seen that leaching of radionuclides from the degraded waste form
begins 50 years after the closure of the repository, which is in accordance with the defined
exposure scenario. Shape of the curve for particular radionuclides is dependent on
characteristics of leaching process and the rate of degradation of TTCs, but also on the halflife of radionuclides. Thus the incline of the curve representing radionuclides with shorter
half-life (Fe-55 and Co-60) is considerably steeper in comparison with other radionuclides
from the analyzed spectrum. Diffusion flux of radionuclides from TTCs has also been
estimated within the analysis, and the results showed that at each time step it was for more
than two orders of magnitude lower than the advection flux.
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Figure 2 Advection flux from TTCs into the concrete structure of the repository
Figure 3 shows flux of radionuclides from the repository into the aquifer. If one
compares the diagram shown in Figure 3 with the one in Figure 2, it can be observed that the
total flux of radionuclides into the aquifer is for two orders of magnitude lower than flux from
the TlCs into the concrete structure of the repository. It means that the repository structures
considerably reduce release into the environment. Reduction factor for a particular
radionuclide depends both on its half-life and its sorption characteristics (distribution
coefficients). In the period of 100 years after the closure of the repository the greatest
contribution to the total flux is being given by 11-3 and Cs-137 radionuclides. The reason for
this is a very significant initial activity of Cs-137 radionuclide, and a very low retardation, i.e.
fast migration of radionuclide H-3.
Although the initial activity of Co-60 is the highest one, its contribution to the total
flux from the repository is of little significance due to its short half-life. Similar is true of
radionuclide Fe-55, the contribution of which in the total flux can be practically neglected.
100 years after the closure of the repository, contribution of H-3 to the total flux begins to
decline in a linear manner.
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Figure 3 Radioactive release into aquifer
The main contribution to the total flux comes from radionuclide Cs- 137, while
contributions of Ni-63 and Sr-90 are lower for about one order of magnitude. After 200 years,
contribution of Ni-63 becomes dominant. The reason for this is its relatively long half-life.
Environmental transport and exposure analysis results for Mount Moslavacka
All previously listed results depend exclusively on characteristics of repository and
radioactive waste. The following results depend also on the site at which the repository is
located. Figure 4 shows concentrations of particular radionuclides in the well 200 m away
from the repository in the direction of the groundwater flow. Concentrations refer to
repository located at Mount Moslavacka.
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Figure 4 Concentrations of radionuclides in the well water for Mount Moslavacka site
The figure shows that only three radlionuclides (H-3, Cs-137 and Sr-90) are estimated
to occur in the well water in concentrations higher than 10 Bq/m 3 . The concentration of H-3 is
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the highest, and it reaches its maximum value approximately 100 years after the closure of the
repository. If one takes into consideration its low value of retardation, such results are to be
expected indeed. Maximum concentrations of Sr-90 and Cs-137 in the well water are lower
for more than three orders of magnitude in relation to the maximum concentration of
radionuclide H-3, and it is estimated that they will occur in the period of 160 years (Sr-90) or
200 years (Cs- 137).
When probabilistic performance analyses of radioactive waste repositories are in
question, special attention is given to values of the 95. percentile of the response function.
Namely, it is commonly considered that the repository-surrounding geological medium
system performances, i.e. its isolation characteristics, is satisfactory if the 95. percentile of the
response function lies below the acceptance criteria. Table 1 compares values of the 95.
percentile of estimation of radionuclide concentrations in well-water with maximum allowed
concentrations in drinking water, based on the current Croatian legislation [4]. The
comparison shows that the estimated concentration amounts to about 60% of maximum
allowed for radionuclide H-3, and that it is for 2, or 5 orders of magnitude lower than
maximum prescribed for radionuclides Sr-90 and Cs- 137, respectively.
Table 1 Estimated and maximum allowed concentrations for Mount Moslavacka
Radionuclide

95. percentile

I

H-31,

3

(Bq/m )

Max. allowed conc. (Bq/m 3 )
107

1068,2.

Sr-90

2,8.102

2,7.104

Cs-137

2,0 100

ii.1

5

Figure 5 shows estimated risk (50- year consequences of I-year intake) of developing
an incurable carcinoma, as a consequence of daily consumption of 2 1 of contaminated well
water.
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Figure 5 Estimated radiological risks for Mount Moslavacka
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The figure shows that the greatest risk is to be expected from H-3, that it amounts to
somewhat more than 10 year', and that it will occur approximately 120 years after closure
of the repository. Total risk of the entire spectrum of analyzed radionuclides in that period
follows the curve of H-3 radionuclide. In the period from year 120 to the year 180 after the
closure the greatest contribution to the risk comes from Sr-90 radionuclide, and after that the
dominant risks comes from Cs-137. Because of such contributions of particular radionuclides,
the overall risk from year 80 to year 200 year changes very slowly and after that it begins to
decline.Values for risks shown in Figure 5 represent arithmetic means of calculated values for
each time step of the analysis, while Table 2 gives an overview of 95. percentile of response
function.
Table 2 Radiological risks (95. percentile) for Mount Moslavacka
Radionuclide

95. percentile (I/god)

H-3

1,8*1 O

Sr-90

3,1 10-7

Cs-137

1,2-10-9

Co-60

Negligible

Total

1,9*1O06

The Table shows that 95. percentile of total annual risk, as far as siting of the
repository on the Mount Moslavacka is concerned, has been estimated to approximately 2 106
year- and that it exceeds the value of lO< year", which is commonly considered to be a
border value for acceptable risk. The greatest contribution to the overall risk therein comes
from H-3 radionuclide.
Mount Trgovska results summary
For the Mount Trgovska site an identical performance assessment has been performed
as for the Mount Moslavacka. limitations concerning the scope of this paper does not allow
for a more detailed description of results for both locations, so that only the most significant
details are given here, without associated diagrams.
The estimated concentrations of radionuclides in the well-water for location on Mount
Trgovska are for two orders of magnitude lower than the ones estimated for the Mount
Moslavacka location. Same as in the Mount Moslavacka case, the concentration of H-3 is the
highest. Value of the 95. percentile of concentration of 11-3 in the well-water amounts to
approximately 104 Bq/m3 , which is for 4 orders of magnitude lower than the highest legally
allowed concentration in drinking water (8,2 x 107 Bq/m3 ). The main reason why the
concentrations are is the lower hydraulic conductivity of the saturated zone on Mount
Trgovska. Because of that, the groundwater flow is slower, and therefore the time of transport
of radionuclides from the repository into the well is longer. Concentrations of radionuclides
rapidly decrease during transport due to relatively short half-lives.
Radiological risks for Mount Trgovska are also for two orders of magnitude lower
than the ones estimated for Mount Moslavacka. Value of the 95. percentile of total risk in
amount of 1,4 x 10-8 is most often categorized as negligible risk.
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5. CONCLUSION
Using the probabilistic approach, a performance assessment for tunnel type repository
of low and intermediate level radioactive waste for two locations in the Republic of Croatia
has been performed. Analysis was based on the assumption that the repository is going to be
constructed according to the existing conceptual design. The waste in question is the one
related to operation and decommissioning of Krsko NPP, and waste from Croatian and
Slovenian scientific and research institutes, medical institutions and industrial facilities
generated up to 2055. Repository performances have been analyzed according to the exposure
scenario which includes migration of radionuclides from the repository by a groundwater
flow, as well as using the contaminated well-water by inhabitants living in immediate
vicinity.
The results of the analysis have shown that it can be stated with 95% certainty that
concentrations of radionuclides in the well water would be lower than maximum allowed,
according to the current Croatian legislation. This applies to both analyzed locations.
However, it has been estimated that concentrations of radionuclides, and thus the radiological
risks for the neighboring inhabitants, would be lower if the repository would be located on
Mount Trgovska. The reason for this are superior isolation characteristics of this site.
The performed analysis undoubtedly belongs to the category of preliminary analysis,
with relatively high uncertainty of estimation. The main reason for this is that not all input
parameters were available, so that generic values acquired from expert literature were used in
a certain number of cases. Preliminary analyses cannot serve as the basis for reaching final
decision on whether a radioactive waste repository can or cannot be built on a particular
location. However, based on results of the performed analysis, it can be concluded that in
subsequent research activities priority should be given to Mount Trgovska site. Moreover, the
analysis also served the purpose to define the group of data which should be collected in order
to reduce the uncertainty of estimation. These data refer to characteristics of radioactive
waste, technical design of the repository and the selected locations.
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Reassuring the public
Nadja Zeleznik, Irena Mele
Agencija za radioaktivne odpadke
Ljubljana, Slovenija

Abstract
The first site selection, which was performed in Slovenia between 1990 and 1993, was unsuccessful.
The representatives of local municipalities which were identified in the siting process were alarmed
and had] shown extremely high opposition to everything linked to radioactive waste. To learn by
previous mistakes, the RAO Agency decided to conduct a public opinion poll on those locations, with
the main objective of obtaining information on the present opinion of the local communities, and to use
the experiences in the preparation of a new site selection procedure. The results of this poll and the
starting-pointsfor the new siting process arepresented in this paper.

Introduction
Previous attempts to locate a disposal facility in Slovenia have proved unsuccessful.
The first siting process for a low and intermediate level waste (LILW) repository
started in 1990. The technical part of the project was concluded in 1993, with five
most suitable locations. The presentation of the results to the public was unsuccessful,
and provoked strong disapproval within the local communities where the locations
were identified. Because of the extremely negative reactions from local municipalities
the siting process was suspended. All activities connected to this siting were stopped,
and the continuation was estimated as not feasible.
In the forming of a new site selection process, the RAO Agency has tried to use as
much experience as possible from the first site selection. To obtain additional
information on the opinion of the local communities on the previous site selection, a
public opinion poll on those locations was conducted.

Public opinion poll
In order to receive the independent and neutral opinion of representatives of local
municipalities the public opinion poll was performed by the Faculty of Social
Sciences and Psychology (Fakulteta za druibene vede in Filozofska fakulteta,
Oddelek za psilhologijo). The interviews started in November 1998 just after the local
elections, in order to exclude the direct influence of policy on the answers, and were
completed in December 1998.
A snow-ball method with nonstandardized interviews was used, starting according to
the media analyses with more active representatives of local communities. For this
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method it is typical that the next candidate for the interview is found by following the
recommendation of the earlier interviewee. To eliminate the possibility of receiving
biased views, the correction of the method was carried out by choosing random
candidates among the villagers.
The opinion poll was performed in the 5 local communities where the most suitable
locations had been identified in the previous LILW site selection. These communities,
with approximately 150 to 250 residents, are situated in two larger areas: Zahodne
Haloze and Gorenji Leskovec both in the eastern parts of Slovenia. Those areas are
among the poorest regions in Slovenia, this is especially true for the first area. The
second area is near to the Krsko nuclear power plant location and is already burdened
with the location of the nuclear facility.
The inquiry was divided into several main topics of interest, including method of
acquaintance with the siting and disposal project, technical knowledge about the
disposal facility, financial compensations to the local community, site selection
alternatives, and the level of personal engagement in the previous site selection
process.

Common characteristics of local opinion
Qualitative analysis showed a high homogeneity of answers. On the basis of various
groups of answers, it was possible to establish the common characteristics of local
opinion.
The later analyses of the results of the public opinion poll were more or less consistent
in concluding that the main reason for the failure of the siting project was inadequate
involvement of local communities in the site selection process. Even though better
communication could not change the result, it could still reduce the communication
blockade.
The language which was used in public relations was too complicated and
sophisticated thus created many rumours and a sence of mysteriousness regarding the
activities. Because of poor and inadequate information on the radioactivity, siting and
disposal facility, a typical feeling of excessive and irrational fear was aroused in
connection with generic disturbances to human health. Low credibility in the experts
and the strong influence of foreign examples e.g.: Chernobyl, spent fuel transports in
Germnany, Austrian protests...,
additionally spread fears about the dangers of
radioactive waste.
Participation in the site selection process was not established, and the real
representatives of local communities were not involved in the process. Local
authorities were inforn-ed about different decisions in the process but due to distrust
in local administration and confrontation by local representatives, any possible
resolution was blocked.
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The analyses also agree that the site selection process did not have sufficient political
support. A waste management policy that could have provided the needed link
between the politicians and the investor, did not exist. In fact, the period of the site
selection process coincided with the time of the tremendous changes that occurred in
our country during the late eighties and early nineties. The changes in the political,
social and economic system, in combination with the growing opposition to the
peaceful use of nuclear energy, would require a different approach to the problem.
The siting project, based on the technical screening method should have adapted to all
changes and new circumstances, however due to its long-term nature, it was
practically impossible.
According to the inquiry the reasons for such strong resistance against accepting the
radioactive waste disposal facility are various. They extend from very logical and
technical arguments to completely irrational and emotional rejections. The answers to
the inquiry also showed high tension between the center and periphery, and the
inferiority complex of undeveloped communities which is characteristic for those
areas. These reactions were displayed as deliberate opposition by the local
municipalities to anything imposed from the center or more developed regions.
It can be noticed that local communities initially strongly reject financial
compensation; however if the proposed economic opportunities are sufficient high,
some interest can be seen. That position is very normal, but the circumstances for
financial indemnity must be carefully determined. At the same time the opinion of
bribability of local authorities is noticed.
In spite of strong, even violent protests at a few locations, the representatives of local
communities legitimized and reduced the importance of such behaviour. It is
interesting that in this case the role of media reporters was regarded as negative by the
local communities in this case. The messanger who bears the news is regarded as the
same as the one who provides the information.
Consideration of the people about the most suitable site selection process confirmed
that the whole procedure could be run more cautiously and harmonized with common
sense. The representatives of local communities are aware of the necessity for a
special procedure and for logical consideration. A new site selection process should in
their opinion include transparency, public involvement and flexibility towards
different situations.

Suggestions for a new siting process
On the basis of the public poll results, it was suggested that the new siting process
should assure sufficient information on siting, transparency of all actions, and the use
of professional but understandable language in communications with the public. The
new site selection procedure must ensure permanent participation of local
representatives in the siting process, with the possibility of withdrawing their
participation at any stage. The cooperation and participation of local communities
should be stimulated by financial compensations, rents or other benefits, not only
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indirectly through the general decision by the Law on Environment (1993) but also
through administrative acts which should precisely determine the way of
implementation of the general principle and its extent.
The fear of radioactivity should also be taken into consideration, even though it may
not have a rational explanation. Also it must be borne in mind that external factors
should also be considered, as for instance: origin of the waste, high tension between
center and periphery. and foreign examples and practices.
Some of these recommendations are already incorporated in the new siting procedure,
which is tentatively prepared. There are still some open questions concerning the new
siting such as: financial compensation, the communication strategy with the local
communities, sufficient political support, etc. Further analysis needs to be given to
these aspects.
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Strenghtening ALARA approach in work management at Krsko NPP
B.Breznik, Z. Kovac, P. Sirola,
KrAko NPP, Vrbina 12. Kr~ko, SL-8270, Slovenia

ABSTRACT - As Low As Reasonably Achievable (ALARA) occupational exposures at nuclear power plants
should be included in work management as a concept. There are world-wide trends required by the utilities for
improved design, operation and maintenance. Within the period of seventeen years of plant operation
maintaining low radiation exposures requires additional efforts. The benefit of this effort should be reducing
risks to nuclear workers, better work planning and performance. The Krsko Plant ALARA organisation has been
revised recently and built on different levels of the hierarchy. The goal is to promote good industry practice and
the management of work on primary systems. The established ALARA programme describes the objectives and
defines the procedures and tools for its implementation. Brief presentation of the programme as well as
organisational responsibilities of dedicated ALARA committee and working groups is the scope of this paper.
The management tools and ALARA indicators are discussed to implement the programme and to evaluate the
results.

1. Introduction
The ALARA principle - as low as reasonably achievable exposure to radiation - is
currently included in the Slovenian regulations. In the case of Krsko NPP it is supported by
the management policy. The principle is implemented through appropriate programmes
prepared for the level of radiological protection involved.
The implementation of ALARA programme is a part of overall nuclear power plant
radiation protection programme [11. This dedicated part includes operational controls and
exposure reduction techniques.

The operational exposure controls are conducted by means of:
-

Administrative dose control with radiation work permit and operative external dose limits
Personal monitoring
Radiation surveys to identify and control radiation sources
Radiological controlled area with warning labels and protected high radiation rooms
Control of radioactive contamination and containing the contamination at the source
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Exposure reduction is achieved by:
-

Preliminary planning and scheduling
Radiological engineering
Guidelines and procedures
Radiation exposure goals and follow-up programme.

In general, ALARA plant policy should also deal with primary water chemistry,
maintenance activities, fuel integrity, corrosion products transport, minimising Cobalt input,
foreign material exclusion, primary system decontamination, and engineering. Appropriate
measures should be also included in the design phase of equipment upgrades or plant
modernisation.

Preliminary
-

planning

and

scheduling

should

include

work preparation

such as

personnel selection and training, using equipment mock-ups
work site optimisation such as scaffolding, insulation, mobile ventilation and filtration
system, temporary shielding, decontamination, radwaste removal
optimisation of work load in high radiation areas
working conditions such as lighting, communications, remote monitoring, space,
relocation to low radiation area
control of contamination, decontamination technology, system flushes, underwater
vacuum cleaners,
specialised tooling, for example, remote cutting, welding, sleeving, plugging
hot workshops

2. Work Management
Job specific ALARA approach includes planning, training, pre-job briefing, radiation work
permit and post-job ALARA review [2].
In practice, the ALARA work programmes should enable communication between
planners, radiological supervisors, work managers, and also between other involved parties.
The measures that can be taken to achieve reasonably low exposure of workers should be
determined case by case.
The attribution of responsibilities and commitments of plant managers and technical staff is
one of the keys to the success. The benefit of ALARA approach integrated in the work
planning should be safer work and better work performance. Plant and contractor workers
should participate in conducting planning, job procedures and post-job evaluations. In
general, a complete management chain has to be involved in this process and each individual
should contribute to efficient and safer work.

3. Lessons Learned
Lessons learned during last '99 outage show that there is good performance, for example, in
the field of steam generator maintenance, which has become routine work in the Krsko Plant.
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Plugging, sleeving, eddy current testing is well prepared and conducted [3]. It costs
0.3 manSv or about 20 % of total collective dose of the outage. But on the other side,
improvement can be achieved in planning non-routine works, such as in-service inspection of
the reactor coolant pump or maintenance of other contaminated components.
The last outage was extensive, considering the activities at the primary side. Additionally,
the works being carried out were maintenance of the valves requiring empty coolant loops, inservice inspection of the pump, welding of the clamping to be prepared for steam generator
replacement, installations for inadequate core cooling monitoring and testing of the
component's snubbers. To minimise as much as possible the presence close to the empty
primary system loops being a source of radiation, it is necessary to foresee such situations, to
avoid them or provide adequate shielding. One of efficient shields is water level in the reactor
coolant system and/or in the steam generators. The post-job review shows that it is necessary
to adapt the planning to such cases.
It is required to promote the communication between the players involved in the overall
and micro planning processes - particularly, the awareness of responsible engineers about
ALARA measures and planning possibilities.
Better planning and iteration of dose optimisation reduce number of workers, working time,
enable more efficient work and reduce collective exposure at the same time.

4. ALARA groups
The implementation of the ALARA work management at the Krsko Plant has been the job
of the radiation protection department. The first improvement was achieved by introducing
formal ALARA groups outside the radiation protection department for planning of special
tasks. These groups are composed of responsible engineers and technicians from different
departments according to proposals of radiation protection or job related department
management and approved by technical director. The groups arc supported by a radiological
protection engineer.

5. Radiation Safety or ALARA Committee
There are two committees in the Krsko organisational chart covering ALARA planning
issues - Operating Committee and Radiation Safety Committee. The Operating Committee
shall function to advise the technical director on all matters related to nuclear safety. A few
years ago the Radiation Safety Committee was introduced to advise the top plant management
on some radiological safety-related matters. This Committee used to be oriented more on
presentations of radiological safety review, emergency preparedness and related regulatory
issues. By establishing another group later on, i.e. Independent Safety Engineering Group, the
radiological safety review has also been included.
Current issues such as dose projection and work management used to be out of the scope of
the Station Radiation Safety Committee. Recently, the plant management has supported the
improvements of efficiency and structure of this committee to also include the scope of
ALARA and to function as ALARA Committee.
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Members of Radiation Safety or ALARA Committee are now from the middle management
level staff, responsible for planning work in controlled area, for plant operation, radiation
protection, engineering support and licensing. The Committee is under patronage of the
director and managed by his deputy, technical director. The technical director or the
engineering director has the responsibility to ask the Committee to review ALARA planning
of outages, upgradings or modernisation, respectively.

6. ALARA planning
Work preparation and ALARA planning steps are presented in the flowchart in Figure 1.
Jobs identified to need radiological control should be considered in a planning process and
evaluated by radiation protection supervisors. For the jobs with projected dose lower than 10
man mSv or individual exposure below 5 mSv the administrative control is provided by
radiation work permit. For more exposed jobs ALARA planning is performed by radiation
protection personnel or by the ALARA groups when interdisciplinary approach is necessary.
Contractor's responsible engineer and job leader should participate in the planning process
and in the pre-job briefings.

WHAT ?

WHO ?
INICATOR or
PLANNER and
RP SUPERVISION

PLANNING
SELECTING JOBS

ESTIMATING
ExPOSURE and JOB

< 10 man -mSx
< 5 mSv

ALARA GROU' or
REPPERSCNI.RPT

ALARA '1.ANNN

COLLIECIIVI DOSE
OF JOB

|ALARA OUTAG E
REVIEW

RADIATION
PROTECTION DP

> 300 inan-miiSv

|WORK PLRMIf
TIONS

ALARA Pl'iANNING

REVIEW F:Y lECH
DIRECIOR

AL.ARA
A
COMMIT

Figure 1. Flowchart of ALARA planning steps

Considering the exposure history of the plant, the collective exposure action levels are
established. Jobs estimated to exceed the level of 0.05 man-Sv should be reviewed for
application of job-specific exposure reduction techniques. Administrative ALARA planning
procedure should be used for all jobs exceeding the level of 0.01 man-Sv. Pre-job briefings
should be conducted by work supervisors to inform workers of specific actions that are
planned to reduce exposures during the job.
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Those jobs which have projected collective dose over 0.3 manSv should be reviewed by the
technical director. This review should ensure that sufficient planning, resources, and action
have been applied to the job.

7. ALARA indicators
One of the plant performance indicators is annual collective dose. The collective dose is
estimated and followed during the outage. The total collective dose trend for outage activities
is controlled on a daily basis. This information is provided at the outage meetings. The
collective dose in a typical year of operation is controlled to be below 2 manSv, the goal and
long-term average should be below 1.5 manSv. The major part of the dose, about 80 per cent,
is due to outage activities. The outage in this case includes refuelling, steam generator
plugging, sleeving and testing. In the last five Years average of Krsko NPP is 1.3 manSv.
It is expected that after steam generator replacement the outage collective doses will decrease
due to reduction of steam generator tubes maintenance and inspection, and also the radiation
levels will decrease due to lower Cobalt contents in the alloy of new steam generators. The
preliminary dose assessed for the replacement is < I manSv or according to the contract less
than 1.4 manSv, taking into account the preparations during two years. Later, after the
replacement, the annual collective doses are expected to be below 1 manSv.

8. Conclusions
The ALARA policy should be implemented through the dedicated programme by planning
groups and by management. Strong commitment of the management and continuous
communication between middle management staff on the matters related to exposure
reduction, active follow-up of the work and the indicators should result in better work
performance and lower exposures.
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ENVIRONMENTAL MONITORING PROGRAM AT CERNAVODA NUCLEAR
POWER PLANT
ENVIRONMENTAL RADIATION MONITORING DATA FOR CERNAVODA NPP
MARCH 1996 TO DECEMBER 1998
Elena Bobric, Vasile Simionov
National Company'NUJCLEARELECRICA".-SA.
CN-PPROD" CERNAVODA, ROMANIA
ABSTRACT
To ensure that public health and the environment are adequately protected, it is Cemavoda NPP'policy
to design and to operate nuclear electric generating facilities so that the public radiation dose limits are not
exceeded. The environmental monitoring program for Cernavoda NPP was established based on the canadian
experience and the romanian and international standards. About 2000 samples were analysed from March 1996
to December 1998 in order to monitor environmental radiation around the Cernavoda NPP and across the region
in general (about 30 km around Cernavoda). The sample types were: air (particulate, iodine, water vapours),
soil, wet deposition, food (fish, pork, beef, poultry, vegetables and fruits). No gamma emitting radionuclides
other than those occurring in nature (K-40 and Be-7) were detected in all these samples. Tritium was detected in
air samples, collected at locations near the plant. All the results demonstrate that the operation of Cernavoda
NPP during first three years did not affect the natural radioactivity of the surrounding environment.

1. ENVIRONMENTAL MONITORING PROGRAM AT CERNAVODA NUCLEAR
POWER PLANT
The operational system for environmental protection at Cernavoda NPP refers to the main
factors that ensure the public health and environmental preservation. These factors are:
*
*
*
*

source control
effluent control
effluent monitoring
environmental monitoring

The following principles for design and operation have been applied and are in force now for
the environmental radiation safety system:
*
*
*
*

Multiple barriers are provided to prevent the movement of radioactive materials from
their sources;
Radioactive emissions to the environment have to meet targets - values well below the
authorised limits;
Reliable and performant monitoring systems are in place and provide quantitative
measurements at the release points;
The radioactivity levels are measured to assess the NPP's impact on the public health
and environment
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The licence to operate the first reactor of the plant issued by the national Committee
for Nuclear Activity requires that Cemavoda NPP maintain an Environmental Monitoring
Program during normal operations. This program operates in conjunction with Liquid and
Gaseous Effluent Monitoring Program which monitors and controls effluents at their source.
Monitoring of the Cernavoda site began in 1984 with the Pre-operational Program.
In 1995 was approved the Environmental Monitoring Program that became operational in
April 1996 when the reactor became critical.
The Environmental Radiation Monitoring Program for Cernavoda NPP was
established based on the canadian experience, the romanian and international standards and
Derived Emission Limits. This program fiufils several objectives:
*

Provides an early indication of the appearance or accumulation of any radioactive
material in the environment caused by the operation of the station.

*

Verifies the adequacy and proper functioning of station effluent controls and monitoring
systems

*

Provides an estimate of actual radiation exposure to the surrounding population

*

Provides assurance to regulatory agencies and the public that the station's environmental
impact is known and within operational targets.

*

Provides standby monitoring capability for rapid assessment of risk to the general public
in the event of unanticipated or accidental releases of radioactive material.

*

Allows an assessment of the Derived Emission Limits (DEL) calculations based upon
empirical rather than theoretical data.

The program is based on the analysis of important pathways to the human being, for
the type and quantity of radionuclides anticipated to be released from the station into the
surrounding environment. Based on past experience at CANDU heavy water reactors and on
an analysis of the Cemavoda ecosystem, the most significant pathways of the population
exposure are the following:
*
*

Whole-body exposure from radioactivity in gaseous releases.
Internal exposure from the inhalation of air containing radioactivity from gaseous
releases.
Internal exposure from the consumption of water, milk, vegetables, fruits, meat and fish
containing radioactivity from gaseous and liquid releases.
Whole-body exposure from radioactivity in soil.

*
*

Sampling Media, Locations and Frequency
Sampling Media
Experience at various nuclear facilities has demonstrated that specific radionuclides
generally behave in predictable ways under given environmental conditions. Therefore,
analyses of "indicator media" can be used to assess radionuclide levels in the environment.
The indicator media concept involves the sampling of organisms and media that provide
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sensitive and reliable measure of the quantities of individual radionuclides cycling through
pathways.
In the Environmental radiation Monitoring Program for Cernavoda NPP, the following
media are selected to be sampled and analysed: air, milk, water, fish, vegetables, fruits, meat
and soil.

Sampling Locations
Sampling locations are classified as indicator locations or reference locations.
Indicator locations are those locations which are within the possible influence of plant
emissions. Reference locations are considered outside the influence of station operations.
Monitoring of reference and indicator locations allows comparison of activity in different
sample media, minimising interpretation problems associated with changes not related to
station operation (e.g. fallout). Localisation of monitoring and sampling locations for
Cernavoda surrounding area are presented in Figure 1.

Sampling and Analytical Frequency
The frequency of monitoring or sampling is related to the mean lifetime of the nuclide
in a pathway. The frequency of analysis is determined by the following elements:

a)

the minimum required detectable specific activity;

b)

the analytical sensitivity of the method.

The futility of collecting large amounts of data which are essentially under the minimum
required detectable activity level in nature is generally recognised; therefore in the new
revision of Environmental Radiation Monitoring Program, approved in April 1999, the
sampling program will be controlled by plant emission values. If the emissions as measured at
the discharge point remain bellow the action level (5% from Derived Emission Limit)
environmental samples will be collected with a routine frequency. If the emission values
increase above the action level, the sampling and analytical frequencies increase for the
affected environmental pathway.
The main environmental media, types of analysis, monitoring - sampling frequency and
analysis frequency are presented in Table 1.

Cernavoda NPP Emission Data

Cernavoda NPP gaseous emissions are continuously monitored at their source by the Gaseous
Effluent Monitor. The filters are changed and analysed daily.
Radioactivity in liquid effluent is measured by analysis of Liquid Effluent Monitor samples.
Emissions from Cernavoda NPP from April 1996 to December 1998 are presented in Table 2
and Table 3
International Conference Nuclear Energy in Central Europe '99
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Environmental

Type of

Monitoring

Analysis

Media

Analysis

Frequency

Frequency

Particulate in air (filters)

Gamma spectrometry

continuous

monthly

Gross 13
Iodine in air (filters)

Gam..Ma spectrometry

continuous

monthly

Tritium in air (molecular
sieve)

Liquid scintillation counting
(LSC)

continuous

monthly

Noble gases

TLD

continuous

quarterly

Milk

Tiritium (LSC)

weekly

weekly

Water

Carbon-1 4(LSC)

monthly

Gamma spectrometry

weekly

Gross B

monthly

Tritium (LSC)

daily

Gross 13

weekly

Gamma spectrometry

Fish

Gamrna spectrometry

weekly
weekly

twice a year

twice a year

annual

annual

Gross 13
Tritium (LSC)
Carbon-1 4(LSC)

Vegetables-Fruits

Gamrnma spectrometry
Gross 13
Carbon- 14(LSC))
Tritium (LSC)

Soil

Gamma spectrometry
Gross B

twice a year

twice a year

Deposition

Gamma spectrometry
Gross 13

continuous

monthly

Meat

Gamma spectrometry

annual

annual

Gross 3
Trintium (LSC)
Carbon- 14(LSC))

.

Table I Environmental Media, Type of Analysis, Monitoring-Sampling Frequency, Analysis
Frequency
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Isotope

Annual DEL

Total % DEL

I

(kBq)

1996

1997

C- 14 (gaseous

1.1 E 1

3.21 E.-02

1.631E-01

2.64E-01

H-3(oxide)

5.3 E+ 13

2.61IE-03

4.881E-02

9.67E-02

Noble Gases

2.2E+13

2.79E-01

2.86E-0]

8.12E-02

3.14E-01

5.OOE-01

4.42E-01

Total Releases

|

1998

Table 2 Gaseous lEffluent Emissions

Isotope

Annual DEL

11-3
Cr-51

(kBq)
7.3E+13
2.7E+13

Mn-54

1.2E+11

Fe-59

2.3E+I1

Co-60

6.9E+09

Zn-65
Zr-95+
Ru- 103
Sb-124

6.9E+10
1.8E+11
] .5E+11
1.I1E+11
2.3E+11

Sb-125

7.3E+10

1-131

3.5E+10

Nb-95

Total % DEL
1997
1.6E-02
2.6E-07

1996
1.62E-02
3.OE-08
_

{

1998
I.IE-01
4.2E-09
5.OE-07

1.5E-06
1.3E-04

1.4AE-05
-

2.1 E-0)7
7.5E-07

5.9E-06
2.4E-04

1.7E-04

4.9E-04

5.2E-04

3.4E-07
3.3E-04

1.2E-07
1.9E-04
1.8E-05

1.l1E-)3

4.3E-02

1.8E-03

Cs-134

1.8E+ 10_

2.6E-05

3.7E-06

Cs-l 37
Ce-141

5.6E+09
2.5E+12

6.6E-04
4.2E-08

3. 1 E-04

Ce-144

2.8E+11

6.2E-06

6.OE-06

6.113-02

1.16E-01

Total

releases

6.1E-08
.7E-()2

Table 3 Liquid Effluent Emissions

2. ENVIRONMENTAL RADIATION MONITORING DATA FOR CERNAVODA NPP
FROM MARCH 1996 TO DECEMBER 1998

The following is a summary and discussion of the data on environmental samples
collected for the period March 1996 - December 1998. The most samples contained detectable
level of naturally occurring (i.e. K-40) or cosmogenic (i.e. Be-7) radionuclides. Some
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contained Cs-137 (soil) from the atmospheric bomb tests of past years and the Chernobyl
accident. The tritium (in air) is the only radionuclide originating from Cemavoda NPP that is
detected consistently.
Airborne Particulates, Radioiodine and Tritium
Air is continuously monitored from ten locations. Nine monitoring sites are located
within the projected influences of station operation. The reference station is located at 25 km
from the plant in the least prevalent down-wind direction. Once a month, the filters are
changed and analysed. 326 airborne particulate filters, 300 radioiodine filters and 288
airborne tritium samples were analysed from March 1996 to December 1998. Most of those
samples contained detectable levels of naturally occurring (i.e. K-40) or cosmogenic (i.e. Be7). 1 -131 was consistently below the Critical Level (5.7 E-03 Bq m 3 ) in the all samples
analysed.
Trium was detected in 70 samples from 288 analysed. ( 3 samples in 1996, 28 samples in
1997, and 393 samples in 1998). The maximum concentration of tritium in air was 2.4 E+01
Bq/m 3 value detected in 1997 in a sample collected near the plant (0.2 kmn). The rest of
detected vahles lie in between 4.3E-02 and 3.3E+00 Bq/m3 . Outside the 1 km boundary the
tritium activity in air, comes from the natural tritium content in air. The natural content of
tritium in air, specific for the Cernavoda area, was measured with the Pre-Operational
program during the period from 1984 to 1996 and was between 4.1E-02 Bq/m 3 and L.OE-01
Bq/m 3 .
Gamma Radiation Monitoring
A network of 50 TLD (Thermo Luminescent Dosimeters) has been established around
the plant beyond the exclusion zone. 36 locations are dedicated to emergency purposes.
During the normal operation, reading of these TLD's are part of the Routine Monitoring
Program. 10 locations have been placed in the same place with air monitoring stations and 4
in big localities in the vicinity of Cernavoda. These environmental dosimeters are exchanged
for readout every quarter. The quarterly integrated gamma dose measurements showed that
the gamma background did not increase in Cernavoda and the surrounding region.
Water
The water samples have been collected from three locations. Two of these locations
are placed at the discharge point of condenser cooling water into Danube and Danube Black
Sea Channel. A reference location has been established for Danube water upstream from
Cernavoda.
325 water samples have been collected and analysed from March 1996 till December 1998.
There were no detected radionuclides in water attributed to Cernavoda NPP operation.
Milk
A cow milk sample from a herd located about 10 km from Cemnavoda is collected and
analysed weekly. Naturally occurring radionuclides (i.e. K-40 at about 4.8E+01 Bq/1 ) was
detected, but neither tritium nor gamma emitting radionuclides attributable to the operation of
Cernavoda NPP were detected.
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Vegetables, Fruits, Meat
Samples of representative terrestrial biota were taken from the vicinity of the
Cernavoda NPP. No radionuclides attributable to Cernavoda NPP emissions were detected in
thesc samples

3. CONCLUSIONS
The results of the first three years of operation proved that Cernavoda NPP is safe and
environmental friendly. The results of these first years of life demonstrate a safe operation of
Cernavoda NPP. The annual releases of radioactive materials are already able to be compared
with other CANDU plants in operation. The content of selected radionuclides in liquid and
gaseous effluents is well below admissible limits set by the national authorities. The
negligible impact of Cernavoda NPP operation could now really contribute to public
confidence. In the area of the nuclear power plant the impact is evaluated at a value of dose
equivalent of 0.05 mSv per year that is less than 3% of the natural background radiation. This
target which is 20 times smaller than authorised limit for public dose has started to be proved
now. The results of the Environmental Radiation Monitoring Program confirm the fact that
the previsions for the plant environment impact are realistic
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TIHE CIIERNOIBY1 N11P ACCIDENT: SOCIAL
AND) PSYCH OLO(GirCAL RE11ABILITATION OF THE POPULATION

Olga V. Joukovskaia
Institute of Radioccological Problems, National Academy of Science of Belarus
Dr. Igor V. Rolevich
Ministry of Emergencies o r the Republic of Belarus
The questions of social and psychologgical rehabilitation of the affected population have
been surveyed. Tihe results of the sociological research have beeii given. The existing
approachesto solution of the given problem have been surveyed.

The Chernobyl accident happened at the beginning of publicity and freedom period.
Attempt in spirit of the usual traditions to break off true scales of tragedy costed a lot for
hundreds thousand people [11. The lack of elementary protective measures, especially at the
first stage of the accident, when they are easy for applying, only aggravated a trouble. The
information on substantial radioactive conditions, status of health of the suffering population
and liquidators, economic damage etc. was unavailable down to a beginning 90 years both
population, and many experts. At the same time, within the first days and months after
explosion of a reactor were generated main doses load in zones of a radioactive defeat.
Obtained by the population and liquidators doses of a radioactive irradiation depending on
their values stipulated body height of diseases by some forms of malignant derivations (for
example, cancer of a thyroid gland). Thes.e diseases do not arise after immediatly irradiation,
but, as a rule, in some years. Tile manifestation of increase of the indicated diseases in main
took place in the beginning of 90 years. In this period the squall of the unknown before
information has fallen upon the citizens of Belarus, Russia, Ukraine. The rights of the press
on the publication extended, but the responsibility of the journalists for a published material
did not increased. The publicity, being one of mains achievements of democracy, in
conditions of transition fromn totaliarian state to democratic alongside with indisputable

positive results gave to negative - created an atmosphere of mistrust to anyone, first of all of
positive information. There was a situation reminding the phenomenon of destruction from
''hyperalimenitation' of the longly fasting people.
At lighting events, bound with the Chernobyl catastrophe, the mass media and state
bodies suffered the information catastrophe: from tentative to conceal the many facts because
of privacy, mid-truth and distortion of the facts - up to the truth, which perceived already as a
lie. There was a strange situation, when, the information intended to the experts, having as
well as any scientific information contradictory character, began to be utilised in conjunctural
and
political
ends
and
to be
born by
mass
media
for
population.
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The analysis of this information shows, that it was mostly clear only to experts, the
population perceived it only emotionally, as a threat, risk factor. The situation in Belarus was
aggravated by some more subjects, that after decay of the Soviet Union the republic had to
undertake the costs of overcoming of the Chernobyl consequences. The total scepticism and
mistrust of steel most typical concerning the people to the official statements on radioactive
questions, and as these statements were confused, contradictory, suffered by uncertainty and
diffusiveness, they only aggravated the existing situation. The mistrust to official sources of
the information strengthened confidence to hearings carrying occasionally fantastic character.
The hearings supersede confidence to official sources of the information - confidence to
hearings marked 43,8 % interrogated [3]. This form of' creation of' a biotic situation in the
districts, polluted with radionuclides, is dominating. Among the people, which live in the
polluted districts, permanently there is an information interchange among the friends and
relatives. The population does not trust mass media, but the people scoop the items of
information most of all from them. The personal installations of the people form not only on
the base of the objective information, which moves on channels of mass media, but also what
is read by between lines. The carried out researches indicated, that the intensity of hearings
considerably increases in the case, when the official information is insufficiently ambiguous.
Chernobyl catastrophe and its consequences changed the resisted lifestyle, value
orientation and daily behaviour of the people living on territories, contaminated by
radionuclides. The people are anxious by a status of the health (and if it is the adult having
children, on the first place the care of health of the child is telescoped): 77,1 % are anxious for
health of children and 46,2 %°for their own health . The anxiety by a status of health with the
course of time is not reduced, but increases. The psychological stress can arise at low or even
an inappreciable radiation level. The psychological effects can be stipulated by poor and
frequently contradictory information on the catastrophe and disability of the person to feel
ionising radiation with the help of sense organs. The psychological consequences of a
catastrophe are bound not onlv to substantial environmental, but also with activities of the
officials, presantations of mass media. A reason of a stress of the population is not that
substantial event. which took place on eyes for the people (fire on NPP, explosion of a reactor
etc.), and its information comprehension. It allows to consider a stress of the population after
the Chernobyl catastrophe so-called "as an information stress ". The scientists of Belarus their
major attention gave to this problem. Its serious learning show, that the perception of a danger
especially individually and depends on character of its commentory in mass media.
The information stress was in most cases the reason of' behaviour of the population
which has been not justified by substantial danger of radioactive contamination of territories.
The results of a such behaviour are the following effects:
- change of a residence;
- increase of number of abortions;
- increase of number of cases of avitarminosis and dystrophy's of children;

- expressed asthenia statuses and hypodynamic effects for children and teenagers;
-

rise of a case rate by a so-called stress - dependent of diseases;

increase of number of mental diseases and psychopathic statuses.
A now level of uneasiness for the population living on territories, bounding with
polluted, is expressed in not of a smaller degree, than for the population of the contaminated
territories.
-

| Social research, organised by Olga V. Joukovskaia in 1997 among the audience of the
courses for improvement the qualification of the employees of the network of radiation
control and specialists of the local authority departments on minimisation of Chernobyl
catastrophe consequences. 225 persons have been interrogated .
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Among reasons of a high level of uneasiness of the population, including the persons
with higher education, still have, as well as the previous years, main such, as ecological
trouble; inconsistency of the available items of information about danger of effect per capita
of small ionising radiation doses; payment of social allowance; absence of possibility of an
independent control behind radioactive conditions.

The payment of the Chernobyl allowance causes an anxiety to the greatest degree,
being for the population by a main metric of dancer of constant residing on the contaminated
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The researches have shown, that the greatest authority for the population are the
foreign scientists and the experts - 51,1 % interrogated trust them, the Byelorussian scientists
and experts - 51,6 % interrogated trust them, the doctors - 29,6 % interrogated trust them.
The behaviour of these groups of the population, in particular of Byelorussian
scientists and experts, doctors living as on inspected, and on rather clean territories, is model
for behaviour of the population.
One of the main problems of the social - psychological rehabilitation of the
population is a problem of comprehension by the population of a possibility of residence on
contaminated territories with an acceptable risk level. Therefore all protective measures
should have the psychological substantiation. In other case the psychological strength instead

InternationalConference Nuclear Energy in Central Europe '99

.565

Radiological Protectionand EnvironmentalIssues

of to be decreased will increase. One of the main tasks in solution of this problem is
information support of the population by substantial and objective knowledge of radioactive
hazard.
Therefore mass media should receive not only a sufficient quantity of necessary
materials, but also transfer to their customer in that form, which corresponds to a level of
perception of a wide quota of the people. The information on hazard represents the doubleside process, directed from those who knows about hazard by the one to whom this
knowledge is intended. The information on hazard should take into account various levels of
the population education, to which it is addressed. In case of extreme situations, at early
stages of an accident the information on hazard should have an instructing character. The
information should be objective, correspond to a substantial position of things. The adequacy
of allocation of the information is more composite concept by virtue of major differences in a
rating of separate consequences at operation of identical exposure doses by the various
authors. Therefore, the organisation of the wide system of information is necessary, which
purpose should be not only information support of adequacy of perception of radioactive
danger, but also framing of skills of selfregulation in conditions of a chronic stress, directed
on rise of adaptive possibilities of an organism and by that support of normal vital activity of
the population on radiological contaminated territories. The performances of the experts are
necessary which psychologically competently would take out also mental strength of the
people, and a growing feeling of a hopelessness. In ecological propagation it is necessary to
make accent on a bionics of the person, to concentrate attention on internal harmony of
mentality of the people. By virtue of higher popularity it is necessary to begin by the
television and radio. 66.8 % interrogated the information scoop from television programmes,
36,3 % from the newspapers and magazines, 19,7 % from the of radio. But 7,2 % interrogated
trust the messages of radio, television. The republican television will act correctly, if it will
create in frame of transmissions in a strictly particular time of an occurring with the experts in
radioactive safety and psychology, carrying out of interview with them, will prepare
television courses on training to receptions of psychological self-support and lowering of
doses load. Would be useful if the newspapers and the magazines become to publish more
actively the articles, interview and other materials on psychological and educational operation
with the population.
From results of the researches which have been carried out in Belarus [2] the
following outputs about substance, contents and originality of social - psychological processes
describing the population, living on territories suffering from Chernobyl catastrophe are
formulated.
Social - psychological statuses, the degree of individual and group adapting in the
much greater degree depends on socio-econornic, than on the ecological and radiological
factors.
82,5 % interrogated consider that they are insufficiently informed on support of safe
vital activity. More than 92 % interrogated try to find the information on radioecological
problems in the guidelines on support of safe vital activity, in more details to clear up a
radioecological situation.
The radioactive hazard is perceived by the population in a general, social context and
it is only one of the factors causing social - psychological strength. Alongside with its
dominating in social perception are sorts of hazard, bound with the usual socio economic
situation. So, rise in price as sort of hazard is in public consciousness more destabilising
factor, than substantial possibility of disease as a result of consequences of the Chernobyl
catastrophe. The socioeconomic hazard in this case swallows radioactive hazard. 41,7 %
interrogated are concerned with small wages and 32,7 % interrogated are concerned with
consequences of the Chernobyl catastrophe.

566

InternationalConference Nuclear Energy in Central Europe !99

Radiological Protection and Environmental Issues

The radioactive hazard is perceived as dominating among industrial (atomic
engineering - production - 51,1 % interrogated) and medical-social hazard (illness, bound
with availability in an environment of radioactive substances - 85,2 % interrogated). At the
same time, the social hazard is more expressed in public consciousness as carrying danger,
than industrial and medical-social.
It is clear, that in these circumstances the main task is the liquidation of an infornmation
stress of the population by rise of a level of radiation-lhygienie knowledge. The saving of
health of the population in conditions of padding radioactive hazard is possible by change of a
stereotype of lifestyle, that requires particular efforts in the field of informing, enlightenment
and improvement of professional skill of some groups of the population on a physics health
and radioactive safety.
As have shown researches, the large part of the population receives the information on
a physics health and radioactive safety fi-om the local newspapers and magazines. However
about 7,2 % of the population trusts mass media when more that than halves interrogated
trust the local doctors and experts. Besides a high level of confidence in the population have
the foreign experts, - as working on1places and producing concrete measurements, and experts
of International commissions. Therefore, the information on radiation-hygienic questions in
local mass media should outgo mainly from the experts, local doctors, terms of International
Commissions. It is desirable to inform regularly the population in the form of interview of the
experts on arrival of all commissions and groups of the experts, about organization of
seminars and about workshops, and also about the forms of their activities. The confidence to
the experts will increase at availability to the population of results of their activities. Besides,
in opinion of the population, one of main motives of confidence to a source of the information
is the absence of personal interest in hiding a truth. Therefore, the independence of a source of
the information should be priority at a rating of possibility of the publication of materials on
radiation-hygienic conditions on1place.
It is necessary to expect, that the operation on rise of a level of radiation-hygielnic
knowledge in so-called "critical" groups of a fissile part. using authority, of the population is
most effective, which behaviour it is possible to consider as model for behaviour of all
population. They are . first of all doctors, teachers. All this requires the special approach
during the training on a physics health with the persons from critical groups; for these `critical
groups" of the population the carrying out of the workshop on a physics health simultaneously
with a psychological training is recommended, which reduces their uneasiness and allows
them independently to change their psychological installations. There is no doubt that the
anxiety and uncertainty of such experts, as the doctors, is transferred to the patients, and from
the teachers to the schoolboyys and their parents. Found by the most authoritative part of the
population the reliance in possibility of safe residing on the polluted territories will be
transferred to their patients, schoolboys, the neighbours familiar and will allow effectively
enough to reduce a level of uneasiness of all population for a long time.
The main task - finding of the trust that the person can help himself to change life to
be better, despite of a padding radioactive hazard.
Therefore it is necessary:
1. To involve for information activities the experts working on affected territories the workers of the network of a radioactive control, doctors, teachers, journalists,
2. To organise full opening data bases of the information accessible to the population,
experts, organisations;
3. To organize and to conduct a training of the experts of mass media, stationary
seminars;
4. Retraining and improvement cf professional skill of the experts living on the
contaminated territories and working in the republican system of a radioactive control;
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5. Monitoring a status of informing of the population on problems of overcoming the
Chernobyl consequences;
6. To organize teleprograms for children.
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Activity levels of Cs 137 and K 40 in the skin
and the associated structures of a cow
following the Chernobyl accident
E. Pichl, H. Rabitsch
Abteilung ffir Strahlenphysik, Institut fur Theoretische Physik
Technische Universitit Graz, Petersgasse 16, A-8010 Graz, Austria
ABSTRACT
The activity distributions of CG 137 and potassium (K 40) have been investigated in
all structures which sTre usually assigned to the skin of a cattle. The cow had ingested
heavily contamrina(itedforage following the Chernobyl fallout. It was found that the
average activity concentrations of Cs 137 arnd K 40 in the skin are 33.6 Bq/kg and
18.8 Bq/kg, respectively. The activity concentration of Cs 137 in muscle tissue of
the femur is ten times yreater than the corresponding value in the skin, whereas the
activity concentrations of K 40 differ by a factor six.

1 Introduction
In comparison to a single intake it is of particular interest to study the distriblition of radionuclides in the body of domestic animals after a long-term uptake of
radionuclides. ICRP a(ssulles that, cesiurn and potassium are deposited in a similar
way and that both radioiuclides are distributed homogenous in the whole body.
Continuous ingestion of p)ot assiuiin leads to a equilibrium activity in the body. Less
is known about the activity distribution of Cs 137 after a long-term ingestion.
Therefore measurements of the activity concentrations of Cs 137 and the naturally
occuring K 40 were carried out, in samples of the skin and the associated structures
(claws and horns) of thel cow.
The cow was born in a high contaminated region of Styria, Austria , two years after
the fallout following tIhe Chernobyl accident. Therefore the activity level of Cs 137
is caused by the activity administered by the mother-cow during pregnancy and the
activity due to chronically ingestion of high contaminated forage during about four
years.
2 Experimental Procedures
The cow was slaughtered in November 1992 and dissected in anatomical parts. All
samples were deep frozen immediately after slaughtering and had to be thawed
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before measuring. Exclusively mechanical procedures were performed during separation of complex structures of the samples in their physiological components /1/.
The activities of Cs 137 and K 40 in the samples were determined simultaneously
by gamma counting with the help of semiconductor detectors and the standard
software. Marinelli-beakers and small cylindrical containers made of perspex were
used as containers for the samples.
3 Experimental Results
All activities are related to November 14, 1992 (day of slaughtering) and corrected
with respect to the self attenuation of the photons within the sample material and
also due to moisture losses during freezing, thawing and preparation. Self attemnation factors were computed by means of the Monte Carlo program EGS4. Results
for the activities and their ratios are presented with a confidence level of 2u.
3.1 Skin
The activity concentrations of Cs 137 and K 40 in the samples of the skin range
from (24.4 ± 1.8) Bq/kg to (59.6 1 6.8) Bq/kg and front (14.2 ± 2.2) Bq/kg to
(27.6 + 12.7) Bq/kg, respectively.
Fig. 1 shows a box-and-whisker plot. of the activity concentrations of Cs 137 and
K 40 in 36 measured samples of the skin. The central box illustrates the median
and the interquartile range, the whiskers tend out. to the miilirrimum and maximum
observed values. Unusual values (outliers) removed from the bulk of the data are
plotted as separate points. In general the values of the activity concentrations of
Cs 137 show a broader distributiorl than the corresponding values of K 40. The
far outside points in Fig. 1 refer to the activity concentrations of the skin near the
origin of the horns. Besides this position also the skin nearby the claws showed a
high external contamination.
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Figure 1: Box-and-whisker plot of the activity concentrations of Cs 137 and K 40
in all samples of the skin.
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The activity concentrations of Cs 137 and K 40 of the whole skin (hair, epidermis,
hypoderinis) were determined with respect to the front part (head, pectoral limbs,
neck), the mid part, (back, abdomen) and the back part (pelvic limbs, tail) of the
cow. Table 1 summarizes the average activity concentrations of Cs 137 and K 40
their ratios and the mean activities per unit area of the radionuclides with reference
to the three parts of the cow.

Table 1. Activity concentrations of Cs 137 and K 40, activities per unit area and
activity ratios of the skin with reference to the three parts of the cow (overall
uncertainty: ± 2 r).

[

Part

Front
Mid
Back

Activity concentration

Activity per unit area .

(Bq/kg)
(mBq/cm 2 )
Cs 137
K 40
Cs 137
K 40
36.9 +- 0.7 19.8 ± 0.7 31.7 + 2.7 17.0 ± 1.5
33.4 ± 0.6 19.0 ± 0.7 27.0 ± 2.2 15.4 ± 1.3
29.3 ± 0.7 17.0 + (0.7 25.2 ± 2.6 14.6 ± 1.6

Activity
ratio
1.87 ± 0.07
1.76 ± 0.04
.73 ± 0.07

[

Performing statistical U- and H-tests lead to the result that the mean values of the
activity concentrations of Cs 1;37 and K 40 are significantly different at the 5 %
level for the skin of the front. and back part of the cow. There is also a significant
difference of the Cs 137 activity concentrations of the front and mid part;.
The highest. values of the activities of Cs 137 and K 40 per unit, area were found
in a skin sample originating fronm regions near the mouth. This sample contained
glandular structures (Oaso-labial glands).
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Figure 2: Scatter plot and linear regression line of the activity concentrations of Cs
137 and K 40 in all samples of the skin.
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A scatterplot of the data set (36 samples) is shown in Fig. 2. The linear regression
line also drawn in Fig. 2 indicates a strong correlation (coefficient of determination:
0.789) between the activities of Cs 137 and K 40. In Table 2 results of measurements
and other quantities characterizing the skirl are presented.
Table 2. Total activities, mean activities per unit area and other quantities of the
skin (overall uncertainty: ± 2 (X).

|

[Quantity

Total activity

Cs 137

|

1221.6 + 65.1

(B3q/kg)__

_

Average activity per
unit area

_

_

_

28.2 ± 4.7

K 40

l

681.6 ± 88.6
_

_

_

_

_

15.7 ± 3.1

(mBq/cm 2 )

Total mass:
Thickness (range):
Total surface:
Mean activity ratio:

(36.31 ± 0.36) x 103 g
3.5 - 10.5 mm
(4.33 ± 0.26) m2
1.79 i 0.26

(Exception: Overall uncertainty of total mass is given as ± 1 a).
In Table 3 the activity concentrations of Cs 137 and K 40 of the skin are compared
with the corresponding values of different compouenlts of the femur. The scheduled
subjects start at the center of the os femoris and proceed throughout the muscle
tissues to the covering skin.

Table 3. Activity concentrations of Cs 137 and K 40 in different components of the
femur (overall uncertainty: I 2 aT).

Sample
Bone marrow
Fat, connective tissue
Trabecular bone
Cortical bone
M. gracilis
Biceps femoris
Skin

S eass
(g)
4252
97.4
1 821.9
1 325.5
15 109.2
11 462.7
5 9(01.2

Activity concentration
Cs 1371
K 40
2.6
31.0
8.2
16.8
374.2
335.0
31.5

± 0.3
± 3.9
± 0.4
±- 0.8
i 6.6
± 7.2
± 3.9

1.5
8.4
5.3
10.6
119.4
111.8
17.9

+ 0.7
i

±
±
±
±

5.4
0.7
1.0
3.0
3.2
7.0

Activity
ratio
1.74
3.71
1.55
1.57
3.13
2.99
1.71

±
±
±
±

0.87
2.40
0.24
0.19
0.10
± 0.11
± 0.72

Because of the high content of fat in the trahecular bone, the activity concentrations of the trabecular and the cortical bone differ by a factor two. In comparison
to muscle tissues (M. gracilis, biceps fenioris) /2/ the activities of Cs 137 and K 40
in the skin are lower by a factor ten and six, respectively.
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3.2 Claws
Fig. 3 shows a simplified sagittal section of the claw. All subjects labelled in Fig. 3
were carefully prepared before measuring. The experimental results are presented
in Table 4.

Skin with hair

.<Short pastern bone

._/
T~~~~~~~~~~~~endon_

ao

Coffin bone

offin bnNavicular bone
/Corium,

-Wall

Dermis

of the claw

Figure 3: Sagittal section of the (claw.
Table 4. Sample masses, activity concentrat ions of Cs 137 and K 40 arid their
ratios of different (components of the claws (overall uncertainty: + 2 v).

~
SampleSample

~

~

Coffin bones
Short pastern bones,
navicular bones
Tendons: deep digital
flexor and common
digital extensor
Corium (dermis)
Layer between corium
and epidermis
Wall of the claws

M as_ Activity corncentral ion
as
(g)
Cs (B(I/kg)
(]37/kg) K 4 _( _
312.2 20.9 i 2.0
333.3 14.1 ± 1.3

Activity
Atvt
ratio

13.4 ± 2.4
10.1 ± 1.8

1.56 ± 0.32
1.40 ± 0.28

71.2

33.4 ±- 2.9

24.0 ± 7.5

1.39 ± 0.45

142.4
114.3

54.3± 6).8
58.1 ± 7.3

27.1 ± 6.6
33.0 ± 7.7

2.00 ± 0.61
1.71 ± 0.44

776.4

36.7 ± 2.3

31.2 ± 3.0

1.18 ± 0.14

80.2
268.5

44.3 ± 42 22.6 ± 3.6 1.96 i:± 0.36
58.4± . l31.9 i 3.9J 1.83 ± 0.27

(epidermis)
Skin
Dewclaws

3.3 Horns
Fig. 4 shows a simplified longitudinal section through the horn. The activity concentrations of the radionuclides under investigation of the bones of the femur (Table
3), the claws (Table 4) and the horns (Table 5) are corrprable.
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Figure 4: Longitudinal section through the horn.
Table 5. Sample masses, activity concentrations of Cs 137 and K 40 and their
ratios of different structures of the horns (overall uncertainty: + 2 v).
Sample

Mass
(g)
_____

Horn
Skin
llornprocess
and corium
Frontal bone

Activity concentration
(Bq/kg)
Cs 137__

Activity
ratio

K 40-

462.2
91.2
277.0

17.1 ± 1.2
59.6 + 6.8
23.0 + 2.2

3.6 i 1.0
27.6 + 12.7
11.3 ± 4.0

4.75_± 1.36
'2.16 ± 1.00
2.03 + 0.74

173.6

20.5 ± 2.6

12.7 ± 4.7

1.61 -Ž 0.58

4 Conclusions
It can be seen from this investigation that Cs 137 is riot, distribilted honiogenously
in different tissues of the cow. All activity ratios are > l. In general the activity
concentrations of K 40 show a smaller distribution than the values of Cs 137. The
activity concentrations of Cs 137 and K 40 in the epidermis of the claws and horns
are different by a factor 2.1 and 8.7, respectively, although these samples consist, of
the same tissue.
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ABSTRACT - Short review of history of radiation protection training for NPP workers in Slovenia
and legal requirements regarding this field are presented. Courses developed in co-operation between
Milan Copic Nuclear Training Centre and krsko Nuclear Power Plant are briefly described and their
implementation presented. Using available data we have predicted probable number of courses and
participants in forthcoming years. Some results from inquiry on courses for regularly exposed workers
are presented, enabling us to modify courses according to participants' needs.
1. Introduction
Radiation protection training for NPP workers is the result of co-operation between Krsko
Nuclear Power Plant, Slovenian only nuclear power plant, and Jozef Stefan Institute,
Ljubljana, Slovenian major research institution. This co-operation started in mid-seventies
with the beginning of the plant construction. One of the aspects of the co-operation was also
education and training of plant personnel, originally implemented through different
departments of Jozef Stefan Institute. First course on nuclear technology was organised in
1975 with involvement of different lecturers from the Institute and other organisations. Since
then, courses on nuclear technology were organised regularly, according to Nuclear Power
Plant's needs.
In order to fulfil legislative requirements and to assure safe operation. the Krsko Nuclear
Power Plant has also formed it's own Training Department to perform and co-ordinate
required training and retraining of the staff and also workers of the subcontractors, involved in
regular operation and especially in outage activities.
In 1989 Milan Copic Nuclear Training Centre was established, as one of the new Jozef
Stefan Institute's departments. It was done to concentrate and enhance activities related to
training of the Nuclear Power Plant's personnel and also to enable further development in this
field. Due to this reorganisation and increased requirements from the Nuclear Power Plant, the
number of organised courses has strongly increased and co-operation expanded.
One of the activities where co-operation between Jozef Stefan Institute and Krsko Nuclear
Power Plant is strong and permanent is also training in the field of radiation protection. Jozef
Stefan Institute is authorised to perform training in this field and also to supervise related
activities in Krgko Nuclear Power Plant. Training is implemented in both organisations, with
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participation of lecturers and instructors from both sides. Therefore, it is of mutual interest to
analyse future requirements and to define future needs in the field of training. This will enable
us to prepare and organise training in the most effective way with limited resources available.
2. Legal framework
Requirements regarding radiation protection training of NPP workers, as well as other
occupationally exposed workers, were defined in 1981 by Slovenian Regulation [1] and in
1984 by Yugoslav federal Law [2]. According to this legislation, occupationally exposed
workers in the Nuclear Power Plant are divided into three categories (groups):
1) Radiation protection specialists are members of the first group. Their training is
extensive and demanding, comprising general health physics subjects as well as
knowledge of basics of nuclear technology. The duration of required training is 200
hours with oral exam at the end. Re-examination is obligatory on two-year basis.
2) Regularly exposed workers are members of the second group. All licensed personnel
and others working with sources of ionising radiation in the Controlled Area of the
Nuclear Power Plant belong to this group. Required training is forty hours with oral
exam and re-examination on five-year basis.
3) Occasionally exposed workers belong to the third group. This is the biggest group
consisting of all workers working occasionally in Controlled Area performing
maintenance or outage tasks. Required training is ten hours for workers of the Nuclear
Power Plant and four hours for others. Obligatory re-examination is on five years.
According to requirement of Slovenian Nuclear Safety Administration, recommendations
of international organisations relating implementation of radiation protection should be also
considered.
Internal regulations and Radiation Protection Programme of Krsko Nuclear Power Plant
regulate the details and requirements for particular jobs and tasks thus assuring consistency
with legal requirements and their fulfilling.
3. Implementation of training
According to the outline given in the Regulations and in co-operation with management of
Krsko Nuclear Power Plant, different courses were developed at Milan Copic Nuclear
Training Centre to cover legal requirements of radiation protection training. Since legal
licensing requirements extend beyond radiation protection, some of the developed courses
have radiation protection as a part of broader content.
For regularly exposed workers three initial courses were developed:
*

Radiation Protection 2 (RZ2): basic course to cover legal requirements for regularly
exposed workers,

*

Basic Nuclear Technology
Nuclear Power Plant, and

*

Nuclear Technology Course (TJE,): aimed as initial training for Control Room staff
and other licensed personnel, as well as engineering staff.

Course (OTJE): aimed at technical staff of Krsko

These courses are organised and performed at Milan Copic Nuclear Training Centre with
co-operation of experts from the Nuclear Power Plant and other organisations. Annually, 2 to
3 courses of these kinds were organised. Numbers of participants per year attending courses
for regularly exposed workers in last ten years are on the Figure 1.
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Figure 1: Number of participants in courses for regularly exposed workers
(RZ2 Courses)
For occasionally exposed workers two initial courses were developed:
*

Radiation Protection 3a (RZ3a): for occasionally exposed workers of the Nuclear
Power Plant, and

*

Radiation Protection 3b (R'Z3b):
subcontractor organisations.

for occasionally

exposed

workers

from

These courses are organised and performed at Krsko Nuclear Power Plant. In last 6 years,
22 to 28 courses of these kinds were organised per year. Number of participants per year
attending courses for occasionally exposed workers are on the Figure 2.
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Figure 2: Number of participants per year in courses for occasionally exposed workers
(RZ3a and RZ3b Courses)
Courses for radiation protection specialists have not been organised yet. L[eg.al outline tor
these courses has been given, but there is no approved programme. Now, we arc working on
the syllabus and proposition for updated licensing approach to implement legal requirements
within limitations given by small number of possible candidates and limited resources for the
Course implementation.
Very important part of radiation protection training is also re-examination, regularly
combined with refreshing courses. Although refreshing courses are not legal requirement, we
organise them with limited course content, derived from basic course. This is also valid for reexamination of radiation protection specialists, where refreshing courses are more intensive
and usually combined with topics aimed at professional improvement. The numbers of
participants in refreshing courses for specialists and regularly exposed workers are on Figure
3.
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Figure 3: Number of participants in refreshing courses for radiation protection specialists
(RZI Courses) and regularly exposed workers (RZ2 Courses).
4. What should be done in the future
Predicting future is always problematic, but we will try to give some estimations of future
needs in radiation protection training for NPP workers.
The easiest things to predict and plan are refreshing courses. Since Krsko Nuclear Power
Plant and Milan CopiC Nuclear Training Centre keep records of training in computerised
database, it is easy to extract annual requirements for re-examination for the next five years.
Predicted numbers of courses and participants in courses for regularly exposed workers are on
Figure 4. Planned increase in number of participants for year 2003 is due to requirement that
re-examination for licensed personnel should be related to re-licensing. For specialists, we
plan refreshing courses in years 2000, 2002 and 2004 with approximately 17 participants in
two courses, per each of these years.

!No.

of participants ENo. of Courses

120

60~
40
1999

2000

2001

2002

2003

2004

Ycar

Figure 4: Number of courses and participants in courses
for regularly exposed workers (R72 Courses)
Number of initial courses is harder to predict. Number of courses and participants in
courses for regularly exposed workers (RZ2) and occasionally exposed workers (RZ3a and
RZ3b cumulative) are on Figures 5 and Figure 6.
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Figure 5: Predicted numbers of courses and participants in initial courses
for regularly exposed workers (RZ2 Courses)
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Figure 6: Number of courses and participants in initial courses
for occasionally exposed workers (RZ3a and RZ3b)

5. What participants expect from the course
Recently, we have performed inquiry among regularly exposed workers regarding initial
and refreshing courses on radiation protection. Up to now, we have received 70 questionnaires
from workers from Krsko Nuclear Power Plant (86%) and other organisations (14%).
Majority was experienced workers (53%4o with more than 10 years of experience in nuclear
technology) performing different jobs. Professional structure of inquired workers is on the
Figure 7.
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Figure 7: Professional structure of inquired regularly exposed workers
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Inquiry was divided into two parts, the first related to the initial training for regularly
exposed workers and the second to the refieshing courses. Majority expressed opinion that
initial courses were sufficient and adequate for their work. The same applies to the refreshing
courses. This is not substantially different from the results we receive from inquiries
performed immediately after courses.
Our main point of interest were suggestions relating future courses, especially refreshing
courses. We have inquired on important topics for a refreshing course, important novelties to
be included and also field of interest for personal improvement. The results of these inquiries
are on Figure 8, Figure 9 and Figure 10.
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Figure 8: Answers to question what are important topics for a refreshing course
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Figure 9: Answers to question what novelties should be included in a refreshing course
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Figure 10: Answers to question what are the fields workers want to improve personally
6. Conclusions
Krsko Nuclear Power Plant and Milan Copic Nuclear Training Centre have successfully
developed and implemented radiation protection training for regularly and occasionally'
exposed workers in the Nuclear Power P"lant.
The programme for radiation protection specialists should be developed in near future to
enable training of fresh workers in Radiation Monitoring and Control Organisational Unit of
Krgko Nuclear Power Plant.
We should evaluate our courses for regularly exposed worker and modify them taking into
account the results of our inquiry.
New activities should be planed to satisfy requirements for personal improvements of
particular workers.
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ABSTRACT - Low-energy accelerator based analytical methods serve as a precise, fast, multielemental, and
nondestructive techniques for studies of materials. Several examples stemming from the above approach can be
shown as serving the needs for investigation of materials used in the nuclear production technology. In the paper
the fundamentals of some of these IBA methods are given in general. Between them PIXE (Proton Induced X-ray
Emission), RBS (Rutherford Backscattering Spectrometry), ERDA (Elastic Recoil Analysis), and NRA (Nuclear
Reaction Analysis) are mentioned as tools for elemental composition and depth profiles determination.

1.

Introduction

Role of low-energy accelerators (<-100 MeV) is becoming more and more important. First
used as main tools for the nuclear physics research, are nowadays applied to various branches of
modern life. The low-energy accelerators are found in basic research for atomic and
molecular physics, further for studies in several interdisciplinary research fields, i.e., the
studies of materials, microelectronics, biomedical research, environmental studies,
archeometry, etc., as well as the facilities for materials modification, isotopes production,
industrial applications, and for medical purposes. Quite a complete list of their most recent
applications can be traced at the work of several international conferences [1-3] devoted to the
field.
In the contribution the emphasis to the analytical methods based on the use of the
accelerated ions - the so called Ion Beam Analysis (IBA) - is given. Those already installed at
the J.Stefan Institute (JSI) tandem accelerator - TANDETRON - are described briefly. Their
applicability for studying the composition of materials and elemental concentrations profiles is
shown in some more details.
2.

Electrostatic tandem accelerator - TANDETRON

The TANDETRON (HVEE, Amersfort, The Netherlands), installed recently at the
Microanalytical Centre (MIC) of the JSI, can accelerate different kind of ions up to energies of
a few MeV, when applying the electrostatic accelerating voltage of 2 MV to the high voltage
terminal (Fig. I.). The apparatus is designed in the way that ion sources, magnets for ion beam
selection, and electrostatic lenses for beam focusing and shaping, are all separated from the
accelerating part. Moreover, the entrance and the exit from the accelerator part are at the ground
potential. This configuration makes the work with and the maintenance of the accelerator much
easier. The tandem type of the accelerator with the high voltage terminal in the middle of the
accelerating part serves for double acceleration of ions what multiplies their final energy.
Ions are prepared in one of the two ion sources. In the duoplasmatron, negative hydrogen
ions or positive helium ions are produced by the plasma discharge, quite effectively. As further

InternationalConference Nuclear Energy in Central Europe '99

.

585

Nuclear Methods

ion acceleration needs negative ions, the positive He ions should be led through the charge
exchange channel. At the TANDETRON the channel filled with Li vapors is used for this
purpose. Electrons in the Li outer shells are relatively weakly bound and can be easily captured
by the positively charged Ile ions moving through the vapors. Other types of ions, from Li to U,
are produced in the sputtering ion source. A solid target, made from the material chosen, is
bombarded here by the Cs ions available in the source. The recoiled ions dress up with electrons
when moving through a thin Cs layer formed on the target surface. The negative ions enter the
electrostatic lenses to be focused into the entrance of the 90° deflection magnet. Those with a
proper charge to mass ratio are selected there and transported to the entrance of the first
accelerating stage.
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Fig. L: Schematic view of TANDETRON accelerator with beamlines, equipped with the
experimental chambers for Ion Beam Analysis.
The ions have to move in vacuum all the time as they should transverse distances in a
range of a few meters. Therefore the whole accelerator interior is enclosed in the vacuum system
(with pressure bellow 10' mbar). This minimizes energy losses from scattering on the gas
molecules. The ions are accelerated twice: first as a negative ones, and in the second stage as a
positives. The charge exchange takes place in the stripper channel where the negative ions collide
with the nitrogen gas flowing into the channel. When scattered on the nitrogen molecules the ions
get rid of the electrons and become positively charged. The positives are accelerated towards the
grounded end of the second accelerating tube. Their final energy depends on the charge they
receive and the accelerating voltage used at the high voltage terminal. In our case the hydrogen
ions can gain up to 4 MeV, and the heavier ones appropriately more. The voltage achieved at the
high voltage terminal of the JSI accelerator is limited to 2 MV and is generated by rectifying the
output from the RF source through the stacks of the semiconductor diodes. The technical solution
applied at the TANDETRON has no moving parts in contrast with the Van de Graaff accelerators.
This improves the stability of the formed beam and facilitates the accelerator maintenance. The
whole accelerating part should be inserted in the isolating gas tank where the sulfur hexafluoride
(SF 6 ) gas prevents sparking.
At the exit of the accelerator there: is an electrostatic quadrupole triplet lens which
transports the accelerated ions towards the switching magnet. The magnet used at the JSI facility
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has five connection ports where the beamlines can be attached at angles + 30°, ± 100, and 00. The
design offers the possibility to direct the beam into one of the five permanently installed
beamlines with measuring chambers at the ends. At two of them (at angles +100 and -30°) the
beamlines and the measuring chambers are already constructed. At the third one (- 100) the
installation of the particle microbeam is under way. Here the IBA methods will be used for
studies in biomedicine, environmental pollution and archeometry.
3.

Ion Beam Analytical (IBA) methods at the JSI TANDETRON

Ion Beam Analysis (IBA) is based on the interaction of charged particles with matter.
When ions stop in the sample they excite or ionize target atoms, also they elastically or
inelastically scatter on the target nuclei. Various kinds of radiations are produced this way. Those
are: visible light, X-rays, electrons, y-rays, scattered particles, and/or products of nuclear
reactions. Most of them can be measured simultaneously and used for sample material
characterization.
3.1.

Proton InducedX-ray emission (PLXE)
The PIXE method is used for determination of chemical elements present in the sample
[41. The elemental concentrations are obtained from the intensities of the characteristic lines in
the measured X-ray spectrum. Namely, when bombarding the sample with protons of a few MeV
the atomic inner-shells are ionized with a high probability. The inner-shell ionization of
particular atoms depends on their Z number and the projectile energy. The holes formed in the
inner shells are filled promptly with the electrons from the outer shells and the characteristic Xrays are irradiated. The most outstanding lines in the X-ray spectra are the K-lines corresponding
to the decay of Is holes in the K-shell by transition of electrons from the L-shell. The radiative
decay where the photon brings out the energy from the electron transition is not the only process
in the atom. A very competitive one is the Auger effect where the excess energy is given to the
another atomic electron. The process is very probable for light atoms (Z<I 0), therefore the PIXE
method is less effective in this low-Z region. The relative measure of the radiative transition
probability is the fluorescence yield, o, which is higher than 0.5 only at atoms with Z>30. The
factor which also limits the applicability of the PIXE method is an absorption of X-rays on the
way from the target atoms to the detector. Soft X-rays (< I KeV) are therefore hardly detectable
what makes PIXE more suitable for elements above Al.
For measurement of X-rays the energy dispersive semiconductor detectors are usually
employed. The signals from the detector are shaped with a standard nuclear electronics and
recorded in the multichannel analyzer. The number of photons, produced within the proton path
x in the target atoms j, is given by Eq. 1:
(Eq.l)

N'- A
47r

NP

at

1T

cosa

EGE"i(E)

fo

exp-g(cosQ/coso)

dE
S(E)

Here, the absorption of photons in the target as well as the stopping of protons in matter are taken
into account. The stopping power S(E) reflects the energy losses of protons in the target, na,' a
volume density of atoms in the target, T transmission factor for photons on the way from the
target to the detector, 11is the detector efficiency for photons, AQ is its solid angle, and a, P (see
Fig.2.) are the angles between the sample normal towards the directions of incoming protons and
the detector, respectively. The N. is the number of incoming protons, o the fluorescence yield,
[i, the absorption coefficient fior photons fr-om element j, and oQij
the ionization cross section. The
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number of detected characteristic photons is therefore proportional to the density nab of atoms in
the target. By measuring the X-ray line intensities the elemental concentrations in the sample can
be determined, easily.
From Eq. 1 it is obvious that a detection sensitivity for the particular chemical elements
is not equal across the whole periodic system. Here, by the detection sensitivity is meant a
minimum detection limit for resolving, from the background signal, a peak which corresponds
to the particular element. It depends on the projectile energy and the target Z and is the highest
for elements with Z=20-30, when detecting K lines, and Z=60-70, when measuring L lines
In general the amount of material which can be measured by the PIXE method ranges to
nanograms in the milligram sample. Therefore, PIXF' is a very useful tool for detection of trace
elements (with concentrations far bellow a ppm). The most outstanding advantages of PIXE are
its multielemental and nondestructive character, also it can be taken as a quantitative and
absolute method.
Several set-ups are used when applying the PIXE method. Besides the standard one where
the samples are inserted in a vacuum, very popular is the in-air (external beam) arrangement.
Here, the proton beam is led out from the accelerator vacuum system by passing a thin foil
window. The beam is directed onto the sample mounted at the normal atmospheric pressure.
Such a solution is exceptionally practical for measurements of samples containing volatile
ingredients, or those which are too big or delicate to be inserted in a vacuum. Recently, the
application of PIXE in a combination with the proton microbeam is becoming very popular due
to its ability to be used at studying of small samples with the lateral resolution bellow one micron.

The most pronounced successes of the PIXE method accounts to the material
characterization, biomedical research, environmental studies (aerosols), and
archeometry.
At the JSI Microanalytical Laboratory (MIC) the PIXE method is mostly
applied to the:
environmental studies: composition of aerosols,
archeometry: elemental composition of archeological artefacts, manuscripts.

3.2.

Rutherford Backscaacf ring ,Spectromet,ry and Elastic Recoil Detection Analysis
The RBS/ERDA methods 15,6] rely on the elastic scattering between the incoming ions
and the target nuclei. By measuring the energy distribution of the scattered projectiles or recoiled
nuclei the type and depth concentrations of the scatterers can be obtained.
Let us take that in the elastic scattering of the projectile with mass m, and energy E. on
the target nucleus at rest the projectile losses part of its energy and is deflected into an angle 0
from the incoming direction (Fig.2.). Its energy after the collision let be E,. The target nucleus
recoils then to the angle (p apart from the incoming projectile direction. Based on an assumption
that the kinetic energy and the momentum of the interacting particles conserve at the elastic
scattering the following relations between the primary projectile energy and the energies of the
scattered and recoiled ones can be deduced (£ = m2 /m
1 ,):
KRRS

-

E1

-]

(cos0 + 62- sin2 0 )2

(I +c)2

E
(Eq.2)
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A sensitivity of the kinematic factor KRBS on the m,/m 2 ratio increases with the increasing
scattering angle 0, on the other hand for the KERIDA it decreases with the increasing recoil angle P.
For selection between the two kinds of target atoms (Am 2 ) by RBS (or ERDA), the energy
differences of measured scattered projectiles (or recoiled nuclei) have to surmount the
experimental energy resolution. It can be easily shown that the sensitivity for RBS is higher if we
measure scattering in the backward direction (0=1800) and use heavier projectiles (with the
obvious limitation m 1 < m2). Therefore for RBS it follows:
AE 1 = E 0 (4-(7r-0)2 ) Am 2

(Eq.3)
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Fig.2.: Schematic view of the RE;S/ERDA experimet.

Similar criterion can be obtained for the ERDA method. For the recoiled nuclei with a mass
difference Am 2 the energy difference counts as:
(Eq.4)

AE2

4E cos2

(1 -A) m 2

The sensitivity is therefore higher for small recoil angles (p and for lighter projectiles (having in
mind that the projectile should be heavier than the recoiled nuclei: m, > m,).
The elastic scattering process can be well described by the Rutherford scattering cross
section do/d) - [ZZ,/E sin 2 (0/2)]2 [4] when taking the electric force between the nuclei as the
only interaction between the counterparts. The Rutherford formula should be corrected with an
expression describing the effects of nuclear forces if the projectile energies are above a few MeV.
Similarly, the corrections due to the 'Coulomb screening effects should be included for the

InternalionalConference Nuclear Energy in Central Europe '99

589

Nuclear Methods

projectile energies bellow 1 MeV. The number of the scattered (or recoiled) particles from the
layer dx=dE/S(E) is written as:
dN-(x)= AQ N nj(x) dl(E,O) dE

(Eq.5)

p

p

~

at

d•

S(E)

Here, the letters present similar quantities as the ones in Eq. l, and the differential cross section
is applied for describing the elastic scattering (or the recoil).
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Fig. 3.: RBS and ERDA spectra of the Ti strip used in the ion-getter vacuum pumps.
What makes the RBS and ERDA methods still more attractive is that the measured spectra
reflect the information about the location of elements in the target. The methods are therefore
very appropriate for depth profiling, applying the fact that the projectiles and the recoiled nuclei
lose their energy when they move in the target. The RBS and ERDA spectra are therefore a
superposition of the contributions from the particular depths where the scatterers are located. By
fitting the measured spectra with the mode] contributions corresponding to the particular depths,
weighed by the concentration of the scatterer in the layers, the elemental depth profiles are
deduced. The depth resolution of the methods is a few 10 nm, and analyzing depth is up to a few
pum. Although the detection sensitivities of RBS and ERDA are not as good as for PIXE ( 0.1
atomic %), both methods are very suitable for the light element analysis. An example of the
measured RBS and ERDA spectra for a Ti sample is shown in Fig.3.
In the experimental set-up, as schematically presented in Fig.2., the particle detection is
done by the semiconductor surface barrier detectors, equipped with a standard nuclear electronics
for data acquisition. The detector solid angles are usually small (1 mrad) as the yields of the
scattered particles are high enough. In our ERDA arrangement the separation of the scattered

590

InternationalConference Nuclear Energy in Central Europe '99

Nuclear Methods

projectiles from the recoiled nuclei is done with a thin absorber foil placed in front of the
detector.
The broadest applicability of the RBS and ERDA methods isfoundfor the depth
profiling of thin layers and surfaces on various substrates. ERDA is especially suitable
for determination of depth profiles of hydrogen (and its isotopes).

The interdisciplinary research done at the MIC Laboratory by applying
RBS/ERDA has been directed mainly to:
-

analysis of hard coatings for tools,

-

studies of optical guide materials (LiNbO3 ),
measurement of hydrogen profiles on Ti strips for the ion-getter pumps.

3.3.

Nuclear Reaction Analysis (NRA)
When light elements need to be analyzed with a good detection sensitivity the NRA
methods based on the detection of nuclear reaction products offer an outstanding tool. The crosssections for nuclear reactions are substantial (in a range of a few barns) when the energies of the
projectiles are higher than the projectile/nucleus Coulomb barrier. On the other hand, using strong
nuclear resonances on some elements by light projectiles with energies around a few MeV/amu
still broaden the attractiveness of the approach. Due to different experimental set-up
configurations the NRA methods can be methodologically split into two parts: the ones where the
analysis is based on the y-ray detection, and the other where the particle detection is explored.
In general, the most important characteri stics of NRA is an extremely high detection sensitivity
for the particular projectile/target combinations, and strong dependence on projectile energy
and/or angle of detection.
Some of the most useful nuclear reactions for the [BA can be listed as follows [7]

- in the case of particle detection: 7 Li(pa)4 He, 9 Be(pa) 6 Li, "B(p,a,) 8 Be, '9 F(p,a) 6 0,
2
QC(dp) 3 C ' 60(d p1 )'7 0, D(BHe a)'H 'B(Hep)'3 C '6 O
a)15 o, 31 P(Up) 3 4 S,
UHe
7
8
9
0
1
1
- using the gamma-ray detection. Li(p,1) Be, Be(p,y)' B, B(p,y)' 2 C, O3C(p,)14 N,
28Si,
'5 N(pa-y)' 2C, 180(py)'9 F, '9 F(pay)60, 2 3Na(p,ay)2 0Ne, 2 6 Mg(py) 27 AI, 27A(py)
l
31
31
32
34
35
3
7
8
4
0
9
5
2
si(p,.) p,
p(pY) S, S(p ,)
C1, 41(py) Ar, Ca(pyr)Sc,48Ti(py) V, Cr(pyrMn,
58Ni(py) 5 9Cu,
- applying the gamma-ray detectionfor hydrogen profiles determination: 'H(7Li,ay) 4
1He,

30

1H1(5 Nay)' 2 C,

'H('

9

F,aV) 1 6 0.

Between the reactions listed the '1(' 5 N,ay) `2C is given here in some more details due to
its importance for the hydrogen analysis. One of the lowest resonance energies for the 15N
projectiles is at 6.385 MeV, the cross-section at resonance is 1650 mbarn, resonance width 1.8
keV, and the gamma-rays energy 4.43 MeV. The resonance is narrow and quite strong what can
be used nicely for precise hydrogen profiling.
The principle of depth profiling with the resonance nuclear reaction is shown in Fig.4. The
resonance character of the reaction enables high yields only from a thin layer where the resonance
energy is achieved. The fulfillment of this request is true for a particular depth where the primary
projectile energy diminishes enough due to the stopping of projectile in the sample. The
production of gamma-rays in the given depth, where the resonance energy is achieved can be
written as:
(Eq.6)

N (x)= Npan(X)
() 2
urS(E)
in
p a
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Here, the a0 means the cross-section value at the resonance energy, F is nuclear resonance width,
and other letters measure similar quantities as above in Eqs. 1,5.

Hydrogen
detection /
resonance

''Window

15N +

Beam

/

6.385 ± 0.005 MeV
resonance energy

/

Fig.4.: A schematic representation of the 'H(' 5 N,ay)'2 C resonant nuclear reaction
used for the hydrogen profiling.
The advantage of us] rig the '1l(' N,uy)' 2 C approach in comparison with the ERDA method
is mainly due its better depth resolution (< 10 nnm), higher analysing depth (> 10 Vrm), and lower
minimum detection limit (a few ppm). This all requests a careful experimental arrangement what
manifests in more complex set-up.

The NRA method has found a broad applicability at the studies of material
composition, especially when very light elements concentrations in the sample cannot be
seen by other IBA methods.
At the MIC the following studies have been done by NRA till now:
- depth profiles determination of fluorine in human teeth,
- nitrogen determination in grains and legumes.
It is planned to reinstall the method soon for the analysis of the
archeometrical samples (determination of Na in medieval glasses).
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4.

Conclusions

A brief description of the Ion Beam Analytical (IBA) methods available at the J.Stefan
Institute TANDETRON has been given. The outstanding properties of the methods, having in
mind their nondestructive and multielemental character, show that they are very suitable for the
elemental composition and depth profile determination. As such they can found a broad
applicability at the studies of materials used in the nuclear power production technologies.
Acknowledgment
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Characterization of thin films and surfaces by Ion-Beam
Analytical techniques
P. Pelicon, M. Budnar, B. Zorko and A. Razpet
J. Stefan Institute, Jarnova 39, SI-1001 Ljubljana, Slovenia

Abstract
The optimization of Rutherford Backscatteriqg Spectroscopy (RBS) arid Elastic Recoil
Detection Atnallysis (ERDA4) at the tandetron farc9l>;ty of J. Stefan Institute is reported.
The most recent applications of these techniqutecs for the analysis of thin film.s and surfaces
are presented. The construction of the isotope-resolved Time-Of-Flight ERDA telescope
for depth.profling of light element.s irs rvieev)d.
PACS 79.20.Rf, 58.55.-a
1. Introduction
The Rutherford Backscatt.ering Spectroscopy (1RBS) is an indispensable tool for the diagnostics of thin film deposition tectiniqties and rnultilayer electronics devices as well as
for the analysis of the surface processes.

The last improvements of the method, such

as precise current normalization and fast; Calgoritinis for spectra analysis, improved the
precision of the method arid shortened the required time for numerical analysis of mea-

sured spectra. The Elastic Recoil Detection Analysis (ERDA) is established as a unriquie
analytical method for the hydrogen depth concentration profiling. The increased demand
for the depth profiling of the light elements, such as 0, N, C and Si, in the surface layer
resulted in the development of heavy ion ERDA at several accelerator laboratories and an
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intensified application of the Nuclear Reaction Analysis (NRA). Lots of efforts has been
given to develop some of these techniques at J. Stefan Institute beside performing the
IBA analysis for the users from the research institutes and industry.
2.

Nitrogen concentration profiling in the TaN, thin films by Rutherford

Backscattering Spectroscopy
The nitrogen presence in the TaN1 thin film primarily causes the reduction of the Ta
signal in the RBS spectra, whereas the nitrogen signal is superimposed to the substrate
signal and is tloo weak to be reliably extracted. Therefore the RBS measurements should
be performed by current normalization method, at, which the nitrogen concentration in
the layer could be obtained from the intensity of tantalum signal.
Precise current normalization connected with the ion-beam analytical techniques has
been solved in a variety of ways [1]. In our case the experimental vacuum chamber has
been electrically insulated from the beaniline components.

By proper shielding of the

pump entrance and due to the long beamn-entrance nozzle the chamber itself forms a
well-closed Faraday clip.

The charge collected at the vacuum chamber therefore well

corresponds to the ion-beam charge impinging on the target.
The method has been applied on the set of TaN, thin film standards on the silicon
substrates, prepared and previously analyzed by the same method at the University at
Albany. The 1.8 MeV 11e+ beani from the tandetron accelerator was directed perpendicularly to the target. By means of rectangular slits located 2 meters from the experimental
chamber, a square-shaped beam with dimension of 1.5x 1.5 mm 2 has been formed. Silicon Detector at the scattering angle of 1600 has been applied to measure the energy
distribution of the backscattered ions. The dead tine at the ADC was kept well bellow
1% by applying the impact ion currents of up to 5 nA. The spectra were analyzed with
the numerical simulation code SIMNRA [2]. The detector resolution of 15 keV has been
applied for the description of the high energy Ta edge smearing. Monoelemental targets
were used to determine the product of the number of impact particles Ni and the solid
angle of the detector

596

Qdet.

The comparison of the results obtained at University at Albany

InternationalConference Nuclear Energy in Central Europe '99

Nuclear Methods

Result comparison of the TaN1 films
Label
x
Layer thickness [101 at/cm']
(UA) (JSI) (UA)
(JSI)
2061 OE
0.07
0.07
1170
1200
2579 OC
0.02
0
1470
1460
2146 16E 0.58
0.53
1670
1640
2587 16C 0.39
0.40
1930
1850
2105 18E 0.85
0.75
1750
1720
2587 18C 0.71
0.61
2100
2000
1964 20E 1.07
0.92
1750
1670
2429 20C 0.91
0.85 2100
2000
814
22E
1.5
1.63
800
760
1198 22C
1.5
1.44
1050
1000
1960 BE
0.83
0.85 1700
1640
2304 BC
0.86
0.82
2200
2010
Table 1: The comparison of the results: nitrogen concentration parameter x of the TaN,
film and fil:m thickness obtained by current-normnalized RBS at University of Albany (UA)
and by current-normalized RBS at Jozef Stefan Institute (JSI).
and at 3. Stefan Institute is given in the Tab. 1. The Fig. 1 presents graphical comparison between the results obtained in both laboratories at the sample labeled 2146 16E. In
some of the analyzed samples, the nil;rogeri concentration lluctilates significantly within
the TaN, layer. In this case, the TaNT layer was simulated as a virtual multilayer with
variable nitrogen concentration and the results obtained at the uppermost part of the
layer were compared. According to the results of the study, the current-normalized RBS
allows precise determination of the nitrogen concentration within the TaN, thin layer,
because it relays on thel

strongest spectral effect of tihe nitrogen presence within the TaN,

layer: the reduction of the tantalum signal.
3. Hydrogen concentration depth profiling by ERDA: the analysis of the H1
incorporated into lithium niobate optical layers
The Elastic Recoil Detection Analysis is beside Secondary Ion Mass Spectroscopy (SIMS)
and Nuclear Reaction Analysis (NRA) one of the few techniques able to measure hydrogen depth concentration profiles in surfaces. ERDA is an absolute measuring technique.
Standard samples are required for SIMS to determine the sputtering rate. ERDA is a
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Figure 1: The comparison of the meastuied spectrurm (JSI) from the sample labeled 2146
16E with the numerical sirmulat;ions by SIMNRA [2]. Full line: sample parameters obtained at, UA (TaNo,5 8 ), (dot~tedline: sample parameters obtained at JSI (TaNo.5 3 )
less time consuming technlique thant Nl-'A, where the accelerator parameters have to be

changed in order to scan the ion impact. energy.
Our ERDA setup consists of two-ax~s goniomel;er for the target in-vacuum manipulation and of two movable silicon detectors. During the measurements, the He- ion beam
with 1.8 MeV energy is directed from the accelerator to the target. Typical ion currents
used are bellow 10 nA to ruinimize therimal load on the target . The reflection geometry
is applied in the experiment having typical incident; angle of 75° an(d the take-off angle of
24°. The applied beam doses of

nip

to 100 liC are normialized by the parallel detection

with t~he RBS detector, which is also nsed for the determination of the sample matrix
composition. The 6 lim thick Al foil placed in front. of the EIDA detector. has been used
for elimination of the scatteredt He nuclei. With the ERDA selt-up described the detection

limit, 0.1 at.%, detectable depth of tip to 0.5 jan. anld t~he depth resolution of 30 nm are
achieved. The spectra are analyzed with the RBX simulation program [3].
Hydrogen containing lithium niobate optical wavegufides [11 are widely used in integrated optical devices. Lithiim nliobate has uniquely high refracting index and good
transparency, which makes it an ideal material for optical waveg-uides. Refractive index
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could be modified by incorporation of hydrogen into the surface. This is usually achieved
by etching in the adipic acid. The relations between the fabrication procedure, resulting composition of the optical layer and its optical properties are necessary for optical
waveguide production. The aim of our study was to understand the mechanism of H+
incorporation into the lithium niobate wafers for different crystallographic orientations.
Optical layers in the X- and Z-cut were fabricated at the Institute of Chemical Technology
in Prague by annealed proton exchange (APE) and by radio frequency (RF) hydrogen
plasma treatment.

Lithium concentration depth profiles, measured by Neutron Depth

Profiling (NDP) by means of 6Li(n,cY)3 11 reaction [4], indicated significant differences between the X-- and the Z-ciAt arising from different mechanisms of H' diffusion into both
cut types.
To confirm the above conclusions the hydrogen profiles in LiNbO3 samples were measured and analyzed after various fabrication procedures. The Fig.2 shows measured hydrogen depth profiles in the lithium niobate both in the X-cult and in the Z-ctit before and
after the adipic acid proton exchange treatment (APE) at 213WC and post-armealing at
350WC. The X-cut samples are more susceptible for the proton exchange (PE) with adipic
acid than the Z-cut, ones, leading to higher hydrogen concentrations at the same conditions.

Further measurements implied the saturation of the proton exchange process and

effect of hydrogen plasma treatient. (Tab. 2). The ERDA studies clearly showvl f5 1 that
the substitutional (H+: Li+) mechanism, which prevails in the Z-cut, is acconipanried
by interstitial diffusion of H+ into the substrates for the X-cut. It was also confirmed
that the post-exchange annealing enlarg:e the differences between X- and Z-cut. leading to
mnore diffused H-profiles for the Z-cut than for the X-cut. The hydrogen plasma treated
samples in the Z-cut exhibit, shallower hydrogern containing surface layers comparing to
those treated by APE.
4. The construction of the Time-Of-Flight telescope for mass-resolving ERDA
The mass resolving Elastic Recoil Detection Analysis enables simultaneous depth profiling
of light elements in the surface layer with isotope resolution. Due to the limitation in the
ion energies avaliable from small tandem accelerators [6], the Time-Of-Flight is the most
InternationalConference Nuclear Energy in Central Europe '99
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Figure 2: The hydrogen concentration profiles in the LiNhO 3 samples before and after
the proton exchange treatment,. B~oth samples (labeled 320 and 327) wvere treated in
buffered adipic acid (i.e. adipic acid containing 0.5 mol.% of lithiumii adipate) at 213 'C
and afterwards annealed for 1.5 hour at, 350 'C.
appropriate among the mass resolving and charge-state insensitive ERDA methods. The
construction of Time Of Flight telescope

takes place at tandetron facility of J. Stefan

Institute.

The Time-Of-Flight (TOF) telescope usutally consisted of two timing stations, which
deliver timing pulses for each ion passing . The timing pulse is triggered by thie detection of
the secondary electrons emitted from the 1,hiii carbon foil located on the path of fast ions.
The difference in times delivered by hoth liming stations is proportional to the velocity of
the ion. At the telescope's e(ld the ion energy is mneasured by the silicon detector. The two
data for each detected ion are store(l in the two-dimensional histograin. Branches in the
histogram present the signal of the particular recoiled element or isotope. One-dimensional
energy histograms of particular recoils are obtained by their separate projection on the
energy origin. Depth concentration profiles of light elements are determined by simulation
code of the one-dimensional energy hystograms.
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Analyzing depth

Sample description

(101'

at/cm 2)

Average H cone.
3
(10l at/cm )

327X-cut, PE, A

2_1

8.67

330Z-cut, PE. A

4.9

6.10

X-cut, PE I h 200C, A 1.5h 350WC

2.0

7.84

Z-cut, PE 1h 2O0WC, A 1.5h 350C

3.0

3.33

X- cut, PE 3h 20OWC, A 1.Sh 350"C

2.1

10.0

Z-cut, PE 3h 200C, A 1,5h 350C

2.0

9.09

X-cut, PE lh 200C, not annealed

2.4

22.2

Z-cut, PE Ih 200'C, not annealed

3.5

19.6

X-cut, PE 3h 200°C, not annealed

2.4

22.0

Z-cut. PE 3h 200°C, not annealed

2.5

21.5

Z-cut. PE 3h 21 3°C, not annealed

2.7

23.5

Z-cut. PE 3h 213°C, A 1.5h 350°C

2.0

11.5

Z-cut. PE 6h 213°C, not annealed

2.4

21.8

Z-cut, PE 6h 213°C. A 1.5h 350°C

2.6

10.5

X-cut, plasma, 153X

0.40

55.2

X-cut. plasma. 148X

0.24

19.9

Table 2: The analyzing depths and average hydrogen concentrations for different fabrication of the LiNbO 3 specimens. The average concentrations were calculated by averaging
over thicknesses and concentrations in the particular depths. The estimated errors in the
analyzing depth and the H concentrations are bellow 10 %.
The path length differences of the existing TOF telescopes favorizes perpendicular
orientation of the carbon foils. The energy straggling in the foil and its thickness nonuniformity dominantly determine the resolution of the telescope. Following this conclusions,
we designed the first timing station with perpendicular carbon foil. At the second timing
station the secondary electrons ejected from the surface of the silicon detectors will be
used for triggering of the stop signal [7].
The Cl ion beam with energies of 10 MeV will be used for the analysis. The analyzing
depth of the method is 500 nm. Predi~cted mass resolution of the TOF telescope will be
better than 1 a.m.u. for the elements with Z<16 and depth resolution up to 10 nm is
expected.
5. Conclusion
Rutherford Backscattering Spectroscopy (RBS) and Elastic Recoil Detection Analysis
(ERDA) are routineously performed at the Ljubljana tandetron facility for characterization of thin films and surfaces. With the last modifications of both measuring methods it
InternationalConference Nuclear Energy in Centrai Europe '99
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has been possible to improve the precision of measurements, which was confirmed by comparative measurements performed in the frame of IAEA Coordinated Research Project.
The nitrogen concentration depth profiling in the TaN, thin filns by means of RBS and
the hydrogen concentration depth profiling of the LiNiO3 surfaces after proton exchange
and plasma treatment demonstrated the power of both techniques. The Time-Of-Flight
telescope will enable depth profiling of the light elements at surfaces.
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ABSTRACT - Based upon the model of particles diffusion within the sphere of partially absorbing
boundaries, the possibilities of the detection, by the incoherent cold neutron scattering method, of particle
precipitation on the boundary walls, has been investigated. The calculated scattering law as a function of the
boundary absorption properties exhibits distinct characteristics which might, under favorable conditions, make
such an experimental attempt feasible.

1. Introduction
It is a necessity in a large number of physical circumstances to have an appropriate way
to describe the structural arrangement and the motion of particles in a confined geometry. This
is particularly the case for water molecules in different surroundings which has been studied
extensively by many experimental techniques. Here we want to mention recent neutron
scattering investigations of the structure and the dynamics of water molecules in porous glasses
[1-4], in silica gels [5-7] and biological systems [8]. However, cages of molecular sizes are
present in many other physical systems. In liquids close to the triple points the packing of
molecules provides a local cage around each molecule. The life time of the cage defined by the
nearest neighbors is long compared to the velocity correlation times and it thus restricts the
diffusive motion of a molecule, see for example [9].
In many of the neutron quasielastic scattering investigations, which are aiming at
characterizing the diffusive motion of the molecules in a cage or a pore, the formalism by
Volino and Dianoux [10] has been one essential basis for the interpretation of the measured
data. This formalism is based on the assumption that the particles are moving in a potential of
spherical symmetry and it is applied to the problem of calculating the incoherent scattering
function SiC(QE) for particles performing a translational diffusive motion in the interior of a
sphere with perfectly reflecting walls. This situation is appropriate in many situations but
when, for example, a polar molecule is hitting a wall it might very well be stuck to it. This
might be the case if a hydrogen bond to one of the wall molecules is established as a result of
the collision. Thus in this paper we present a generalization of the Volino and Dianoux
approach [10] and derive Sinc(QE) for the case of diffusion of a particle inside a (for
convenience assumed to be spherical) cage with arbitrary absorption and reflection properties.
It is our intention to investigate in some details the phenomena of the idealized particle
precipitation on the partially absorbing (spherical) wall constraining their diffusing motion,
having in mind, being this a dynamical process, the eventual possibility of its detection by the
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incoherent cold neutron scattering method. Specifically the paper is concerned with the effect
of time variation of the number density of the scatteres subjected to the Brownian motion only,
the further modification of the incoherent scattering law as represented by the additional
effects of, on the walls absorbed particles is, at this time, not to be discussed.

2. Theoretical outline
The cage in which the particles are diffusing is approximated by a sphere with partially
absorbing walls. In order to describe the motion of the particles one needs to compute the
probability density function W(F ,J '; t) defined in such a way, that it is giving the probability
of finding the particle in a volume element dV at time t, providing the particle started from F'
at t=O. This transition probability density obeys a diffusion equation [11] of the form,

= DV 2 W

dW
dt

(I)

where it is assumed that the diffusion constant D is time and position independent. Eq. (1) has
to be solved for the following boundary conditions:
W(,',
d

t=0) =(F - r ')

W(Fh';l)

W(r, r '. t)

=

0

(2)

drrR

r--R

r--R

W(F, F ';t) = regular inside the closed boundary

f W(FF'; t)dV = 1.
Here, the absorption properties of the boundary are described by the factor h, which is obtained
from Fick's law and particle current consideration [11]. It is given by,
h=

-

1

1

(3)

where If is the mean free path of a Brownian particle. The absorption factor h is evidently
expressed in units of length. The parameter p denotes the probability of particle reflection from
the inside wall of the sphere. For p=l total reflection occurs while p=O represents the opposite
case of total absorption. After some derivation the solution of eq. (1), which is satisfying the
subsidiary conditions in eqs. (2), is found to be [10],

W(F, F t) =

A,

/m(rr';t)
(YY

1((Q)

1=0
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Ai~r, r`,t,) = 2,n[o

j,

(r, R)j,

(lo' x

)e

R(4

Here Y17QD) denotes the 1-th order spherical harmonics, D2=(0,(), where 0 and (p are the
spherical coordinates of the particle position vector F at time t, j(u) is the spherical Bessel
function of order 1, C'l is a normalization constant which reads,

~~~~~~I

R

{Sf r

(r
2 (r

i)..

r
-

1

•0

R it (xi'
(XI') )-Ie (xl )J,+ (xl )
33
-

10

Xwn

(5)

=0

R is the radius of the sphere and xi' is the n-th root of the transcendental equation of l-th order
as given by,
(1 - h R)]1, (xi') = xl ji,,(x)

1=0, 1, 2, 3........

(6)

Eq. (5) arises as a direct consequence of the boundary condition at the surface of the
sphere (eq. (2)). It should be noted that for p:l all the infinite number of roots, for every
particular 1, implicitly depend on the reflection coefficient p as well as on the radius R of the
sphere. The case of a perfectly reflecting spherical cage has been treated by Volino and
Dianoux [10]. Due to the absorption property of the boundary the particles which condense on
its surface no longer participate in the diffusion process. If the system is homogeneous and can
be described by a position independent number density no at time t=O, i.e. nif ,0)=no, the
number density of the particles which still diffuse at time t is found to be,
n(F, t) = no

f

(7)

W(F,F'; t)dV'

Consequently, the number of particles
given by,
d n(r, c)
Nabs(t) = D fdr

0

dr

Nabs(t)

absorbed by the boundary as a function of time is

-D

INN

RiJ

(1-e
n--)

(8)
no4 ('con)
Nn, = no R4(o)'i

.2

(x ~)

0 ),
(Don

where the coefficients Co`' s are given by the eq. (5) above and no 3N=1(47rR3 ). Once again it
should be noted that the absorption of particles is time dependent and is an implicit function of
R and reflection probability p. At t=0 it follows that Nabs(°) = 0 but at t -* oo the number of
absorbed particles is not equal to the number of particles enclosed unless of course the
reflection probability p is identically equal to 1, i.e. the absorption coefficient, h, being equal to
0. Total absorption of particles by the wall is represented by the case p=l in which case
h -oo

.
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3. The incoherent scattering law
The incoherent scattering law, S,,C(Q, (o), is calculated assuming that the particles
within the system do not possess any rotational degrees of freedom. Si,(Q, w), for a classical
system is defined by

SmWQ w)

LFS(Q,
f
tf)6

(9)

d,

where Q is the neutron scattering vector and co is the neutron energy transfer expressed in
units h. The intermediate scattering function, F/Q,),can be written as

F/Qt)

=

(e

e -F(O)

0()

)

e'Q'e-Q& W(i,

=

';t)W(F')dVdV'

(10)

where W'(r') denotes the initial probability of finding the particle diffusing within the volume
element dV' at F' and at t=0. When a particle is absorbed on the surface it will perform a
vibrational motion what can be additionally incorporated in eqs. (10). However, this
complicates the derivation of SijnQw) considerably and it is left for a subsequent paper.
Assuming an isotropic distribution of the initial orientations of F', the following expression
for the intermediate incoherent scattering function is obtained,

F (Q,1) =

E(21

+ 1)[C/ | I,' (Q)e

(II)

where the coefficients l7(Q) are given by,

17(Q) =

-

R{lQ2

iR3XJr

j,(r

-( ,/R)

2

L '(rQ) dr

(K

} i(Q R)jhI(xw)-Qi-lQ R)Ii(x:)i}

(12)

=0

It can be easily fshown, that
R lim
3
=()X

o f(Q) = 3j/(xon)/[R (xo'71 i
The formal expression for the incoherent scattering law consequently reads,
~~~~~~~~(
SInC(Q o))

+

606
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where the terms corresponding to zero-th roots of eq. (6), i.e. x,° = 0 (for l=1, 2, 3,.... 0), yield
the so called elastic incoherent structure factor, EISF, as presented in eq. (13) by the sum of
terms in front of the delta function, 3(o)).

4. Numerical results
Evidently, the scattering law, S
w), for particles constrained to diffuse inside a given
spherical volume of radius R, eq. (13), is also an implicit function of the surface absorption
properties as provided by the multiple roots of the (highly nonlinear) criteria equations (6). In
this respect two limiting cases are immediately of great interest:
a) h = 0, corresponding to the case of perfectly reflecting walls, the one studied in details in
ref. [10], for which the criteria equations reduce to the conditions,
j1 (x1,) = 0
I j/ () x),",(xi')

validfor

l=Q
I = 1, 2, 3. ........

(14)

the roots of which are in this case independent of the radius R of the spherical walls. In this
limit of a totally reflecting surface the eq. (13) goes over to the expression derived by
Volino and Dianoux [10]. One notes, that the value xoo = 0 is the first root of eq. (14) (for
1=n=O), consequently the EISF term is given by,
EISF

9j, (QR)

(15)

2

(QR)

and provides in principle an additional (independent) experimental information on the
geometry allowed to the Brownian motion of particles in question. It has been studied in
details in ref. [10]. An additional characteristics of the particle diffusion inside the
spherical volume with perfectly reflected walls is the fact that the scattering law, SLnC(Q, w),
in the limit Q -- 0, diverges.
An alternative to the above., is the limiting case of
b) h -# co, corresponding to the example of perfectly absorbingwalls, for which the criteria
relations now read,
j/(X0 =) 0

1 = 0, 1, 2, 3,.,

(16)

One notes that the above two limits in principle ought to provide rather distinct results, the
reason being in the following facts. In the first case, case a), the expression for the
scattering law, eq. (13) is in the lowest, i.e. the zero-th order of integer l, expressed in terms
of a root xoo = 0 as provided by the second of the criteria eq. (14), jl(xo') = 0.
Consequently, the incoherent elastic structure factor, EISF, is in this limit of perfectly
reflecting walls nonzero. In the case of perfectly absorbing barrier, case b), there does not
exist the solution xoo = 0 for 1=0 asjc,(0)=J. It is easily seen, that all the coefficients in the
6(U) terms are identically equal to zero, consequently EISF ought to vanish. Physically this
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means, that in the case of perfectly absorbing barriers, diffusing particles can not. even in
principle, provide the description of the geometry of the motion admissible to the them. For
such an information one has consequently to turn to the full dynamical scattering law,
Si('QOJ), which in the limit Q -- 0, remains finite as evidenced from eqs. (5) and (12).
On Figure 1. to Figure 5. some representative numerical results of the incoherent
scattering law, SM(Q,w), as a function of the neutron scattering vector Q, are presented for the
following set of parameters: radius R = 3.10-'0 m, the translational diffusion constant,
D = 4. 106 cm 2 /sand the absorption parameter h = 0 (i.e. perfectly reflecting boundary), Figure
1. (top left - note that on the figure the 6(o£) terms is not exhibited), h = 0.9.1010 M-', (top
right), h = 100.10'0 mr' (bottom left) and h
co,
the case of perfectly absorbing barriers
(bottom right). In general it can be observed, that for each particular value of Q, the half width
at half maximum (HWHM) of the resulting Lorentzian curves, with increasing parameter h
substantially broadens accompanied by a corresponding decrease of its peak value.
-

12.

SW,
W)0.

S [QulW]l/
X

ls

2ll

4x 01

-2xl

4
s

2x~

x-

Figure 1.: The incoherent scattering law evaluated for boundary absorption coeffcient h]0 (top
left), hI0.90 1 0- m' (top right), h(l00*10 1 0 m- (bottom left), h(bottom right)
perfectly absorbing boundary.

Last statement is illustrated on Figure 2, which presents the variation of maxima of
0),f as a function of Q. with h being a parameter. Evidently, strong functional
dependdece on the boundary absorption coefficient, h, is exhibited. An additional distinct
feature characterizing the h=0 case from the cases of particle diffusion within the sphere with

SinC('Q, )
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absorbing walls is in the fact, that HWHM as a function of Q (very narrow for h=0 case) is
strongly Q dependent, while HWHM for h •0 cases is much less so.
1x

1X10ll

4x10-

-
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' ' ' ' ' ' '
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' ' '
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Figure 2.: (left) Peak values of the scattering law, SinC(Q, (i=0),as a function of Q for h=0 (full
line), h=0.9.o 1 '0 m' (dash-dotted line), h= 1001T' 0 m- and h-- - (dashed line).
Figure 3.: (right) Intermediate scattering function eq. (11) corresponding to the scattering law
of fig. I (bottom left) is presented.
On Figure 3. the intermediate scattering function, FQt), is presented, as calculated for
the value of parameters corresponding to the ones for the scattering law as presented on Figure
1. (bottom left).
The relative particle absorption rate, NabSt)/Nabs(Oc), eq. (8), corresponding to the
intermediate scattering function exhibited on fig. 3, is presented on Figure 4.
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Figure 4.:(left) Relative particle absorption rate as a function of time is presented.
Figure 5.:(right) The incoherent scattering law corresponding to the one of Figure 1 (bottom
left) is recalculated for the case of R =9. o 0 m.

InternationalConference Nuclear Energy in CentralEurope '99

609

Nuclear Methods

On Figure 5. the Si,(Q,), for the limiting case of perfectly absorbing barriers
(i.e. h -- oo) is presented for R = 9*10 -10 m. The effect is evidenced as an increase of the peak
intensity of the scattering law, accompanied with the corresponding narrowing of the line
width of the Lorenzian, at each particular Q, when compared to results of Figure 1. (bottom
right).

5. Conclusions

Based upon the model of (incoherent) particles diffusion within the sphere of partially
absorbing boundaries, the possibilities of the detection, by the incoherent cold neutron
scattering method, of the particle precipitation on the boundary walls, has been investigated.
The calculated resulting incoherent scattering law, Sc(QQco), providing, that the required
parameters belong to domains which are accessible to cold neutrons, exhibits distinct features most notably the absence of the elastic incoherent structure factor among others- which would
render such an investigation feasible, providing that the distribution of the sphere radii in the
substance to be investigated remains very sharp.
The combined effect of the diffusing and absorbed particles on the incoherent scattering
law including the effect of the finite distribution of constrained volume available to the
diffusing particles, remains to be investigated separately.
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ABSTRACT - We present the results of a study on electrode floating potential formation in a hot-cathode
discharge plasma. The electron component of the plasma is composed from two populations. The high
temperature component develops from primary electrons and the cool component from secondary electrons born
by ionisation of cold neutral gas. A static, kinetic plasma-sheath model is used to calculate the pre-sheath
potential and the floating potential of the electrode. For hot primary electrons a truncated Maxwellian
distribution is assumed. The plasma system is also modelled numerically with a dynamic, electrostatic particle
simulation. The plasma source injects temporally equal fluxes of ions and electrons with half-Maxwellian
velocities. Again, the hot electron distribution is truncated in the high velocity tail. The plasma parameters, such
as ion temperature and mass, electron temperatures, discharge voltages, etc., correspond to experimental values.
The experimental measurements of the electrode floating potential are performed in weakly magnetised plasma
produced with hot cathode discharge in argon gas. Theoretical, simulation and experimental results are compared
and they agree very well.
1. Introduction

Today discharge plasma devices are widely used in all kinds of plasma processing of
materials (etching, ion implantation, thin film deposition, cleaning, etc.) and as negative ion
sources for neutral beam heating of Fusion plasmas. Discharge plasmas are produced by
electron ionisation of neutral gas. Primary electrons are emitted from hot filaments or plate
cathodes and then accelerated to ionisation energies by a potential drop between negatively
biased cathodes and auxiliary anodes. In this way two-electron population plasma is produced
in many laboratory devices. In order to further improve the process control and to optimise
technological processes for high quality, additional measurements and characterisation as well
as theoretical modelling and computer simulations of the discharge plasma are needed.
In the last dozen of years considerable efforts have been made to understand the
effects of additional energetic electrons in the plasma on potential formation. It was often
found that their velocity distribution could be described by a two-temperature Maxwellian
one. In a series of publications Hopkins and Graham have described plasma parameter
measurements in magnetic multipole plasma [1]. Results showed that, at normal operating
pressures in the driver region containing hot filaments, the electron energy distribution
function could be represented by a bi-Maxwellian with bulk electrons having a lower
temperature and with a second group of fast primary electrons with an apparently higher
temperature. The bi-Maxwellian concept was then used in modelling plasma source behaviour
used to improve the analysis of the Langmuir probe characteristics. Additional energetic
electron population can be found also in the scrape-off layer of tokamak plasma heated by
radio-frequency waves. A simple formulation of sheath formation was presented in which a
modified Bohmn criterion was introduced [2]. It was shown that the secondary electron yield
from the target materials when included in the fonnulation suppresses the sheath potential
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which otherwise increases very sharply with the increasing hot electron density ratio [3]. In
the model each species of the bi-Maxwellian electron population in the sheath layer was
modelled with the simple Maxwell-Boltzrnann distribution. Recently, in a study of the effect
of two-temperature electron distribution on the Bohm criterion, a modified MaxwellBoltzmann model was used for the electron distributions in the sheath layer [4]. It considers
the effect that the electrons above the sheath potential energy do not reflect back into the
plasma. In an another study of potential formation in a two-electron temperature plasma,
based an the approach of Harrison and Thompson, the sharp increase of the floating wall
potential at already low values of hot electron density ratio was observed [5, 61.
In the present paper we theoretically investigate the effect of the two-temperature
electron distribution on the collector floating potential. We use the fully kinetic, one
dimensional, presheath-sheath model by Schwager and Birdsall [7] in which we introduce a
second hot electron Maxwellian population. The hot electron distribution function injected
from the plasma source is approximated by a truncated Maxwellian with the maximum
velocity corresponding to the discharge voltage in hot cathode discharges. It can be namely
expected that no electrons should be found with energies above the accelerating discharge
potential. Further, we limit ourselves to lower values of electron temperature ratio (t < 15),
which are readily encountered in laboratory plasma devices. The investigation of presheath
potential formation in plasma with higher temperature ratios was already presented in an
another publication where the formation of a current-less double layer structure was found.
We then further complete the theoretical investigation with one-dimensional particle-in-cell
computer simulations in section 3. The plasma parameters are chosen so that they comply
with the laboratory expenriment. The measurements were performed in a weakly magnetised
argon plasma column produced by hot filament cathode at one end of the machine. All three
kinds of results, theoretical, simulation and experimental are compared in section 5.
2. Model
We use the same model as in our previous investigations [7, 8]. The system, shown in
Figure 1, is bounded at x -- 0 with a planar plasma source and at x = L by a floating electrode.
The plasma, which is injected from the source, consists of ions, cool electrons and additional
hot electron component. At the floating collector all ions are absorbed and nearly all electrons
are reflected. They are then refluxed in the system in the source region. The electrostatic
potential s is assumed to be decreasing from the source toward the collector. We describe the
ions by an accelerated half-Maxwellian velocity distribution and the electrons by a truncated
full Maxwellian distribution. The hot component is additionally truncated at positive velocity
corresponding to the discharge voltage in the plasma source:
feY(p

v)

exp

=-

erf[

~VDj

,f

exp

j-i[V
H/ - VM, (v')]H[V - VD(,')1

(1)

'lx

In Eq.1, noel, is the hot electron density in the plasma source, s/ is the normalised potential
eo ; V is the normalised electron velocity v
temperature
V,, (BY)

-
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; t is the ratio between hot electron

and cool electron temperature Tec; and H are the Heaviside step functions with
x as the normalised velocity of the fastest returned electron and with

Teh
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VD(t~')= Y +

as the normalised cut-off velocity due to the accelerating discharge

potential, respectively. We use the procedure from [7] to obtain two expressions which relate
the floating potential of the collector (//c and the source sheath potential drop Vp:
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From both relations the dependence of solutions (p.'p, g'c) on various parameters can be
obtained. The calculations were performed for argon plasma (1/,u = m, /me =73440, r =
= To. /T 0ec
0. 1). The dependence of the collector floating potential 'c/ on hot electron density
ratio zoo for different values of electron temperature ratio t and discharge cut-off potential
values ,VtD are shown in Figure 2. The floating potential increases very rapidly with increasing
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electron density ratio from the well-known, value of sWc= 5.34 in single electron component
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Figure 1. Model of the plasma system:. planar plasma source,
source sheath, 1 reshieath and sheath of the floating electrode.

argon plasma and reaches a saturation value., which equals approximately the cut-off potential
IID.

In pure Maxwellian plasma,

the calculation recovers

for the maximum value of the

floating potential, Vc = 5.34xt. The behaviour is well understood by the fact that the floating
potential in the plasma is determined mainly by electrons from the high energy tail of the
distribution. Already a small value of hot electron current is namely sufficient to compensate
the ion saturation current.
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Figure 2. The normalised electrode potential sYc as a junction of
the electron density ratio o, for an argon plasma. The electron
temperature ratio is t= 6 and the normalised dischargepotential
Y/D=16 and 20. Solid data points indicate Ylcfrom simulation.
3.

Simulation
The simulation experiment was performed using the XPDPI particle-in-cell computer

code [9]. The set of fixed and variable parameters were similar to those used in the study of
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collector and source sheaths of finite ion temperature plasma by Schwager and Birdsall [7].
We added a second hot electron population to the input file and used the mass ratio U = 73440
for an argon plasma. The plasma system was 5 cm long, which is typicaly equivalent to 100
,?D in a cool electron plasma or 35 A,) in a hot electron plasma. The simulations were run in
the following way. Initially the simulation region is empty. Cool and hot electrons and ions
are then injected with equal fluxes,jail +jehO =Jjo. All species enter the system at x = 0 with a
lhalf-Maxwellian velocity distribution with an ion to cool electron temperature ratio r
0.1 .The velocity distribution of the hot electeron component is truncated at the velocity which
corresponds to the accelerating discharge potential. The particles that return to the source are
refluxed in the system with a velocity characteristic of their source temperature. There is no
charge accumulation at the source, the electric field is zero. The system is then allowed to
reach the steady state in which the total number of system particles becomes temporally
constant. This procedure works for lower values of aoo but when all cool electrons are
reflected in the collector sheath, the system would never reach the steady state. In order to
obtain larger values of ab we alter the procedure in the following way: at the moment when
the total number of cool electrons reaches the predetermined value on which the final value of
too depends, the process is stopped and the situation saved as a dump file. The simulation is
then restarted with the same input file but with zero cool electron injection current, jchO =jiO.
The system is then allowed to reach the steady state. The spatial profiles of certain plasma
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cool bulk electron.s~f9, for hot primary electrons T(Jd
and for ions (fd) at the mid position of the simulation region. The primary electron distribution
function is plotted also in logarithmnic scale to show the truncation of the velocity distribution
more cleariy.

parameters are inspected and analysed. From the potential profiles the electrode floating
potential values are obtained..They are plotted in Figure 2 for two sets of parameters t and A,
(t, E~) = (6, 16) and (6, 20), and for several values of at. The theoretical and simulation

results agree very well. According to the model, the electron density ratio ao is calculated
from the cool and hot electron density values measured at the source, x = 0. The velocity
distribution functions for cool electrons , fe, for primary hot electrons, fAh, and for ions f, at
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the mid position of the simulation region are shown in Figure 3. The ions are already well
accelerated in the positive direction because the observation position is well in the presheath
of the floating electrode. The cool electrons are all reflected in the sheath of the electrode and
their velocity distribution is fully Maxwellian. Of the hot primary electrons only the fastest
reach the electrode; the remaining are reppeled. Their velocity distribution is therefore
depleted also in the negative tail, which can be very well observed on the logarthimic plot of
the distribution function at the lower left in the same figure.
4. Experiment
The floating potential of an electrode was measured in the linear magnetized plasma
machine. The device with the hot cathode plasma source is described elsewhere in the
proceedings [10]. The electrode was mounted into the plasma column perpendicularly to the
magnetic field. In this way, the experimental situation could be satisfactorily approximated by
one-dimensional theoretical and simulation model. The plasma parameters were obtained
from characteristics of a small onesided circular planar Langmuir probe. After subtracting the
ion saturation current from the measured caharacteristics, a nonlinear fitting procedure was
used to determine the hot and cool electron temperatures, their density ratio and the plasma
potential from the remaining electron part of the characteristics. In Figure 4 two typical
measured and fitted electron characteristics are shown.
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Fig..4. Planar Langinuir probe characteristicsmeasured in argon
discharge plasma at higher (p= .95x10-2 Pa) and at lowter
pressure (p--8.45vlO 4 Pa). In the latter, the high energy tail

depletion is clearly observed.
The upper characteristic was obtained at high working pressure and it is fitted very well with
a single exponential function representing a Maxwellian electron population with lower
temperature (Te 6 ). The characteristic on the right was obtained at lower pressure and the
presence of higher energy electron population can be clearly observed. A fitting procedure
with two exponential functions indeed indicates that the electron plasma component can be
aproximated with two Maxwellian populations with notably different temperatures. It can be
also observed from the characteristic that the higher temperature population is depleted
around the energy corresponding to the discharge potential, corrected for the heating potential
drop on the cathode filaments. By changing the working gas pressure in the system, we were
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able to control the partial density of hot primary electrons in the plasma. In the pressure range
p = 6.5x10-2 Pa - 4.5x10-4 Pa, temperature ratios t = 2.2 up to t = 7.2 and, simultaneously,
density ratios extending from ob= 0.0 up to or= 0.5 were obtained
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Figure 5. The electron density ratio ao and the electron temperature ratio t as afunction oj
pressurep (UD = SOV).
5. Conclusion
A comparison of theoretical and experimental results for the normalised electrode
floating potential is shown in Figure 6. The theoretical values V'Ctheor were calculated from the
relations (2) and (3) using measured values of electron temperature ratio t and electron density
ratio ao for two sets of working gas pressures at different values of the discharge potential.
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Figure 6. The theoretical versus experimental normalisedfloating potential y:/c
in argon discharlgc plasma at various working pressures and normalised
dischargepotentials m).

The agreement between theory and experiment is good. The results from simulations are not
shown in Figure 6, because they would agree with theoretical almost perfectly, as already
shown in Figure 2. In conclusion, we have successfully applied a theoretical kinetic model to
the potential formation in two-electron temperature plasma. Specifically, we have calculated
the floating potential and compared the results with results from PIC simulations and from
experimental measurements. It was shown that the floating potential depends very sensitively
on high energy part of the electron population and thereby on the discharge voltage of the
plasma source.
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FUNCTION AFTER TIlE APPLICATION OF A POSITIVE
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Abstract

Positive voltage steps are &pplied to a planar electrode immersed in a
weakly magnlt ized discharge plasmna colutmni. The surface of the electrode
is perpendicular to the inagnetic field lines. Steps of different amplitude
are applied at various neutral gas pressures. If the voltage step and the
neutral gas pressure are high enough, additional discharge occurs in front
of the anode and a "fire rod" is created. Time development of the electron
distribution fuuclltioii after the application of the voltage step to the anode
is measured [by a oiiesiled plane Langmnuir probe. The formation of the
anode plasma electron popuilation is followed experimentally.

1

Introduction

Phenomena related to positive electrodes immersed in plasmas are a subject

of intense research atvti [1], mostly because of their importance in the edge
plasinas of magneticaly confined fusion devices. In this work response of a
plasma to a positive voltage step applied to a planar anode immersed in a
weakly magnetized discharge plasma column with its surface perpendicular to
the magnetic field lines is investigated. Temporal development of the electron

distribution function is measured using one sided plane Langmuir probe. The
surface of the probe is parallel to the surface of the anode and perpendicular
to the magnetic field lines. The electron Larmor radius is approximatelly 0.1

mm, so a one dimensional electron distribution function is measured.
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Figure 1: l'xperimenital set-up.

Let us denote the direction of thlc nagnetic field by z. The corresponding
one dimensional electron velocity distribution function is f,,(v,). The electron
probe current lp is given by
Ip = coApJ

fez(Vz)vzdZz,

where t/,p is the probe bias, measured with respect to the plasma potential and
Ap is the probe surface. Differentiation of the above integral yields [2]

2

J

e2A1, d1

(1)

So the one dimensional electron velocity distribution function in the energy
scale can be obtained from the first derivative of the electron current collected
by a Langmuir probe. Characteristics are taken by, a one sided plane probe
with 3 or 5 mm dianiater. First the nonisolated surface of the probe is turned
towards the plasma source - cathode, and then towards the anode. In this
way the electron distribution function is measured in positive and negative
direction of z axis.
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2

Experiment

Experiments are perforined in a linear magnetized discharge plasma machine
at the .1. Stefall Institute ill Ijubljaila (figure 1).

The experimental vessel

Then argon is leaked into the vacuum system.

is evacuated below I0`' Pa.

Tie pressure is kept between 0.01 and 0.07 Pa. Plasma, is produced by a
discharge from W47/Tb filaments heated by direct cuirent. Primary electrons
are accelerated by a discharge voltage 40 - 50 V and plasma is created by
impact ionization. The discharge c(urrent is between 120 and 300 mA. Plasma
is confined by axial magnetic field, which ha.s the density 0.01 T. The electron
temperature is apploxirnatelly 2 eV and ion temperature is approximatelly 0.1
eV. Larmor radius for electrons is aplproximatelly 0.2 mm and for ions about
2 cmi.

The plasma density is between 108 and

109 cm1- 3 .

0.80.6
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Figure 2: Time dependence of anode current ]s after the application of a
positive voltage pulse.
Positive voltage pulses ale a:pplic(l ro a 2 crn diameter anode using a fast

transistor switch. 'T'he switch is :urned on and off by rectangular pulses from
the signa.l geniea.tt~or which are also used as a master trigger for the experiment.
The switch is 400 its ou and 900 its oil. When the switch is off, the anode is at
the floating potential, which is around -20 V. When the switch is on, the anode
bias is U, and is determnined by Lhe external power supply. When the switch
is turned on, the anode current increases instantaneously (figure 2). A current
overshoot can be observed in the first 1 - 2 iUs. Then there is a transition
period, where la drops more slowly for 3 - 4 its. At the end of this period
la reaches minimum and then increases to a constant value. Usually electron

InternationalConference Nuclear Energy in Central t•urope 99

621

Nuclear Methods

saturation current to the anode oscillates, due to various plasma instabilities
which are triggered by the electron current drawn by the anode [31.
Time resolved ineasuremients of probe charateristics are performed uising
the standard boxcar technique. Tempora.l resolution is 1 /ps. The characteristics are digitized and stored in a computer for further analysis.

3

Experimental results

When anode bias U, is varied continuously, the anode exhibits the usual currelnt - voltage characteristics (figure 3). At strongly negative electrode bias
only the ion saturation current flows to the electrode. This current is plotted
as negative current in figure 3, because the direction of the current is given
in technical sense. When the electrode bias becomes less negative, more and
more electrons can reach the electrode and the current in the transition region
increases. At the knee of the characteristics, electrode bias reaches the plasma
potential. When biased above the plasma potential, the anode collects almost
constant electron saturation current. When anode bias U. exceeds a certain
critical value UQ,, there is a sudden increase of the anode current. This happens because additional discharge occurs in front of the anode and a region
of quasineutral plasma with higher potential - called the anode plasma - is
created. The high potential - anode - plasrna and the low potential - cathode plasma are separated by a thin space charge structure called the double layer.
This phenomenon can be very well observed through the window of the vacuum chamber, because the anode plasma has brighter color. Because of the
color and the cylindrical shape it is sometimes called "fire rod" [4].
The critical anode potential U.C depends on neutral gas pressure p. U'c
decreases when p is increased (figure 4). When the anode bias U, is then
decreased, the fire rod disappears at a. lower voltage than UJf,. The characteristics therefore exhibits hyster sis. [l!ysteresis is often observed in connection
with anode discharges and it is usually related to various nonlinear dynamical
phenomena related to the disclharge [5,6].
Before the application of the voltage step, the anode is floating. Only one
electron population - the cathliode )1asn1l1 electrons - can be observed on the
derivatives, i. e. electron
iistrihutio:i
functions (figures 5 and 6). The darker
traces are obtained when the nonisolated surface of the probe is turned towards
the plasma source and the brighter trace is obtained when the nonisolated surface of the probe is turned towards the anode. Derivatives in figure 5 were
obtained with the neutral gas pressure 0.013 Pa. At such low pressure the
firerod is not created when U,, = 30 V/. Immediately (1 pis) after the application of the voltage step to the anode, another electron population is created.
This electron population also has maxwellian velocity distribution, but it is
centered at much higher potential than the basic cathode plasma population.
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Figure 3: The current - voltage characteristics of the anode. When U, exceeds
a certain critical voltage U,,, the anode current LQ jumps and the high potential
- anode - plasma is created in front of the anode. When Ua is decreased, the
anode plasmna vanishes at lower bias than U,.

The characteristics exhibits
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Critical anode bias lUac where the fire rod is created versus neutral
gas pressure.
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The potential difference between the peaks of the distribution functions of the
cathode plasma electrons anrd the newly created electron population is proportional to the amiiplitude of the applied voltage step [71. Also the corresponding
electron temperature is proportional to the amplitude of the applied voltage
step to the anode [71. This neyvly created electron population exists only for
a very short tine. Becatuse of that we call it "transient" electron population.
The transient electron population completely disappears in 6 - 7 /ts after the
step. During this time the electron density decreases considerably. This is
probably related to the transition period of In (figure 2). About 7 - S Uis after
the voltage step the electron density starts to increase again and the electron
distribution gradually obtains its final form of a drifted rnaxwellian in about
3 - 4 its.

When the pressure is increased to 0.039 Pa (figure 6) the scenario is different. In this case the firerod is created, when U, is kept constant, Us, = 30
V. Again the transient electron population is created immediately after the
application of the voltage step. Similary as before, the transient electron population starts to decay very quickly and vanishes ;In few is. But in the same
time (about 3 ins after the step) the anode plasma electron population starts
to form due to ionizing collision s between electrons and neutrals. The density
of the initial cathode plasma electron population gradually decreases and the
density of the anode plasma electron population increases. This transformation of the electron distribution function lasts approxirnatelly 15 - 20 lis.

4
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Sensitivity Studies of the TRIGA Benchmark
Critical Experiment
Robert Jcraj, Andreja Pergic, Toma2 Zagar and Matja2 Ravnik

Reactor Physics Division, JoiefStefan Instilute, Ljubljana, SLOVENIA
Abstract: On the basis of critical benchmark experiments performed on the TRIGA Mark II reactor in Ljubljana,
a benchmark model was proposed. To estimate effects of various uncertainties in the effective multiplication
factor, extensive sensitivity studies were performed. Sensitivity studies included geometry sensitivity studies,
where the effects of geometry simplifications and geometrical inaccuracies were investigated and material
sensitivity studies, where effects of fuel composition of fresh and burned fuel as well as other materials were
investigated. The MCNP Monte Carlo code and WIMSD2 and ORIGEN4 codes were used in these studies.
Results showed that one of the largest uncertainties of the effective multiplication factor arises from inaccurately
known fresh fuel composition. For burned fuel, WIMS and ORIGEN2 gave similar results, which indicates that
the calculated burned fuel composition may be used reliably. Another important uncertainty in the effective
multiplication factor arises from fabrication tolerances and material composition of stainless steel cladding of
fuel elements.

1. Introduction
One of the key features of any benchmark evaluation is an accurate model of the benchmark
geometry, including composition of the materials used. Ideally, such geometry would be
exactly known. However, because of various uncertainties, connected with the geometry itself
and material composition and densities, extensive sensitivity analyses have to be performed.
The sensitivity analyses should enable reasonable estimation of how much the uncertainties
reflect in the final result.
On the basis of critical benchmark experiments performed on the TRIGA Mark II reactor in
Ljubljana in 1991 [1], a benchmark model was proposed [2]. To estimate effects of various
uncertainties in the effective multiplication factor, extensive sensitivity studies were
performed. Sensitivity studies were divided into two parts. In the first part, suitability of
different benchmark geometries for a benchmark model was studied. In the second part, fuel
composition uncertainties and uncertainties in other material composition data were
examined. In 1998, a similar benchmark experiment was performed, this time with burned
fuel [3]. For this reason, a detailed analysis of burned fuel composition, using two different
computer codes, WIMS and ORIGEN2, was made in addition. The effect of cooling was also
investigated because it may significantly affect material composition of burned fuel.

2. Geometrv sensitivity studies
Geometry sensitivity studies were performed to estimate which parts of the TRIGA reactor
geometry need to be described, and which can be omitted without a substantial loss of
accuracy of the model in terms of effective multiplication factor (keff) results. The geometry
simplifications were done in two steps. In the first step the geometry was simplified in radial
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direction. The following structures were omitted or simplified: surroundings, irradiation
channels, graphite of the thermalizing and thermal column and end caps of fuel elements and
control/transient rods. In the second step, in addition to the radial simplification, the geometry
was simplified in axial direction as well. Control rods were replaced with fuel elements (only
the fueled follower part without the absorber part was assumed) and the transient rod was
replaced with an empty element. In this way, the model geometry had a mirror symmetry and
was thus similar to a 2D model.
The influence of all simplifications was investigated using a series of MCNP models with
different simplification levels compared to the complete TRIGA reactor model. In the
complete model, description of the vicinity of the core was very detailed and no
simplifications were assumed. It was hard to estimate the contribution of a particular
simplification (below statistical errors of Monte Carlo simulations). For that reason, more
simplifications were done and a combined effect was estimated. The total change in kr
because of the geometry simplifications in radial direction was an increase in keff of +150 ± 30
pem (0.15%). It is likely that this error is mainly due to omitted void regions in the close
vicinity of the core (irradiation channels). This error was considered to be acceptable for a
benchmark model. The complete and radially simplified benchmark models are shown in
Figures 1 and 2. On the contrary, the simplifications in the axial direction were found to be
too severe for a benchmark model, because they introduced +470 ± 60 pcm (0.47%)
systematical error.

3~~~~~

;m

Figure 1: Top (left) and side (right) views of the coirplete TRIGA reactor model.

1

,.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~,

Figure 2: Top (left) and side (right) views of the TRIGA reactor benchmark model. Simplifications of the
geometry in the radial direction have only minor effect on the effective multiplication factor, and are acceptable
for the benchmark model.
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Effect of the source was determined experimentally and confirmed by simulations by
calculating two core configurations, one without the source element and one with the source
element inserted. The effect was estimated to be +40 ± 10 pcm (0.04%). Because the
geometry and materials of the source are not well known, it was decided that the benchmark
models do not include the source.
In addition, effects of inaccurate positioning of fuel elements in the rings and control rods in
vertical direction were investigated. The analyses showed aproximately ±150 ± 35 pcm
(0.15%) uncertainty per 1% fuel element displacement. The effect of inaccurate vertical
positioning of the control rods was found to be insignificant for the expected maximal 2 cm
displacement.

3. Material composition sensitivity studies
Sensitivity studies of the material composition were divided into three parts.
sensitivity analyses of the fresh fuel composition were performed. Second
detailed sensitivity study of the burned fuel material composition as well
different reactor operation schemes on burnup. Finally, other materials
considered. Here, the effects of different material compositions, densities
tolerances on effective multiplication factor were estimated.

In the first part,
step included a
as the effect of
than fuel were
and production

3.1 Fresh fuel
The first uncertainty
calculated according
2
5U weight in the
Uncertainty analysis

in the fuel description was the total weight of 235 U in the core, which was
to the shipment documents. According to these data, the uncertainty of
core should be less than ±2 g or 10-3 relative to the total weight.
showed that this yields approximately ±60 pcm uncertainty in kff.

An important source of uncertainty is also concentration of uranium in U-ZrH mixture.
According to the documentation, the uranium content in the fuel meat was 11.94 wt %. The
one percent uncertainty in this data gave approximately ±150 pcm uncertainty in k~fr, which
was also considered to be a reasonable estimate of the uncertainty.
Another important source of uncertainty is uncertainty in H/Zr atom ratio. According to the
fuel manufacturing documentation, the H/Zr atom ratio was 1.60. However, 1% uncertainty
in this data gave approximately ±200 pem uncertainty in keff. The references on fuel
fabrication process showed that variations in hydrogen content may be on the order of ± 2%.
For 40 fuel elements used in the experitnent this gave for the uncertainty of the mean less than
a percent. Thus, the uncertainty in H/Zr ratio was considered to be approximately ±200 pcm.
Considering all quoted uncertainties in fuel composition data, the fuel material composition
inaccuracy was estimated to be approximately ± 250 pem (0.25% of kff).
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3.2 Burned fuel
For interpreting the critical benchmark experiment with burned fuel, good knowledge of
burned fuel element composition is essential. Since experimental methods are usually too
complicated for determination of burnup., calculations are a more common and practical
method. Burnup of all fuel elements used in the 1998 experiment were calculated using the inhouse developed computer code named TRTGLAV [4]. The isotopic compositions of burned
fuel elements used in TRIGLAV were calculated with the WIMSD code [5] for each fuel
element at its particular bum-up. However, the isotopic vector was limited to the nuclides
defined in the 1981 WIMS library.
To estimate the accuracy of the isotope composition calculations, two different codes were
compared. The first one was the WIMSD14 program and the second one was ORIGEN2 with
its original data base [6]. Calculations of standard TRIGA fuel element isotopic composition
as a function of burnup were performed for 3.34%, 10% and 20% burned 235U. Isotopic
composition of 20% burned fuel after one year cooling time was also investigated. Fresh
fuel was irradiated at constant power of 5 kW until the requested burnup was achieved.
Geometry in the radial direction and material composition of fresh fuel was realistic in the
WIMSD calculations, while the geometry in the axial direction was assumed to be invariant.
On the other hand, in ORIGEN the structural materials were not taken into account since they
have no influence on fuel depletion. Calculated concentrations of most of the important
fission products in dependence of bumup are tabulated in Table 1. Concentrations of isotopes
are expressed in wt % units of the total fuel meat mass. Relative differences in the calculated
values are also shown. The values calculated with WIMS were used as the reference values.
General agreement is very good, however., large differences in 15Eu, '5Mo, "3Pu and ... Pu
isotope concentrations were observed. Differences increase with burnup except for 95MO.
Larger discrepancies were observed also for 134Cs and 147pm isotope in the cases of 10% and
20% burned fiel.
Influence of a particular fission product on the WIMS calculated unit-cell keff was
investigated for different burnups to estimate relative importances of different isotopes. By
excluding a particular isotope from the criticality calculation relative importance of the
isotope on kefl. was determined. Results of the calculations in dependence of burnup are
collected in Table II. Results show that the largest influence on the kcfr have '3 5Xe, 149Sm and
239Pu isotopes (Figure 4). At higher burnups 15 1Sm and 43Nd become important. All other
fission products have no significant influence on kept (less than 10%). To obtain absolute
importances on kff, the same procedure should be made for criticality calculations of the
whole reactor core.
It can be concluded that only 35Xe, 149 Sm, 239Pu and 151Sm are important for criticality
calculations if burnup of fuel is less than 10%. Neglecting the rest of the fission products
gives approximately ± 10% uncertainty in the change of ketf due to burnup. For higher
burnups 240Pu and 143Nd must be taken into account as well to achieve the same uncertainty in
the change of keff.
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Table I: Isotopic composition of standard TRIGA fuel in wt % calculated for different bumups with WIMSD4 and ORIGEN2.

3.34 % burned fuel

10

0/

burned fuel

20 % burned fuel

20 % burned fuel +
one year cooling
time

Isotope
KR-83
MO-95
TC-99
RU-101
RU-103
RH-103

ORIGEN
ORIGEN WIMS
ORIGEN WIMS
WIMS
ORIGEN WIMS
Iwt %]
Iwt %] [wt %
[ivt %l [wt %]
[ivt %]
lw
Iwt %1
0.0057
0.0059
0.0031
0.0057
0.0059
0.0011
0.0010
0.0030
0.0792
0.0810
0.0856
0.0422
0.0375
0.0810
0.0146
0.0076
0.0810
0.0422
0.0408
0.0805
0.0810
0.0805
0.0145
0.0136
0.0664
0.0716
0.0664
0.0716
0.0119
0.0120
0.0-46
0.0359
0.0012
0.0015
0.0000
0.0000
0.0014
0.0015
0.0013
0.0015
0.0416
0.0382
0.0430
0.0208
0.0370
0.0061
0.0189
0.0057

RH-I 05

0.0000

0.0000

0.0(00

0.0000

0.0000

0.0000

0.0000

0.0000

PD-105
PD-108
AG-109
CD-113
IN-115
1-127
XE-131
CS-133

0.0021
0.0003
0.0001
0.0000
0.0000
0.0007
0.0089
0.0206

0.0026
0.0003
0.0001
0.0000
0.0000
0.0005
0.0084
0.0202

0.0064
0.0008
0.0004
0.0000
0.0001
0.0022
0.0256
0.0598

0.0080
0.0009
0.0005
0.0000
0.0000
0.0015
0.0254
0.0611

0.0127
0.0018
0.0009
0.0000
0.0002
0.0042
0.0485
0.1137

0.0165
0.0021
0.0011
0.0000
0.0002
0.0030
0.0495
0.1210

0.0127
0.0018
0.0009
0.0000
0.0002
0.0042
0.0485
0.1137

0.0165
0.0021
0.0011
0.0000
0.0002
0.0031
0.0499
0.1220

CS-134

0.0000

0.0001

0.0003

0.0006

0.0009

0.0021

0.0007

0.0014

XE-135

0.0000

0.0000

0.0000

CS-135
ND-143
ND-145
PM-147
SM-147
PM-148
SM-150
SM-151
SM-152
EU-153
EU-154
EU-155

0.0158
0.0192
0.0129
0.0066
0.0007
0.0000
0.0028
0.0012
0.0012
0.0006
0.0000
0.0001

0.0162
0.0181
0.0131
0.0065
0.0007
0.0000
0.0029
0.0012
0.0012
0.0006
0.0000
0.0000

0.0469
0.0546
0.0373
0.0135
0.0054
0.0000
0.0095
0.00:23
0.00415
0.0017
0.0001
0.00(1

0.0000
0.0484
0.0557
0.0391
0.0211
0.0055
0.0000
0.0106
0.0026
0.0047
0.0021
0.0001
0.0002

0.0000
0.0900
0.1023
0.0712
0.0215
0.0169
0.0001
0.0192
0.0029
0.0101
0.0036
0.0003
0.0002

0.0000
0.0958
0.1090
0.0770
0.0440
0.0173
0.0001
0.0221
0.0033
0.0108
0.0048
0.0005
0.0004

0.0000
0.0900
0.1023
0.0712
0.0177
0.0219
0.0000
0.0192
0.0029
0.0101
0.0036
0.0003
0.0002

0.0000
0.0958
0.1110
0.0770
0.0348
0.0225
0.0000
0.0221
0.0033
0.0108
0.0048
0.0005
0.0004

GD-157

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

U-234
U-235
U-236
U-238
PU-239
PU-240
PU-241
PU-242

0.0000
19.3300
0.1102
80.3600
0.0600
0.0008
0.0000
0.0000

0.0000
19.2400
0.1256
80.0200
0.0468
0.0006
0.0000
0.0000

0.0000
18.1220
0.3 170
80.46M0
0.1671
0.0058
0.0004
0.0000

0.0001
18.0000
0.3720
80.4000
0.1310
0.0075
0.0007
0.0000

0.0000
16.4350
0.6012
80.4680
0.3005
0.0201
0.0026
0.0001

0.0002
16.1000
0.7290
80.2000
0.2320
0.0263
0.0049
0.0002

0.0000
16.4350
0.5465
80.4680
0.3005
0.0201
0.0025
0.0001

0.0002
16.1000
0.7290
80.2000
0.2330
0.0263
0.0036
0.0002
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Table II: Results of the sensitivity studies of the effective multiplication factor for different
bum-up of fuel element (3.34%, 10% and 20%). The relative differences in kff for a
particular isotope are shown. MAT number means the identification number of the selected
isotope as used in the WIMS program.

MAT
number

634

Isotope
______

135
1149
3239.1
151
143
236
103
1147
131
147
133
145
155
99
113
1240
152
95
157
83
148
105
150
153

XE-135
SM-149
PU-239
SM-151
ND-143
U-236
RH-103
PM-147
XE-131
PM-147
CS-133
ND-145
EU-155
TC-99
CD-113
PU-240
SM-152
MO-95
GD-157
KR-83
PM-148
RH-105
SM-150
EU-153

1135

CS-135

101
2147
154
1105
109
115
1148
1103
127
108
134
242
241

RU-101
SM-147
EU-154
PD-105
AG-109
IN-115
PM-148
RU-103
1-127
PD-108
CS-134
PU-242
PU-241

3.34%
burn-up

10%
burn-up

20%
burn-up

[pcm]

1pcml

[pcm]

1015
679
111
90
62
30
23
21
20
18
17
10
10
10
7
6
6
6
5
4
4
4
3
3
3
2
1
1
0

0
0
0
0
0
0
0
0
0

972
697
332
214
183
88
80
49
58
44
52
31
18
30
8
50
25
18
5
12
11
4
12
10
9
6
9
1
1
1
0
0
0
0
0
0
0
2

-

1015
689
725
285
364
167
162
71
113
64
101
62
24
59
9
175
57
36
6
24
16
4
26
22
17
12
31
4
3
3
1
0
0
1
1
1
0
11

InternationalConference Nuclear Energy in Central Europe '99

Monte Carloand DeterministicTransport Calculations

1000

*_________________

900
800

E

700

*

-

600-

-__

aXE-135

SM-149

-

500

s400

-

-

j

300

-w

PU-239
- SM-1 51

300
200
100

.

_

loo

i i

1

0'

3

4

5

6

I

I

I

I

I

I

7

8

9

10

11

12

13

14

15

16

17

18

19

20

burnup [% burned UJ 5 ]

Figure 3: Influence of a particular fission product on the WIMS calculated unit-cell k,.ff
investigated for different burnups.
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Figure 4: Relative contribution of selected isotope on calculated kyff for 3.34% burned fuel.

3.3 Other Material Composition Data
The stainless steel used for cladding and top and bottom ends of fuel and control elements is
standard stainless steel type 304. A sensitivity study using MCNP was done to estimate the
effect of stainless steel top and bottom ends of fuel elements on ke.l No significant effect was
obtained when top and bottom end diameters were changed to approximately preserve the
mass. Sensitivity study on stainless steel density gave approximately ±50 pern uncertainty in
keff per one percent uncertainty in stainless steel density, which was also the estimated
uncertainty. Sensitivity studies on staipless steel composition showed no significance on kcff if
the low-content elements (Si, C, P, S) were taken out. However, when the content of other
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elements was changed within production tolerances, a rather large effect of approximately 400
pcm was observed. Varying the clad thickness (25 gm) and diameter within fabrication
tolerances also had a significant effect of approximately 250 pcm on keff.
Varying absorber density and material composition had only a minor effect on reactivity of
approximately 20 pcm per 1% change. The total uncertainty because of absorber data
uncertainties was estimated to be approximately 100 pcm.
Combining all quoted uncertainties on other than fuel material composition data, the total
inaccuracy was estimated to approximately ±500 pcm (0.5%).

4. Conclusions
Examinations of simplifications in radial and axial direction showed that radial
simplifications (neglecting far vicinity of the core) had only minor effects on k~ff, which is
still acceptable for a benchmark. On the other hand, simplifications in axial direction were too
severe and as such not acceptable for a benchmark model.
Results of material sensitivity studies showed that one of the largest uncertainties in the
effective multiplication factor arise fromn inaccurately known fresh fuel composition. For
burned fuel, WIMSD4 and ORIGEN2 gave similar results, which indicates that the calculated
burned fuel composition may be used reliably. Another important uncertainty in the effective
multiplication factor arises from fabrication tolerances and material composition of stainless
steel cladding of fuel elements.
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ABSTRACT - A sensitivity and uncertainty computer code package has been developed and already
extensively used in the analyses for pressure vessel dosimetry and benchmoark experiments. The
procedure is based on the SIJSD3D code and the VITAN1lN-J/COVA covariance matrix library. The
complete covariance matrices of secondary angular distribution (SAD - file MF=34), as available in the
EFF-2 evaluation in END /13-6 format can be treated. SAD effects c an be important in particular for
the fusion applications. An option to perform three-dimensional sensitivity and uncertainty analysis
is included in the SUJSD31) code. Use of angular moment files instead of bulky angular flux files
produced by the discrete ordinates transport codes reduces considerably the size of the files required
and represents an acceptable approximation for the problenm types analysed here. The underlying
perturbation theory is reviewed and some examples on the use are listed.

1. Introduction

Transport codes based oin Monte Carlo and deterministic methods are principally used in
radiation shielding and criticality analysis. They proved to be very useful in many domains
of application, ranging from nuclear research and polmel reactors, to accelerator, fusion, and
medical problems. Although codes like MCNP or TORT-DORT [1], DANSYS [2] etc. are
widely used and extensively tested the user must still be aware that the code can never give
"exact" solutions to a physical problem, as inevitably approximations are used in several
steps of the calculational procedure. There are, [or example, uncertainties originating from
the knowledge about basic nuclear reaction data and the radiation source, the geometrical
description of the problem and the material compositions. The knowvledge of the approximations used in the analysis and of the overall calculational uncertainties is therefore essential
to gain confidence in the results obtained. The accuracy of the transport calculations can
be estimated by comparing the calculations with benchmark experiments and by uncertainty
analysis. Uncertainty analysis, combined with sensitivity analysis permit us to determine the
importance of different calculational parameters as well as to identify the major sources of

uncertainty and to establish reliable safety margins for the measured and calculated values.
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what extent the experiment is representative of the real nuclear reactor environment.

A

T his paper will concentrate on the uncertainties due to cross-section data. Methods used
to determine the uncertainty in the calculated target quantity from the covariance matrices of
the basic data and the corresponding sensitivity functions will be presented. A code system

SUS1)31) [3], [4], [5] was developed to perform sensitivity and uncertainty analysis, which is
suitable to study fission as \vell as fusion problems. The approach used for sensitivity analysis
is based on deterministic forward/adjoint perturbation method. Some special features needed
for fusion applications were developed.

2. Perturbation Theory - Review
Iransport theory perturbation calculations can be based either on discrete ordinates SN

or Monte Carlo methods. Each of the two methods presents some advantages as well as
some inconveniences. Here we will present briefly the discrete ordinates formulation. The
mathemalical details of the theory are described in [6] and only the relevant equations are
provided here. The cross section sensitivity function 1' (E) which expresses the sensitivity
of an integral response R (like reaction rate, heating rate and finence) with respect to a
particular cross section >r at. energy E is given as follows:

]97
)

(=

l

dC? [-X,

dSQ'ddE'

+
+

r

t

LD(r,

1)

(r. E,'E)-(i-7 0

.

P,(rS.' Eb) - ) (F, 52, E7)(I)

Si',

E -4

a') <(r, 52, E)

.

(F, 2, E')

5, F)]

.(i

where

R

= Jdi d
=

Y (ri,

E)

f

1 dE ED(f4, L )

dr dSiJ dEL S (F,5.)

)

4 (Q,)

(2)

1)

total macroscopic cross secLion for reaction type x, at, position r and energy E,

(r,
-e 5', E -X E') = scattering macroscopic cross se(:tion fromn angle S?
energy E to E', for reaction z,

to angle

Q',

ED(r, E) = detector response function and source in adjoint calculation (e.g. reaction cross
section, kerma, damage functions, dose factors etc.),

S(r, Q, E) = radiation source, at position fr, with direction Q and energy E.
5E,E) = direct angular flux,
9(f,
4C(i, 52, ,) = adjoint angular flux.
Immediately we can see from the above expression that
the sensitivity to the radiation source.
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The first term in Eq.(1) involving total cross section is called the 'loss term'. the second
involving the differential scattering cross section is the 'gain term', and the third with detector
response function is the 'direct term'.
In discrete ordinates codes the angular dependence of the scattering cross section is described in ternms oft he cosine of the scattering angle I'o and expanded in Legendre polynomials. If the (21 + 1) term is included in the scattering cross section as is often the case (except
ONEI- and TWO-THAN):

Z<,p 1

E

4Zzsr

F')=

f')

(3)

P,(Fo)

where

(7,

-_,

1-')

=

27r (21 + 1)

1 S 5 (r, fr o

-

E') PI(,jo) dlo

In pra(:tice the Leg-endre expansion is truncated after finite number of terms, L represents
here the largest. term taken into account.
The direct and adjoint fluxes are calculated at discrete angles, represented symbolically
by Qm,
Using in addition t[ie multigroup approximation and finite elements method the
above equation becomes:

PT

Al",i

->y

L11

Jr-ace

1l,q

y' 1=0

I( -gi Tgbsrn
g

i l~g'i *Iq
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i )+;gE4gimAs

n7-i

rn

m

where
total microscopic cross section for reaction type x, in space interval i and energy

UTri

group g,
Orlg,*g' = P
0 h Legendre coefficient of the scattering microscopic cross section from energy group
fi to g',
V; = volume of the space mnesh interval i,
pit

=

number density for cross section x in space interval i,

4

_g,i,m and 4)" i
are direct and adjoint angular fluxes, corresponding to energy group g.
averaged over space interval i and solid angle m. Expanding them in terms of spherical
harmonics we obtain the following relations:
L

(g,i,m

I

==EEY1

n(Q,)

m 1in

(5)
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m

are d irec t. and adjoi nt angular flux moments, defined as:

M7An _7jY)n(Qm)

(L'q z in

(7)

/Qrr

711

In on(e- arid two-dimnisiolis due to the syrmmetry conditions the sunimation over
froi () to 1, and in three dimensions all Terms from -1 to 1 must be considered.

rl

goes only

In the SUS 1)D3)
code the cross sections are taken from the NJOY output and (21+1) lerm must
be added in order to be consistent. with the scattering cross section definition in transport
codes (other than ONETRAN family). (47r) term is included in the integration over angles
in lEq. (4).
\Ve see tha;tt, bot i angular fluxes and angular flux moiments appear in lEq. (4). M'lost
perthurbation codes, like S\WANLAKE 17], SENSIT [8] and SUSD [9], [10] use the anu la.r
flux out.put from (liscrete or(hinates transport codes. The sensitivities are then calculated
by ecquastion (4) with angular moments expressed in terms of angular fluxes as defined in
equatiolis (7) and (8).
Whereas in one- and simple two-dimensional calculations this can be an ac(ceptable solntion, for more comiplex problerris and in particular for tlree-diinenision al calculations this
a.pp)roach becomers uupractclical d<ue to large number of direct, and adjoint aght ular flux terms.
An alternaL.tive approach is to use the angular flux moments, which are also calculatedi by
the Svy codes. In equation (1) the angular fluxes are in tlfis case expressed with equ at ions
(5) anid ((). Comparing with tche bulky angular llux files the flux morenelts files are mnuch
inuore reasonably sized, as shown in 'Tables 1 and 2 which prlsen tthe nurnmbei of terms (for
each energy group, an(pl sc
interval) required using the two irnetihods. As ain examiple,
in three-dimensions, a typically used S16 - P3 approximation requires ont\ 115flux mnoment
terms, but(, as muchi
as 288 (using THREEDANT, and even 320 using TORT) angular flux
terins. As mentioned above this is to be multiplied by number of energy groups, and space
points to obtain the total number of terms needed.
The advantage of usirig flux moments is therefore, besides a CPU time gain ,*:orIsiderabte
reduction of computer space requirements, whereas in the same timrle the accuracy of the
calculation is preserved. In addition most SN codes print the angular fluxes at the space
cell edges, and sophisticated procedures are adapted subsequently in the transport codes to
construct the flux at tle centre of the cell. Only diamond difference interpolation scheme
was programmed in SUSI). which does not always guarantee positive fluxes. Flux moments
on the other hand are calculated at the centre of the space mash.
Once the sensitivity profiles deterrnined, the corresponding uncertainty cart be evaluated
by folding these sensitivity profiles together with the cross section covariance matrices.
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Table 1: Numrber of flux rnoment terms for different Legendre expansion order L.
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Table 2: Number of discrete directions for different SA fully symmetrical direction sets. In
brackets is given the ntoimbei of zero-weight directions.
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where ICOV(c',v XY) is th1e relative cross section covariance matrix.

3. Description of the Computational Code System
Trhe calculational schemre was prep~ared to perform the sensitivity arid unicertaliiitv anazlysis

which consists of t~he SUS1)31 sensitivity/uncertainty code package [;3], [4], H5thec cross
section covariance library ZZ-VITAM$IN-J/COVA [11], [12], as well as of somie N~JQY' [13]
modules. The scheme was originally dlesigned for the sensitivity and uncertainity anialysis of
fission reactors, in particular for the pressure vessel dosimetry [15]. Includling Sonic recerri
developmnent and updates the package is now general enough and suitable for fusion anaLlysis
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as well. The sensitivity and uncertainty analysis in fusion include some specific features as
coinpared to other domains. Contrary to the case of fission reactors, where the uncertainties
in the secondary angular and energy dist)7ibutions (SAD/SED) can usually be neglected, some
analyses perforilled in tile past ([101, [14]) indicate that for fusion reactors these contributions
caln be signifiicanit 101 tnitiilii breeding ratio, neutron heating and faslt neutron leakage flux.
'['he predecessor 0o SUJ;11)31) is the S USD Code [9], [10] developed about It years ago by
;u rltae.

al.. S USD caln calculate sensitivity coefficients of a response witli respect t~o

lhe

pwirtictllar -loss sectiolns a 1d(/or response functions for one- and two-dimruension al transport
problems based on the first, order perturbation theory. The sensitivities and u ricertainties or
secondary neu tron angola r a;lnd energy dlistributions (SAD/SEI)) can be treated as well, but
the data, formats ancd their availability were different at the rime.
On tlhe other hand, SUISI3MD uses the formulation described above, i.e. angular rnoments
instead of angulax fluxes, to determine the sensitivity profiles. This permitted us to extend
thie system to full 3-f sensitivity arid uncertainty analysis, which would otherwise require
iarolibitori large computer spa(e. The p)resent version of the code can thus use flux moment
files calculated by discrete ordinates codes DORT-TORT, TWODAN'T and 'HREElDANT
[5]. For sinmpler one- anl two- dimerisional analysis using ANISN and DOT codes the original
angular flux formulation was also kept.
l1 addition a new\ proced((Ire was developed. to process the EN)1F/13-V1 format SAl)
covarianice rriatrices inlo a inn ltigioril) form, which can be used subsequently by the SU1S1)31)
code. (;ioiip-collapse strategy similar to the one used in NJOY [13] was adopt cl [;].
4. Examples of Analysis
[ijst af)Plicatiois of t1he cocle systemn were for the PW reactor pressure vessel survilliance
[151] ASPIS [16] arid VIENUS-3 [17] benchmark analysis. Recently SUSD131) code W.LS used
for the pre- and post-analysis of sorne fusion integral experiments, like l'NG link Shield
[18] andcI FNG Streaming Experiments [19]. 'These analyses were found usefl to IwXPlal1 the
discreparicy between the calculated and measured quantities, or to discard ceitainipossible
exl)faa~ic)ns/reausons for tIhe discrepancy. C/E values obtained using different cross section
fva;.lirat.ionis provide us infoirration on the state-of-the-art of the cross section libraries. n'lrtierinore, cornparing tlie observed C/F, \,alues with the estimated uncertainties, the qtialitv
of tihe correspondirig covariarice rnatrices (:al

be judged.

['NG benchmarks stud(ied the transport of neutrons anrd gamma fhrough several IL(arS Of
sleel and water irradiated by 14 MeV neutron source. In the FNG Streamrllig experilmerit the
c-entral channel with a. radi us of 1.4 cr0 is modelled ill addition. These experinnents indicate
that, ulp to a clistance of abor t 80 crr in the water/steel shield the fast and therm ll reaction
rates can be predicted with an uncertainty of - 20%. In general the observe(l C/fl values
were found to be consistent with the estimnated reaction rate uncertainties. Neverthieless sotnie
cases exist where the C/E values largely exceed the uncertainty estimations (e.g. m t5 In(o, n')
in the Bulk Shield experiment, fast flux spectra measurements in the Streaming experinierit).
In these c ases further study is necessary to explain whether this is to be attributed to the
underestimation of the nuclear covariance data or to some other calculational or measurement
uncertainties and/or errors.
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5. Conclusions and Future Development

A sensitivity and uncertainty code package was developed which includes several codes for
the processing of cross section covariance data (VTTAMIN-J/COVA, ERRORR.34) and eval
nation of sensitivity proifiles and uncertainties relative t~o the cross section data (SJSD3D).
lProceduire to llreat second ar v angi lar ,distribilt ioni covariances ii SUST) sensitivity aind u neert.airi y package is cornpatible w'ith the END)V/13 -V forinat. One-, two- anrd t.hiree-dinrerisinr
scrisil vi ty aunl uncertailty anrilysis clan be perforiried based on direct and adjoi nt discrete
oi(linii lres transport calcul[ations.

The package was successfully used For the P\V reactor pressure vessel surveillance, arid the
analysis of ASPIS, Vl,\ENIJS-3, lNG Bulk Shield and ['NG Streaming benchmark experimiients.
Starting from next year tire analysis of two more "Benchmark experiments on Advaniced
M4aterials for the validation of EFF library" is planned within EFF programme.
SUSD3D will shortly be sent, to the Nl'A L)ata Bank.
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Abstract The responses of the Si-Ball and the RoSiB arrays of silicon detectors to the charged particles
evaporated in the (58 Ni + SCr) and the (58Mi + 4 6Ti) heavy-ion reactions, respectively, were simulated
employing the Monte Carlo code GEANT3. The simulated energy spectra of the charged-particles detected in
the silicon detectors are in good agreement with the measured ones. The average total charged-particle detection
efficiency, of the Si-Ball and the RoSiB were determined.
Introduction
The compound nuclei formed in the heavy-ion

reactions have large amounts of excess

energy and angular momentum. These nuclei quickly decay into other nuclei by emission of
protons, neutrons and alpha-particles. When the nucleon emission is not anymore
energetically possible, the decay proceeds by the y-ray emission until the ground state of the
residual nucleus is reached. Various properties of the compound nucleus itself and the
residual nuclei into which the compound nucleus de-excites through light particle evaporation
are studied in the experiments using the heavy-ion reactions. In the two experiments where
neutron deficient nuclei near 100Sn were studied (carried out with NORDBALL [11 and
EUROBALL [2] spectrometers and using the (58 Ni + 50Cr) and the (58Ni + 46Ti) reactions,
respectively) the emitted y-rays were detected in coincidence with the evaporated neutrons
and charged particles.
In the analyses of experimental data, the detected y-rays are sorted into the particle gated
y-ray spectra and 'y-y matrices. In both experiments, a 4i array of silicon detectors along
with neutron detectors were used as an exit channel selector in order to determine the
multiplicity of the evaporated particles and consequently the exit channel of the reaction.
However, due to the limited particle detection and identification efficiencies of the silicon
detector arrays, one or more of the evaporated particles may be not detected or can be
misinterpreted. Therefore, in a y- ray spectrum gated with a given type and multiplicity of
particles the y-rays belonging to other exit channels may be found.
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To assign an unknown gamma line in the particle gated spectra to a proper residual nucleus
and also to determine the relative population of the residual nuclei in the
experiments, the probability of detecting F particles out of M emitted particles in a detector
system consisting of N independent detectors, PN(M,F), must be known. So far, a theoretical
probability formula [3] derived by assuming that the probability for multiple hits of particles
into one detector is negligible [4] has been used to calculate the PN(M,F). However, due to the
significant number of multiple hits, particularly in the forward detectors of the silicon arrays,
this assumption was not fulfilled [51 in the experiments. In order to analyse more accurately
the experimental data, we aimed at a Monte Carlo simulation of the response of the silicon
arrays to the evaporated charged-particles.
The experiment with NORDBALL spectrometer
In the experiment [6,7], at NBI, Riso, a 4.8 mg/cm 2 thick 5 0Cr target was bombarded by 261
MeV 58Ni ions. The s0Cr material was enriched to 96.8% and evaporated onto an Au backing,
which was thick enough to stop all residual
nuclei from the nucleon evaporation in the
heavy-ion reaction. A 4it array of silicon
detectors, so-called Si-Ball, was used to select
the exit channel of the heavy-ion reaction. The
Si -Ball array consists of 12 thin (170 Atm)
pentagonal silicon detectors and exploits the AE
technique for proton-alpha discrimination. To
increase granularity of the Si-Ball, the detector at
00 (the most forward detector) and the detectors
at 370 were segmented into 5 and 2 equal
segments, respectively. Therefore, in thisr
experiment 21 independent silicon detectors
were available. The detectors were placed on a
frame having the shape of a dodecahedron with
an inner diameter of about 5 cm. Two different
views of the Si-Ball are shown in Fig.l. To
avoid radiation damage to the silicon detectors
by the scattered beam particles, absorbers were
mounted in front of them.

silicon
detector

/'

\
11

1
lines

a) Forward view
b

tare

b) Side view
Fig I. Two views of the Si-Ball are

The EUROBALL experiment
In this experiment [81, which was carried out with an array of large volume HPGe detectors
and a EUROBALL cluster detector at MPI, Heidelberg, a 7.5 mg/cm2 thick 46Ti target was
bombarded by 228 MeV 58Ni ions. A 4rr array of silicon detectors, the so-called RoSiB, was
used to select the exit channel of the heavy-ion reaction. The RoSiB, which has a selfsupporting structure, consists of 30 hexagonal and 12 pentagonal 500 PLm thick silicon
detectors of equal area and uses pulse shape discrimination technique to distinguish between
protons and alpha particles. Two different view of the RoSiB are shown in Fig. 2.
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In our experiment, two pentagons at
ro erd
180s and one hexagon at 90 were
i removed and
their positions were used as the beam ex it,the beam entrance and the target mounting port,
respectively. Also, the detectors at the forward hemisphere of the ball were protected fromo
the scattered beam by a conical Ac absorber of 10 1mthickness and all detectors at 148l and
some detectors at 1p17 were
j replaced by 300
ue thick detectors.
Simulation procedure
The GEANT3 [9], a detector description and simulation tool developed at CERN, Geneva,
was used to define the silicon arrays, the absorbers, the target and its frame in the simulation

program. In the Monte Carlo simulation of the response of the silicon detector arrays to the
heavy-ion reaction, onetanot al ofe
the
place of the reaction inside the target,
the number and type of the evaporated particles and their kinetic energies and directions in
the c.m system.
The energy losses of the projectile in the, target were obtained from stopping power tables.

For different energies of the projectile incl tse the - rayfusion reactin to tecons

were

extracted from the statistical code CASCADE f 10l. These cross sections along with the

energy losses of the projectile were then used to randomly sample the kinetic energy of the
impinging projectile before the reaction Look place and the location of the reaction in the
targeti.
Since the particle detection and identification Of the silicon detector arrays are not perfect,

it is always possible that not all of the evaporated particles in a given exit channel are
detected and correctly identified. For example, in the 50 Cr (58Ni , 2platln) I"lCd reaction two

protons, one a-particle and one neutron are evaporated, if the particle detection and
identification efficiency was 100%, one could 9see the

- rays belonging to the

only in4Cd

the detected At- ray spectra gated with 2p, lax and In. However, due to the lower efficiency,
for example, the 252 keVy7- ray which belongs to the '°§Cd can be found in the yTray spectra
gated with 2plaln, lplatln, laln, 2pln, 2pl(yx, 2p1lx2n, 3pln, 2axln and 3plaln detected
partic les .
The probability of finding the y-rays of an exit channel in Py-ray spectra gated with different
multiplicity of the detected particles depends on the particle detection efficiency. These
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probabilities can be measured by comparing the intensities of one characteristic gamma line
belonging to a given exit channel in the measured spectra gated with different particle
multiplicity. On the other hand, the detection efficiency is determined by the geometrical
coverage of the active area of the silicon detectors. Therefore, thickness of the dead layers
around silicon detectors could be varied in the simulation until the simulated and the
measured particle detection probabilities were matched for different exit channels.
Once the thickness of the dead layers are established, the average total proton and alphaparticle detection efficiencies could be determined by dividing the number of detected
particles by the total number of the emitted particles. These efficiencies were then used to
correct the relative yields of the heavy-ion reactions deduced from the intensities of the strong
gamma lines in the particle gated spectra. Using the corrected relative yields, type and
number of the evaporated nucleons were then randomly sampled. The evaporation of the
charged particles was assumed to be anisotropic in the center of mass system and their kinetic
energies were obtained from the CASCADE. To simulate the charged particles spectra, the
particles were tracked through different media from their origin in the target to a point at
which they stop or exit the silicon detectors. As in the experiments, multiple hits of two
particles into one detector were treated as a single hit with an energy being equal to the sum
of the particle energies.
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different detector rings in the Si-Ball are shown.
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The experimental

and simulated

charged-particle spectra for different detector
rings. The regions due to one proton, two
protons, one alpha-particle and one proton
along with one alpha-particle hits are marked
with (p), (p+p), (ax) and (ct+p), respectively.
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Results and conclusion
For the two experiments, the average total proton and alpha detection efficiencies of the SiBall and of the RoSiB arrays were determined from the simulation and the values of ep=59%,
£a=37% (Si-Ball) and cp= 6 0%, £o=44'Yc (RoSiB) were obtained. The corresponding measured
efficiencies are Ep=5 6 %, E6=40% (Si-Ball) and £p=59%, F,= 44% (RoSiB). It should be
mentioned that due to the temporary failure of the detectors in the backward hemisphere of
the RoSiB during the experiment, the obtained efficiencies are much lower than the optimum
ones which can be extrapolated from the simulation results [8] as -p= 77%, F= 68%.
Fig. 3 and Fig.4 show the experimental and simulated charged particle energy spectra for
different rings of the Si-Ball and RosiB3, respectively. The simulated model of the Si-Ball and
RoSiB can be used to analyse the experimental data more accurately, to optimise the
granularity of the detector system, to estimate the proper thickness and type of absorber foils
and to set experimental gates on the charged particle spectra.
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Simulation of the TRIGA Mark II Benchmark
Experiment with Burned Fuel
TomaŽ Zagar, Andreja Persic, Robert Jeraj and Matja2 Ravnik
"Jozef Stefan" Institulwe, Jamova 39, Ljubljana, Slovenija
Abstract: A criticality experiment with burned fuel elements was performed in 1998 at "Jozef Stefan" Institute
TRIGA Mark-Il reactor, with the same fuel elements in the same loading pattern as the TRIGA benchmark
experiment performed in 1991. The fuel elements were 2.8% burned on average. The main aim of this work was
to test two computer codes, TRIGLAV and MCNP, against this experiment. TRIGLAV is an in-house developed

deterministic code, based on diffusion approximation of transport equation, which uses WIMSD program to
calculate a unit-cell averaged cross section data. MCNP is a continuous energy 3D Monte Carlo code. Burned
fuel isotopic composition was calculated using WIMSD code. Criticality calculations were performed with
MCNP and TRIGLAV codes. Burnup reactivity reduction of approximately 1.5% Ak/k was calculated,

indicating discrepancy of approximately 0.3% Ak/k to the measured value. This over-prediction can be explained
with the observed underestimation of the reactor thermal power due to calorimetric calibration errors.

1. Introduction
One of the problems encountered when developing computer codes for research reactor
design and core management calculations is lack of well-documented experimental test cases
for their testing. This problem is especially notable for core management calculations, since
there exist almost none benchmark experiments with well-defined fuel element burnup. The
TRIGA Mark II benchmark experiment with burned fuel presented in this paper partially fills
this experimental data gap.
The first benchmark experiment was performed in 1991 with completely fresh fuel.
Several reactor parameters (multiplication factor, excess reactivity, fuel temperature reactivity
coefficient, fuel element reactivity worth distribution, radial and axial flux distributions, etc.)
were measured at well controlled conditions for two core configurations of which one was
critical. The results have been extensively analysed and published [1][2].
The second experiment was performed in 1998 using the same fuel elements and the
same loading patterns as in the first one. The average burnup of the fuel elements was approx.
2.8%. The same parameters as in 1991 were tried to be measured. However, this was not
entirely possible, as the 1991 critical core configuration tumed out to be approx. 2% Ak/k
subcritical in the 1998 experiment due to burnup. On the other hand, one of the core
configurations, which had approx. 2% Ak/k excess reactivity in 1991, became critical in the
1998 experiment. Results of the 1998 experiment with partly burned fuel are complementary
to the results of the experiments of the fresh fuel and may be used for testing the criticality
and fuel management calculations on burnup. However they can not be treated as a standalone criticality benchmark test case since the burnup and the isotopic composition were not
determined experimentally but by using computer codes TRIGLAV [3] and WIMSD [4].
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2. Description of the experimental core configurations
Jozef Stefan Institute reactor is a 250 kW TRIGA Mark-Il type with annular rings.
Detailed description of the experimental facility can be found in [2]. The core, surrounded by
thick graphite reflector is at the bottom of a reactor tank filled with water. Schematic top and
side views of the core are presented in Figure 1. A schematic drawing of the fuel element is
presented in Figure 2. Standard commercially available TRIGA fuel elements containing
12 wt% uranium of 20 wt% enrichment with stainless-steel cladding were used. Dimensions
and composition of the fuel elements are provided in Table 1. Four control rods were used in
the experiments. Three of them were fuel-follower type with the fuel part practically identical
in geometry and composition with the fuel elements. One control rod was an air-follower
type. This was also the only irregularity in the core composition when the control rods were
completely withdrawn (i.e. in the critical core configuration) as no other inserts or water gaps
were present.
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Table 1. Fuel element basic dimensions and material composition.
Dimensions
Outside diameter [cm]
Fuel meat height [cm]
Fuel meat diameter [cm]
Diameter of zirconium rod [cm]
Thickness of cladding [cmL

3.754
38.10
3.691
0.635
0.051

Materials
Fuel meat (U-ZrH) [g]
U concentration [wt%]
U enrichment [%]
Central rod
Cladding

2300
12
20
Natural Zr
Type 304 stainless steel

Experimental conditions in the criticality measurements were similar in both experiments
and carefully controlled. Reactor temperature was 20WC and uniform across the core, water
contained no neutronically important admixtures, gamma background was low, reactor was
xenon free, the measurements were performed at negligible thermal power (<100W).
The core excess reactivity was measured in three ways, depending on its range. In the
range between 0 and 300 pem (1 pcm - 10-5 Ak/k) it was measured directly from the reactor
period using an automatic digital reactivity meter [5]. The error of this measurement was very
small (+/- 15 pcm). If the excess reactivity was higher than 300 pcm it was compensated for
by inserting a control rod and determined from its calibration curve. Control rod curves were
measured by the standard rod exchange method. The error of this measurement was larger
(10% relative to the measured excess reactivity) due to the control rod screening effects,
redistribution effects in the neutron signal induced by insertion of the control rods and
inaccuracy in vertical positioning of the control rods. Negative excess reactivity was
determined by the negative reactivity insertion method. One control rod of known reactivity
worth was inserted into a subcritical reactor. Multiplication factor was determined from the
relative change of the asymptotic flux signal. Two independent detectors were used to
eliminate the redistribution effects. Error of this measurement was approximately equal to the
case of large positive excess reactivity, i.e. 10% relative, since it originates from the same
effects.
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Figure 3. Schematic diagrams of the core 133 (left) and the core 134 (right). Black circles
denote fuel element positions. S, C and R in black circles denote fueled-follower control rod
positions (safety, compensating and regulating, respectively). T indicates position of the
transient control rod. NS is the neutron source position.
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Two core configurations, denoted 133 and 134, were treated in both experiments. They
are schematically presented in Figure 3. Their multiplication factors are presented in Table 2
together with the estimated inaccuracy of the measurement discussed above. Average
calculated fuel element bumup was 1.21 MWd in core 133 and 1.13 MWd in core 134,
corresponding to 2.77/o and 2.59% burned 235U, respectively. Reactivity reduction rates per
bumup unit agree well within relative error interval ±0.1 of excess reactivity measurement for
both core configurations. Hlowever, the inaccuracy may be larger due to errors in burnup
determination.
Table 2. Measured multiplication factor for the cores 133 and 134 loaded with fresh fuel
(1991 benchmark experiment [2]) and partly burned fuel (1999 experiment).
Core
133
134
133
134

Average bumup [MWdl
0
0
1.21
1.13
_

Average burnup [% burned
0
0
2.77
2.59

235

U]_

keff

1.00277 +0.00015
1.0202 +0.002
0.9842 ±0.0011
1.00460 ±0.00015

3. Fuel element burnup calculation
The fuel element burmup accumulated during 1991-1998 was calculated using the
TRIGLAV code [3]. The code is based on a four-group diffusion equation for r-wp geometry,
solved by finite differences method. All fuel elements in the reactor are treated in a unit-cell
approximation. The unit-cell-averaged cross sections were calculated with WIMSD [4] code,
using two different libraries; old 1981 WIMS library modified for some TRIGA specific
nuclides (Er 155 and 157, H in Zirconium hydride), and the new based on ENDF/B-VI NJOY
calculation [6]. Unit-cell cross sections in WIMSD program are calculated in a 32-group
approximation and than averaged to two or four-group structure. The cross-section
homogenisation was done in two ways, either with a simple flux and volume weighting or
using the Effective Diffusion Homogenization (EDH) method in the XSWOUT program [7].
Use of the new library showed no significant change in the calculated burnup. This showed
that old WIMS library was suitable for successful prediction of burned fuel element
composition. Detailed description of the calculation is presented in [8].
Burnup for all core configurations that operated more than one effective burnup day was
explicitly treated. Accuracy of the calculated burnup depends mainly on the experimental
power calibration accuracy and precision of the operation records. Total relative calculation
error is of the order 10%.
Bumup of selected fuel elements was measured by the reactivity method [9] as a part of
the 1998 experiments. The reactivity melhod is based on the assumption that the reactivity
worth of the fuel element is a known, usually linear function of burmup. The measurements
were performed in a redesigned reactor core because the fuel elements selected for the
measurement had to be removed. The configuration was practically critical. The control rods
were withdrawn during the reactivity measurements to eliminate the redistribution effect of
the control rods. The digital reactivity meter was used to measure reactivity. Nine fuel
elements included in the cores 133 and 1134 were selected for the measurements. We started
with the element with the highest burnup value. At the end of the measurements this element
was measured again to determine reproducibility of the reactivity measurements. The
measured burnup values are presented in comparison to the calculated values in Figure 4.
Comparison shows agreement within ±1%, burned 235U burnup for the fuel elements 7243 and
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7258, which spent most of their operating time in the E ring, and for the fuel elements 7220
and 7219 that spent most of their operating time in the C ring. Discrepancy between the
measured and calculated burnup for fuel elements 7228, 7247 and 7213, which were
positioned in the D or C rings near the transient control rod air-follower, is probably due to
the poor fuel element surrounding description in the averaged-unit-cell cross section
calculation. In the unit-cell cross section calculation each fuel element is surrounded with six
identical fuel elements, which is not the case for the fuel elements near the air-follower. The
large discrepancy in the fuel element 6945 is probably due to its different initial isotopic
composition (low K/Zr atom ratio).

235

m

Burnup [% U]
g

S

Measured (reactivity method)
Calculated WIMSD4 (WIMS '81 library)
Calculated WIMSD5 (ENDF/B-Vl library)
Calculated WIMSD5 (ENDF/B-VI library) EDH

_

876-

5
4

Reference
element

7

3
2-

1~~~~~,f
7215

7243

7258

--

6945

7228

7247

7220

7219

7213

Fuel element number

Figure 4. Calculated and measured fuel element burmup.

An important result of the burnup calculation was also the isotopic composition of burned
fuel elements. It was calculated with WIMSD for each fuel element at its particular burnup.

Isotopic vector is, therefore, limited to the nuclides defined in the WIMS library. 33 fission
products are treated explicitly, the rest are considered as a lump pseudo nuclide.

4. Multiplication factor calculations using TRIGLAV
Two-dimensional diffusion codes, such as TRIGLAV, are not appropriate for absolute
criticality calculations. Our tests show that a typical difference between a measured and a
calculated keff is about +2 102 if geometrical buckling is used to approximate the leakage in
the axial direction. However, if the axial buckling value is experimentally adjusted to a core
configuration with a well-defined excess reactivity, agreement between the measured and the
calculated keff will be in the order of i 10-3 for all similar core configurations and operating
conditions. Relative changes in the reactivity between different core configurations can be
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calculated more accurately and in this sense the code can be used also for rough criticality
predictions.
The TRIGLAV geometry model represents the full TRIGA cylindrical core and graphite
reflector. On the reflector outer boundary the zero flux boundary condition is imposed. Every
location in the core either occupied by a fuel element, control rod, irradiation channel, or left
empty is treated explicitly as a homogeneous region equivalent to the unit-cell. As mentioned
above, the unit-cell group constants were calculated with the WIMSD program using old
WIMS '81 library, which is integrated in the original TRIGLAV package. The unit-cell
homogenisation was done with the simple flux and volume weighting.
Note that in the TRIGLAV simulation the axial buckling factor was adjusted to the
experimental core configuration 133 with 43 fuel rods and that the same axial buckling value
was used in other calculations. For this reason, the initial fresh core results presented in Table
3 for the examined cores (core configurations 133 and 134) match reasonably well. For
burned cores, TRIGLAV over-predicts keff. The MCNP results show the same level of
disagreement for the burned cores. This over-prediction agrees with the observed
underestimation of the reactor thermal power. The analysis of TRIGA reactor thermal power
calibration method, also presented at this conference [10], shows that the error in calorimetric
calibration can be up to 30% in the most unfavourable conditions.
The kcff of burned cores 133 and 13,4 was calculated twice with the TRIGLAV program.
With homogeneous core burnup, where all fuel elements in the core had average core burnup,
and with heterogeneous core burnup, where each fuel element had its own burnup. The
influence of homogeneous and heterogeneous core burnup distribution on calculation is also
presented in Table 3. This calculation showed that the effect of heterogeneous core burnup
distribution is minimal and can be neglected in further calculations.
Table 3. Comparison of measured and calculated (MCNP, TRIGLAV) ketf for cores 133 and
134 with fresh and burned fuel.
Core
-___

133

134

Burnup
2 35
1[%
u]

0
l
2
2.77
2.77a
5

10
0
I

_
__
Experiment
1.00277

MCNI)
1.00629

-

-

-

-

0.9842
0.9842

0.99105

-

-

-

0.96998

TRIGLAV
1.00261
0.99505
0.99076
0.98811
0.98820
0.98139
0.96636

1.0202

1.02386

1.01885

366

-

-

1.01132

-

-

-

685
-

-_

2

-

-

1.00698

-

1.00460
1.00460

1.00999)

1.00485
1.00456

539
-

-

391
400

-

2.59
2.59a

_
TRIGLAV - eXp _
-l6 lo-5

MCNP - exp.
352 10

5
0.99748
10H
0.98691
0.98225
Heterogeneous (realistic) core composition.

I

-135

l

25

-4
_

_____

5. Multiplication factor calculations using MCNP
The MCNP geometry model followed the actual reactor geometry as accurately as
possible and reasonable. All fuel elements, control rods, supporting grids, graphite reflector,
and water tank were modelled to the highest accuracy. Some simplifications of the geometry
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were done by simplifying surroundings of the core, but only to an extent which did not affect
kcff significantly. Influence of the simplifications was investigated using a series of MCNP
models with different simplification levels compared to the complete model of the TRIGA
reactor (which includes a thorough description of the vicinity of the core). The total change in
kcfr because of the geometry simplifications is an increase in keff of approximately +150 pcm.
For more detailed description of the MCNP geometry model consult [2].
Because not all information on material composition and geometry was perfect, it was
necessary to perform extensive sensitivity studies to estimate the effect of these uncertainties
on kef. Sensitivity studies are described in [2] and [11]; here we quote just the main
conclusions. Uncertainties in fuel composition data are estimated to be approximately ± 250
pcm. The poorly known composition and fabrication tolerances of the stainless steel clad of
fuel elements and control rods are another major source of uncertainty. Combining with other
minor sources (e.g. absorber density), all other than fuel material composition data yields
approximately ± 500 pcm uncertainty. Combining both uncertainties, the total uncertainty in
the calculated keff for our model is estimated to be ± 560 pcm. It should be noted that even
though the geometry and material composition uncertainties are large, they affect only the
absolute value of the calculated keff, while the relative changes (e.g. when calculating effect of
burnup) remain unaffected.
The cross section data used for fresh core configurations were taken exclusively from the
continuous-energy ENDF/B-VJ cross section libraries, except for the thermal cross sections,
based on the ENDF/B-IV evaluation. The fission product cross sections were mostly taken
from the KIDMAN libraries. Isotopic composition of burned fuel was set up on the basis of
the isotopic composition calculated by the WIMSD code. The so-called pseudo fission
product, as defined in the WIMS library, was not included in the MCNP burned fuel material
specification. However, its effect was determined to be negligible and thus no error was
introduced to the model with this simplification.
Results of the MCNP calculations for the fresh and burned cores 133 and 134 are
presented in Table 3. The difference between the measured and the calculated kenf is approx.
300 pcm for both fresh cores and grows to approx. 500 and 800 pcm for burned conditions.
Consequently, the calculated keff burnup slope is in both cases approx. 20% smaller than
measured, as can be seen in Table 4. This can be explained by the errors and uncertainties in
bumup and reactivity measurements and calculations. However, an equal effect in both cores
indicates presence of a systematic error, which is most probably due to the power calibration
error that accumulated during reactor operation between 1991 and 1999. This assumption is
supported by the results of the TRIGLAV code (see Table 4) indicating the same effect. The
calculated kff burnup slope is not dependent on WIMSD library selection in TRIGLAV
burnup calculation.
Table 4. MCNP and TRIGLAV calculated and measured Ak/Aburmup for both core
configurations.
Core
Experiment
configuration [pcm /% bu
133
670
134
600
Library used:
a WIMS '81
b ENDF/B-VI

5U

MCNP
cm! % burned
550
540

TRIGLAV
235

U

/

cm % burned
520a
550

520
550

235

U

520c
530

c ENDPF/B-VI with EDH homogenization method
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6. Conclusions
The experiment presented in this paper may be used for testing criticality safety and fuel
management codes for burned fuel conditions. Two effects, which can not be easily
eliminated, govern uncertainty of the test problem: relatively rough data on initial fuel
composition and systematic experimental errors in power calibration during fuel burnup. The
first uncertainty could be reduced if better material composition data were released by the fuel
manufacturer. The second uncertainty could be reduced by analyzing systematically the
thermal power measurements from 1991 to 1998 and by applying corrections. First results of
this analysis show that the calculated results for burned cores can be significantly improved
by reducing the discrepancy between measured and calculated kdr burnup slope from 20% to
less than 10%.
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Abstract - Experiences using a Linux-based cluster for the reactor physics calculations are presented in this
paper. Special attention is paid to the MCNP code in this environment and to practical guidelines how to prepare
and use the parallel version of the code. Our results of a time comparison study are presented for two sets of
inputs. The results are promising and speedup faztor achieved on the Linux cluster agrees with previous tests on
other parallel systems. We also tested tools for parallelization of other programs used at our department.

1

Introduction

Motivation for establishing the cluster was a lack of computing power for our calculations. Use of
complex codes for reactor calculations is very time consuming. For example, simulation of the Triga
reactor core may take up to a few days on an HP 712/80 workstation to obtain a desired precision. In
the last few years our department put special effort into development of models and methods for
Monte Carlo transport calculations of neutrons, photons and electrons.
To solve this problem we had three options: either to buy an expensive computer with top performance
and top price, or wait for a new generation of processors (in approximately two years speed of
processors is doubled) or solve the problem in parallel (simultaneously) with a large number of less
expensive processors, which are on the market today. Parallelization of computing is especially
suitable for Monte Carlo computer codes.
After searching Internet resources we decided to build a Linux type of cluster.

2
2.1

Running Parallel Programs on the Linux Cluster
Preparing Hardware and Software for the Linux Clusters

Linux is a free operating system based on. the POSLX and UNIX standards. It supports a lot of
hardware and provides a stable, robust multi-user operating system with true multitasking, virtual
memory and support for fast TCP/IP networking. Linux also supports multiprocessing with Intel MlP
architecture. The first project to build a parallel Linux computer cluster started at CESDIS (Center of
Excellence in Space Data and Information Sciences) at NASA (National Aeronautics and Space
Administration) in the summer of 1994 for the Earth and Space Sciences Project at the Goddard Space
Flight Center. A cluster of 16 Intel 486 processor computer nodes was assembled. The project quickly
spread to institutes and universities around the world. Number of the installations continues to grow at
increasing rate.
To build our own Linux computer cluster, we had to set-up the cluster hardware first. We decided to
begin with the following hardware configuration:
* The first computer (master PC):
INTEL SE-44OBXNA motherboard with INTEL Pentium 11-450 Mhz processor, 384 MB RAM,
video card, 8.4 GB hard disk, CD-ROM and fast Ethemet card Digital DE500-BA 10/100
FastEther Work with Tulip chip-set.
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*

The second, the third and the fourth computer:
INTEL SE440BXNA motherboard with INTEIL Pentium 11-350 Mhz processor, 128 MB RAM,
video card, 8.4 GB hard disk and fast Ethernet card Digital DE500-BA 10/100 FastEther Work
with Tulip chip-set.
* Network:
Fast Ethernet switch Cabletron ELS100-24TX SmartStack 10/100 24 port switch, Longshine hub
* Accesories:
UPS, monitor, keyboard, mouse and switch for keyboard, monitor and mouse.
Special attention was paid to the network equipment that allows very high transfer on fast (100-MB)
Ethernet.
After assembling the hardware we installed the following software on all nodes:
* RedHat Linux with egcs-g77 Fortran 77 compiler. MCNP program was tested with the both latest
distributions: RedHad 5.2 and 6.0, Linux kernel 2.0 and 2.2, egcs-g77-1.0.3a-14 and egcs-g771.1.2-12 compiler.
* PVM 3.3.1 1-10 - PVM (Parallel Virtual Machine) [1] is a software system that enables a dedicated
cluster or existing network of heterogeneous computers to be used as a parallel computer solving
one problem. PVM provides a message passing library and runtime configurable parallel
environment. The PVM library is an essential part of software for the parallel program
communication. User programs written in Fortran, C or C++ access PVM through library routines.
XPVM 3.3.1 1-10 - XPVM is a graphical console and monitor for PVM. It provides a graphical
interface to the PVM console commands and information, along with several animated views to
monitor execution of PVM programs. These views provide additional information about the
interactions among tasks in a parallel PVM program, to assist in debugging and performance
tuning.
* LAM 6.1-4 - LAM (Local Area Multicomputer) is a full implementation of the MPI (Message
Passing Interface), another parallel development system, from Ohio State University. It was used
for test purpose only.
* bWatch 1.0.2 --bWatch is a shorthand for Beowulf Watch. It is a TcluTk script designed to monitor
performance of a beowulf class supercomputer. Its main task is to watch load and memory usage
on all nodes in a bcowulf cluster.
In December 1998 one of the first of such Linux clusters in Slovenia was put in operation at our
department.

2.2
Setting Up MCNP on the Linux Cluster
I'he MCNP transport code is mainly used for Monte Carlo transport calculations at our department.
The code was developed at LANL (Los Alamos National Laboratory) [2]. In the MCNP4B version a
PVM network communication package is used for parallelization [4]. First tests of this parallel version
were done at LANL on IBM RS/6000 Cluster [5]. The speedup factor was up to 13.1 on 16 nodes.
Several steps are recommended for preparing MCNP.PVM for running on a Linux cluster. The
following method is used in our case:

2.2.1

Installing Operating System
The necessary packages in the RedHad Linux are: rsh, egcs g77 and c and NFS (Network File System)
server and client. After setting accounts, permissions and .rhosts file rsh can be tested, for example,
with command: rsh "name of the remote host" hostname. Rsh is necessary for the PVM operation.
It should be noted that, because of the use of NFS service and remote shell, the cluster is security
vulnerable. To avoid attack on the system we recommend to:
* Disable unused services.
* Disable rshell for the root user.
* Allow remote access only from trusted hosts.
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*
*
*

Allow mounting disk only from trusted hosts.
Check system log files regularly.
Use secure shell.

2.2.2
Installing the PVM Message-Passing Library
We use pvm-3.3.1 1-10 with examples and xpvm source file. After setting environment variables to the
path where the PVM installation and deamon resides (PVMROOT, PVMDAPTH), we can compile
the daemon executable (pvmd3), C library (libpvm3.a), Fortran library (libfpvm3.a) and console client
program (pvm). For successful compilation all Linux patches must be applied. We start PVM with
running $PVM_ROOT/lib/pvm script, which starts pvmd. For starting deamon on more hosts we use
"add nameoftheremotehost" command or prepare hostfile and start pvm with command: pvm
hostfile. If a system error occurs when the "add" command is used we recommend to kill the pvmd
deamon and clean /tmp/pvm* files on all hosts. PVM installation can be tested with programs fmasterl
and fslavel.

2.2.3
Installing the MCNP.PVM program
We use MCNP version 4b obtained from Los Alamos National Laboratory. We use the install.fix file
with additional corrections for 4b2 version. In this version PC Linux is supported. For compilation and
PVM version generation we use more suitable package with standard Unix make file, obtained from
Alexandr Malusek (malusekgujf.cas.cz), instead of the default install script. After compilation,
MCNP.PVM must be installed on all hosts in cluster or accessed from all hosts in cluster with NFS
file system. The program is run with a command: mcnp.pvm n="input file name" "name of xsdir file"
tasks "number of tasks". Number of tasks determines the desired number of subtasks, which are
spawned on the cluster. The program can be tested with standard test inputs. Corrected new
RUNPROBMT file must be used. In the version 4b inpl8 is the only standard test input, which can not
be tested, in the parallel mode [3].

3
3.1

Results
MCNI'

The MCNP code was tested on our 4-node Linux cluster. Tests were done when no other processorintensive processes were running. With increased number of particles used in a calculation, we
increased CPU time for each case and by that relatively reduced initialisation time for each job.
Elapsed - wall clock time was measured and compared.
The first test set input descriptions are as follows:
* INP20 is a standard MCNPT test input (fixed source).
* B800 is an example of dosimetry calculation (fixed source).
* BAPL is a standard benchmark input used for criticality study (criticality source).
* TRIGA is a detailed model of our TRIGA reactor (criticality source).
Results are presented in the following table:

INP201
No. of CPU
2
3
__

_4__

1.3
1.9
3.7

Test Input
B800 | BAPL |TRIGA
S eeduCFactor
1
1.1
1.1
I .9
I .5
1.5
3
2.7

Table I. The speed comparison for the first test set.
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All times are compared to the MCNP run on the master (faster) node. Speedup factor is better for fixed
source inputs, because there is no need for waiting and collecting results in each cycle.
For our test cases we noticed that PRDMP DMMP number (determines frequency of processor
rendezvous) has no effect on the calculation time. We think that this is because of fast communication
and low number of tasks.
In MCNP, master task reads input and spawns subtasks on the master and slave nodes. Two processes
run on the master node - the master and one spawned slave process. Each of them uses 50% of CPU
time. We noticed that the master task on the master node waits too long for spawning job on the
master node. Unfortunately, priority balancing of tasks on the master node is not possible within the
program. There are several ways to overcome this limitation. One is to have two-processor master
node, another is to control balancing externally. Best calculation time was achieved by running the
master program with higher nice (UNIX system command) value. Example of the command line: nice
-n +19 mcnp.pvm n=b800.inp xsdir xsdir tasks 4. Speed-up of up to 25% of elapsed time was
achieved. On our dedicated system, a negative TASKS value also gives better (up to 25%) speedup
factor then a positive value. Execution time for MICNP.PVM under RedHat 6.0 is about 7% slower
than in the version 5.2.
In the second test set, an MCNP timing study for dosimetry application, similar to the study described
in [6], was done. We tested the speeds of MCNP and MCNP.PVM, for neutron (n) and photonelectron (pe) transport in the dependence of the nLimber of scoring voxels (in a lattice). In case a) the
lattice geometry was defined explicitly (geometry for each voxel was defined) and in case b) implicitly
(geometry voxels were filled automatically).
No.o
Voxels

Speed
[_articles in thousands/minute]
neutron transport
photon-electron transport

__= __a) PVM
1 170
423
8
125
1000
8000
125000

148
133
103
72

363
335
228
187

37__

78

__

PVM

=
117
107
95
76
55 _
30

a

30:5
289)
257
209
15.5
91

PVM

8.8
8.5
8.3
7.5
8.3
7.3

PVM

-__

20
18
18
18
17
14

2.4
2.4
2.4
2.4
2.3
1.9

6.2
6.1
5.7
5.8
5.3
4.1

Table 2. The speed comparison for the second test set.
The lattice geometry is defined a) explicitly, b) implicitly.
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Figure 1. The speed comparison for the second test set.
The lattice geometry is defined a) explicitly, b) implicitly.
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MCNP runs without PVM were done on the master (faster) node. The speedup factor for the second
timing test set was fTom 2 to 3.

3.2
The Trackmatch Program
A pattern recognition program, Trackmatch, which is used for tracking charged particle trajectories
through a stack of etch detectors, was developed at our department.
The conversion to the parallel version turned out to be rather simple. Due to the nature of the problem,
where each etched track is treated independently from the others, the problem proved to be very well
suited for the parallelization. Time needed for the data transfer is negligible in comparison to the
calculation time. Tasks are assigned by a master process to the slave processes on the basis of
availability: as soon as any of the processors is available, the next subproblem is assigned to it. This
allows a heterogeneous mix of different speed processors to be used for this application. A single low
speed processor can, therefore, not present a bottleneck in the processing pipeline because tasks are
assigned to it less frequently and only the mnaster process needs the result from it. In the benchmarking
experiments up to 6 processors were used for problem solving and the speed gain was actually 6:1.

4

Conclusion

By combining several inexpensive processors, calculation times for our calculations were decreased
with minimum investment and possibility of scalability. Building a cluster and preparing the MCNP
program in this environment can be successful following the recommended steps described in this
article. A speedup factor from 2 to 3.7 was achieved on the 4-node Linux cluster for the MCNP
program, which agrees with previous tests on other parallel systems (IBM RS6000 cluster, CRAY
T3D). An important characteristic of such clusters is that changes like processor type and speed,
network technology, relative costs of components, do not change the programming model. We can
expect more forward compatibility then we have experienced in the past.
In the future, our main goal is to implement our CORD2 package to run on the Linux cluster. For these
purpose we have tested GNU Que - load-balancing/distributed batch processing system. GNU Queue
can take load-averages, CPU. power differences, and other factors into account when deciding on
which host to send a particular job. With such queuing system a lot of relatively small jobs (for each
fuel element, for each bum-up step) will be distributed across the cluster and total computing time for
calculation is expected to be considerably lower.
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ABSTRACT- It was the aim of this work to test the general-purpose Monte Carlo NeutronParticle code MCNP 4B and the different cross-section data in the low neutron energy region
by using the Thermal Column of the research reactor SAR (Siemens Argonaut Reactor) in
Graz-Austria. The paper demonstrates the application potential of the modem particle
transport code MCNP 4B in determining the neutron field characterized by the energy- and
angular distribution of the neutron flux density, and in solving neutron dosimetry problems in
the Thermal Column (TC).

(1) INTRODUCTION
The SAR-Graz was developed in the USA and started operation in 1965. It is a thermal
heterogeneous reactor type and is designed for a maximal thermal power output of 10 kW.
The primary functions of the SAR are to serve as a neutron source for several types of
experiments and above all as an educational facility for the students.
The TC of the SAR, in which the neutron field was investigated, is a graphite-filled horizontal
penetration through the biological concrete shield of the SAR and runs to the outside of the
reactor. It is used to slow down fast neutrons to an energy about 0,03 eV, at which the
neutrons are in thermal equilibrium with their surrounding. It is the purpose of the TC to
provide a predominantly thermal neutron flux for specific experimental purposes (e.g.
calibration measurements of the detectors) and therefore an exact knowledge of the neutron
thermal flux energy spectrum and the neutron dose equivalents inside the TC (as a function of
the reactor power output) is of a fundamental importance.
The scope of this paper is to present our experiment and to demonstrate the MCNP 4B [11
neutron transport simulations of this benchmark experiment to determine the neutron field in
the TC. The whole geometrical MCNP model of the SAR is presented. At the same time, with
these simulations the possibility arises to test the reliability of the code MCNP4B with its
cross-section data (on the base of the ENDF/B-V and -VI data library) by this experiment.

(2) SAR-GRAZ
Fig. 1 shows a pictorial view of the SAR. The reactor consists of two concentric cylindrical
vessels. The interior vessel is filled with the graphite moderator and serves as an inner
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reflector. The present reactor core configuration consists of 6 fuel elements placed into the
annular region between the aluminum vessels. The fuel elements are laterally placed on the
side of the TC (see the core map, Fig. 2). Each of them contains of 17 aluminum-clad fuel
plates, which are 75 mm by 3 mm by 650 mm long and contain the Uranium-oxide as the fuel
meat. Uranium enrichment is slightly less than 20 percent. The remaining space in the annular
region is filled with corresponding graphite elements. Demineralized water is used as
moderator as well as coolant. An outer graphite reflector surrounds the core. The reactor is
controlled by means of six cadmium regulating and safety plates.

graphite reflector

concrete shield
biological shield face

mobile water tank

central channel

water system

thermal column
reactor core

Figure 1. A pictorial view of the SAR-Graz
The central channel (104 mm x 104 mm cross section) penetrating the TC in the central
region was used in our experiments. To modify the channel neutron flux spectrum, it was
filled by graphite stringers of different lengths. Our investigation of the neutron flux energy
spectrum inside the channel was performed by tree different channel fillings: the empty one,
the partly filled one (filled with a graphite stringer of 39 cm length), and the full channel.

(3) EXPERIMENT AND MEASUREMENTS
Activating a metal foil in a stationary neutron field allows very precise, absolute
measurements of the neutron field characteristics. The activation foils can also be used for
benchmarking the results of a simulation with experimental results.
To probe the purely thermal neutron flux in the central channel of the TC, thin gold and
indium foils (in the form of a disc), which are frequently used for the activation in a low,
thermal neutron flux, were applied. The foils with thicknesses up to 20 pim and a diameter of
10 mm were irradiated at 8 defined foil positions within the channel of the TC as well as at
one outer position in a distance of 5,8cm off the edge of the biological shield of the TC. The
irradiation positions can be seen in Fig. 2. The distance between the inner foil positions was
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20 cmn, the outer foils were irradiated without the plug in the biological shield face on the
longitudinal axis of the channel. All the measurements were performed by a reactor thermal
power output of 1W for all three graphite fillings of the channel.

I , F 2 ~~~~~~~~~~~~~~~~~~~~~o
itiong

I

Fiur 2. Cu thoim
Lfel element
reactor vese

L
-central

channe

hracounair
positerfion

Figure 2. Cut through the 3-D reactor geometry used for MCNP simulations for the empty
channel configuration.
The instrumentation used to measure the gamra-ray spectrum emitted from the activation
foils after the end of the irradiation process consisted of a semiconductor detector (HPGe),
associated electronics, and a computer-based, multi-channel analyzer. The reaction rates of
the reactions ' 97 Au(n,y)19 8Au and 1'5 In(n,y) 116n were determined by the analysis of the
emitted spectrum considering the irradiation exposure time, the measurement conditions (i.e..
measurement time, detector efficiency) and the nuclear parameters of the foils (i.e.. isotope
abundance, half-life, and gamma-ray abundance). For the later use in the comparison with the
simulation data, the saturation values of the reaction rates were calculated.

(4) CALCULATIONS
The goals of our neutron transport calculations were:
* determine the reaction rates of the foils activated at the selected positions inside and
outside of the TC,
* find the spectral decomposition of the neutron flux density through several sectional
surfaces of the channel and at the position outside the TC,
* derive the neutron personal dose equivalents in the channel and outside of the TC.
For this purpose the computer code MC-NP4B was employed. To reduce possible systematical
errors of the results due to an inexact geometry, a very thorough three-dimensional model of
the TC and its channel as well as of the SAR-core was developed. A cut through the MCNPgeometry is shown in Fig. 2. Exact dimensions of the reactor - used also in our MCNP model
- can be found in [2] and [3].
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As the neutron source energy spectrum in our simulations served the known fission-spectrum
of the SAR-core [4]. This spectrum - presented in Fig. 4 (labeled S) - was used to provide the
probability density function for the source sampling. The fuel elements were simulated with
6 rectangular parallelepipeds using the cartesian isotropic volume source specification.
In our MCNP-calculations the continuous-energy neutron interaction data from ENDF/B -V
and -VI cross-section library were used. The neutron scattering functions for the graphite
moderator were taken from the Neutron Thermal S(cx,P) Tables. This is absolutely essential to
get correct answers involving neutron thermalisation by crystalline solids and the tables exist
for neutron energies less than 4 eV. The activation and dosimetry cross-section sets from
ACTL (an evaluated neutron activation cross-section library from Lawrence Livermore
National Laboratory) [5] were employed in the calculation of the total number of both
'9 7Au(n,y)198Au as well as lIn(n,y)l 6 In reactions in the cells of the activation foils. A
detailed description about the principles of the evaluation of these reaction rates can be found
in [2].
The MCNP results are normalized per source neutron. In order to make a direct comparison of
the experimental and calculated results possible, it was necessary to convert the results of the
simulations into values which correspond to the actual reactor power output. Therefore, all the
MCNP tally results were multiplied by an average quotient between the experimental and the
MCNP results of the foil reaction rates. This quotient is the number of neutrons emitted per
second of the fuel elements by the corresponding reactor power output.

(5) RESULTS
As an example of the good agreement between the MCNP- and experimental results, the
reaction rates of the irradiated indium foils with a thickness of 20pm in the full channel
configuration are presented and compared in Fig. 3. Both the results show the same behavior:
they decrease exponentially with the distance from the reactor core along the channel axis.
Fig. 4 demonstrates the channel neutron flux spectrum per unit energy as a function of the
relative position for the empty channel configuration. A relatively fast decay of the epithermal
flux component with the distance from the reactor core is observed as a result of increased
moderation in the TC. For the empty as well as for the full channel configuration, the position
dependent neutron flux density spectra are compared for three positions in an energy group
representation (Fig. 5).
The theoretical results demonstrate, that the peak neutron flux density for the full channel
configuration (in the energy region from 0,O[ eV to 0,1 eV) reduces each time from the first
to third and from third to fifth foil position by an order of magnitude.
It is now possible to determine the neutron personal dose equivalents inside and at the edge of
TC from the theoretical position and energy dependent neutron fluence spectra by applying
the appropriate fluence-to-dose equivalent conversion coefficients [6]. The results are
presented in Fig. 6.
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(6) CONCLUSIONS
This paper discusses the verification of the code MCNB4B in the low energy region using the
SAR-Graz and its Thermal Column, which was performed by comparing the compute,
predictions of the reaction rates of the irradiated monitor foils to the experimental values. The
results obtained using MCNP4B show a good agreement with experimental values.
Moreover, the complete MCNP model of the SAR is presented. It allows the calculation ol
neutron flux characteristics, such as neutron flux densities, at arbitrary positions inside th4Thermal Column and the reactor core (also at several positions, where the measurements were
unfeasible) as a function of the reactor thermal power output. These quantities allow to
determine the personal dose equivalents.
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Validity test of the n-particle transport code MCNP 4B in the low
neutron energy region
Igor Koprivnikar, Waldemar Ninaus, and Ewald Schachinger
Technische Universitat Graz, Institut fuir Theoretische Physik
A-8010 Graz, Petersgasse 16
ABSTRACT- The validity test of the Monte Carlo computer code MCNP4B in a realistic
setup with an Americium-Beryllium (Am-Be) neutron source and a multi-layered cylindrical
polyethylene moderator is presented. The code validation was performed by comparing the
measured reaction rate ratios of different monitor foils which were predominantly activated in
the polyethylene moderator to the calculated values.
The accuracy of the MCNP code for this benchmark experiment was also tested by
comparative MORSE calculations of the energy- and position-dependent neutron flux in the
polyethylene moderator.

(1) INTRODUCTION
The main requirement for the reliable use of computer particle transport codes is their

verification by benchmark experiments. In such a verification it is important to check the
consistency of the physical models and cross-section data used by the simulation as well as to
determine systematical errors caused by the simplified model geometry.
The purpose of this contribution is to demonstrate the verification and validation of the Monte
Carlo N-Particle Transport Code MCN1413 [I] and cross-section data based on the ENDF/BV and VI library in a relatively simple experimental geometry described below.
MCNP was developed at the Los Alamos National Laboratory and it can be used in several

transport models in the low energy region. The MCNP neutron energy regime is from 10-5 eV
to 20 MeV. The code treats an arbitrary three-dimensional configuration of materials in
geometric cells bounded by various surfaces.
The paper presents the MCNP simulation of our experiment as described in chapter (2). In our
transport calculations the neutron transport mode was used.

(2) THE EXPERIMENT AND T:HE FOIL ACTIVITY MEASUREMENTS
Foil activation techniques for the determination of flux and energy spectrum in a neutron field
present a great opportunity for the benchmark of the neutron physical algorithms against
experimental results.
A 241Amn-Be(a,n) neutron source in a capsule of stainless steel cylinder (18 mm diameter by
18 mm long) with a known total neutron emission rate served in our experiment as the
InternationalConference Nuclear Energy in CentralEurope '99
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neutron source. The polyethylene moderator in which the foils were irradiated consisted of
eight cylindrical polyethylene layers (80 nmm diameter by 10 mm thickness). It was centered
below the neutron source. The distance from the center of the source to the moderator surface
was 24 n-un The central part of the geometry of the experimental layout used in our
simulations is presented in Fig. I. In this cross-sectional view the seven possible foil positions
are shown. A lead cylinder, mounted around the neutron source, was used as a shield against
gamma-ray irradiation induced in the source.
All irradiations were carried out in an aluminum box (40 x 40 x 40 cm). In order to eliminate
the backscattered, thermal neutrons the box walls were coated with a thin cadmium layer. For
each irradiation cycle only one foil was used.
Further details of the experiment design and construction with exact dimensions may be
found in [2].
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Figure 1. Geometry of the experimental layout.
The use of activation foils is probably the most effective method to get information about the
intensity and the energy distribution in such a moderator neutron field. The foils - usually in
the form of a metal disc - become activated when placed in a neutron field. The resulting
activation of the foil can be used to derive the neutron intensity at the foil position in absolute
values. Our experimental setup is dedicated to the investigation of the mainly thermal neutron
field within the polyethylene moderator. Therefore, the gold and indium foils of 20 gim
thickness and of 40 mm diameter were used and irradiated at several positions (indicated in
Fig.1) within the moderator.
After irradiation the spectrum was measured using a gamma-ray spectrometer (High Purity
Germanium Detector). The activity of the foil was determined by the area under the spectral
peaks taking into account the detector efficiency, irradiation exposure time, and the
radioactive decay of the foil isotopes. In addition, the saturation values of the activities which
are independent of irradiation time were calculated for later use in the comparison with
simulation data.
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(3) MONTE CARLO CALCULATIONS AND RESULTS
To simulate the neutron transport in the moderator, to estimate moderator neutron fluxes, and
to calculate the induced foil radioactivity, both the MCNP as well as the MORSE [3] code
were used.
For our calculations a very thorough three-dimensional model of the experimental setup was
developed. The MCNP geometry completely coincided with the experimental setup, with the
exception of the aluminum box and its cadmium layer which was simulated by two spherical
peels containing the appropriate mass of material. A schematic view of the experimental
layout, as shown in Fig. 1, also represents the MCNP model used for the calculations.
The starting point of our calculation were both the well known total neutron emission rate as
well as an energy spectrum of the Am-Be neutron source. It was stated that the neutron energy
spectra of the Am-Be sources depend on source size and on the construction. The increase in
intensity for low energy neutrons for the larger sources was ascertained. For the source used
by our experiment, the neutron energy spectrum of an approximately similar Am-Be source
with 37G1Bq, that exceeds outer dimensions of 22.4 mm diameter by 31 mm long, published
in [4], was used. This neutron spectrum is in the energy range from 100 keV to 10 MeV and is
shown in Fig. 2 together with the energy spectrum of a much larger source. This spectrum
(Fig. 2, solid line) was used to provide the probability distribution for the sampling by the
MCNP calculations. In the MCNP input file the source was defined as an isotropic volume
neutron source.
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Figure 2. Neutron energy spectra from Arn-Be neutron sources normalized to unit fluence.
Solid line: spectrum from a 37 GBq source used as the source energy distribution in the
MCNP simulations. Dotted line: comparative spectrum from a much larger source.
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The MCNP code uses eight classes of nuclear data tables. In our problem the continuousenergy neutron interaction data of the ENDF/B-V and -VI evaluation, and of the evaluated
neutron activation cross-section library ACTL (from the Lawrence Livermore National
Laboratory) [5], were employed. In addition, the special thermal S(ca,,) cross-section library
was used to treat the thermal neutrons within the polyethylene moderator. The thermal tables
are appropriate if the neutrons are transported at sufficiently low energies at which molecular
binding effects are important.
As has been pointed out in the abstract, several 3D calculations were performed with the
MCNP4B code to simulate:
* the measured reaction rate ratios of the irradiated foils.
* the energy- and position-dependent neutron flux density, averaged over a transverse
section of the polyethylene moderator.
* the moderator neutron current densit.y, separated into two parts, transmitted and
backscattered through different sectional surfaces of the moderator.
All the simulation results were normalized to the neutron emission rate of the Am-Be source

of 9,2.105 neutrons/s, which allows the comparison of theoretical with experimental results in
absolute values. For the irradiated indium foils with a thickness of 20 gm and a diameter of 40
mm, the results of our foil activity calculations are presented and compared with
measurements in Fig. 3. If we take into account that the experimental determination of the foil
activities required quite a number of corrections and, on the other hand, that the
characteristics of the neutron source are only known approximately, Fig. 3 demonstrates a
satisfactory agreement between the theoretical predictions and experimental results.
A very detailed description about the principles of the evaluation of the foil-activities can be
found in [2].
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Figure 3. Comparison of measured and calculated saturate activities of the Indium foils (as
consequence of the "5In(n,y) reaction) irradiated at different positions in the polyethylene
moderator.
676

InternationalConference Nuclear Energy in Central Europe '99

Monte Carlo and Deterministic Transport Calculations

The energy dependence of the neutron flux density averaged over the transverse section of the
moderator was determined for several positions inside the polyethylene moderator. The
results are calculated for 5 positions and are given in Fig. 4. These calculations give a
maximum thermal peak neutron flux density for the midpoint position in the moderator
(Fig. 4, solid line labeled 5).
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Figure 4. Energy dependence of the neutron flux density averaged over several transverse
sections of the polyethylene moderator. The numbers correspond to sectional surfaces are
shown (see also Fig. 1).
Moreover, the moderator neutron current density spectra, separated into two parts, transmitted
and backscattered, through the different sectional surfaces of the polyethylene moderator were
calculated with the MCNP and are presented in a low-energy group representation in Fig. 5.
The greatest thermal peak neutron current density of about 80 neutrons per cm 2 per second in
an energy range between 0,01 eV and 0,1 eV is produced in the middle of the moderator and
is approximately of the same value for forward and backscattering.
Finally, in order to investigate the differences between the two neutron transport codes and of
the cross-section data, the calculations of the moderator neutron current were performed also
with the Monte Carlo Code MORSE, a subprogram of the HERMES [3] code systeR, used
for the neutron and gamrima transport below 20MeV. For these calculations a special group
data library. the MARSBIB [6] (developed in Kernforschungsanlage Julich), was used. The
results of both codes were compared over the whole energy range and an excellent agreement
was observed as shown in Fig. 6 for the spectra of the neutron current density averaged over
the sectional surface 4 for energies greater than 10 keV.
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(4) SUMMARY AND CONCLUSIONS
It was the essence of this study to investigate the reliability of the MCNP4B code in the
thermal energy region using a specific experimental setup which allowed to compare
measured foil activities with theoretical predictions. The result of this comparison is quite
satisfactory and proves the excellent performance of this computer code (and its database) in
simulating the thermal neutron transport.
Moreover, the comparison of computer predictions for the spectral decomposition of the
neutron current densities in moderator between computer codes MCNP4B and MORSE
resulted in an excellent agreement.
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