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KRSKO NPP MODERNIZATION PLAN
Stane Rozman, Director General
Krsko NPP, Krsko, Slovenia
1.0

INTRODUCTION

Regulatory bodies' requirements, international commissions' and missions' reviews, NPP
Krsko self assessment and review, all resulted in Krsko NPP modernization plan which will
be discussed in the second part of this article. The subject of the first part of this article are
the requirements and recommendations made by regulatory and other bodies, as well as by the
international missions.

2.0

REQUIREMENTS

2.1

Regulatory and other bodies requirements

Statistical overview of the requirements and recommendations made by regulatory and other
bodies and international missions is shown in Table 1.
Table 1
Continuos

Resolved

Total

Perceiit

Progress • Applicable.

'•-: r - f

OSART '93
ICISA '93
URSJV (Slovenian Nuclear Safety
Administration)
OTHER STATE AUTHORITIES
Local Authorities
Ministry of Internal Affairs
Environmental Protection
Authorities
Public Healtli Inspectorate
Power Production Inspectorate
Fire Protection Inspectorate
Water Resources Management
Inspector
Industrial Safety Inspector
Kr5ko Operating Committee

156
57
106

10
12
43

167 '
18

18

v 36.87%

'74 -,/

16.34%

185

40.84%

0.88%

0.66%
0.22%

0.44%
0.22%

-,,.X-'
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In Figure 1 the graphical overview of resolved requirements and recommendations is shown.
Figure 1
Graphical Overview of Resolved Requirements and
Recommendations
Not
Applicable
5.3%

Continuous
3.97%

In Progress
16.78%

Trends of resolving.requirements and recommendations are shown on Figure 2 and Figure 3.
Figure 2.
Trend of Resolving Regulatory Requirements (Absolute)
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• Report 28.02.1995
OReport 01.06.1995
H Report 01.09.1995
^Report 01.12.1995
BReport 01.04.1996
0 Report 22.07.1996

Figure 3.
Trend of Resolving Regulatory Requirements (Percentage)
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Statistic of the ICISA and OS ART recommendations is shown in Tables 2 and 3.

2.2

ICISA

In 1992 the Government of the Republic of Slovenia established the International
Commission for Independent Safety Analysis (ICISA) and invited the neighboring countries
(Austria, Croatia, Italy and Hungary) to participate. The general conclusions were that NPP
Krsko personnel had a good technical education level and showed constant attention and
interest to their duties. It has been noted that a remarkable effort is in progress on the plant to
revise and reorganize the Maintenance and the Surveillance activities, as well as to provide
the plant with a fully developed Engineering Services Division. The level of safety of the
Krsko NPP is high, but it can be improved. In this objective ICISA has identified a number of
specific issues which are recommended to be faced and resolved.
Current status of ICISA recommendations is shown in Table 2.
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Table 2
ICISA RECOMMENDATIONS
RESOLVED

RECOMMENDATIONS
(percent%)

RECOMMENDATIONS
(absolute)

N/A

6.76%

5

No

16.22%

12

Yes

77.03%

57

ICISA Total

100.00%

74

It has to be emphasized that the recommendations which are not fulfilled are those relating to
financially very extensive projects such as Steam Generator Replacement, installation of Full
Scope Simulator, etc.'.

2.3

OSART

At the request of the Government of the Republic of Slovenia, an IAEA OSART (Operational
Safety Review Team) Mission was carried out during July 1993. An important aspect of the
OSART review is the identification of areas that should be improved. OSART Mission is not
a regulatory inspection to determine compliance with national safety requirements nor is it a
substitute for an exhaustive assessment of a plant's overall status. The Team was composed
of experts from Brazil, Canada, Germany, the Netherlands, Spain, the United Kingdom, the
United States of America and IAEA staff members with scientific visitors from the
Philippines, Romania and Slovakia. The Team's overall impression is that the Krsko NPP is
well maintained and efficiently and safely operated. The Team noted that a number of
organizational, program, procedure and hardware changes had been initiated that should
enhance safety and performance. These changes are based to a large extent on the plant
involvement in and use of international experience and practices. There is also a strong
environmental monitoring program and a motivation to protect the public. The Team made a
number of proposals for management's consideration to improve plant activities. An IAEA
Follow-up visit was carried out in October 1994. The purpose of the visit was to discuss the
actions taken in response to the recommendations and.suggestions of the OSART Mission, to
comment on the appropriateness of the actions and to make a judgment on the degree of
progress. The Follow-up Team's impression was that considerable progress on the OSART
recommendations and suggestions had been made already.
Current status of OSART recommendations is shown in Table 3.
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Table 3
OSART RECOMMENDATIONS
RESOLVED

RECOMMENDATIONS
(percent%)

RECOMMENDATIONS
(absolute)

N/A

0.60%

1

No

5.99%

10

Yes

93.41%

156

OSART Total

100.00%

167

2.4

REGULA TORY COMPLIANCE REVIEW

Phase 1 -

Identification of regulatory requirements (American regulatory requirements from
1972 onwards have been taken into consideration and over 1500 NRC documents
have been evaluated)
Phase 2 - Regulatory Conformance Program compliance review (solutions implemented at
the plant in comparison with regulatory requirements).
Phase 3 - Safety Significance Assessment (determination of appropriate model - a tool
necessary for making the order of priority of unresolved items; determination of
solutions)
Phase 4 - Implementation Program of Safety Upgrades
In Table 4, the status of fulfilling NRC requirements expressed in percentage is shown.

Nnrlr.ar F.nerpv in Central Europe. Portoroi, Slovenia, 16-19 September 1996

Table 4

%Untesplved Safety

71
81
59
67

iplem
13
14
22

19

12

21

86
80
36

2:5

aration
16

16
55

WANO Review

A WANO Team of experienced nuclear professionals conducted a review of Krsko Nuclear
Power Plant during November,. 1995. It is recognized that many .activities and practices
performed by Krsko NPP are routinely done well. Krsko NPP appreciates the efforts of the
WANO-Atlanta Center and the review team in performing the peer review. We consider the
results of the review to be very important for us in achieving high operational standards of
Krsko NPP. We are especially pleased with positive feedback regarding the effective
integration of the shift supervisors into the management team. We feel this has significant
benefits in broadening the experiences and abilities of the Krsko NPP staff, thereby enhancing
safe and reliable plant operation.
Kr§ko management is firmly committed to address all improvement areas identified by
WANO. Special focus is being placed on watchstanding practices and follow-up of abnormal
conditions as well as additional efforts to improve the control of radioactive material and to
reduce exposure to personnel.
The effectiveness of corrective actions will be assessed in December 1996 and additional
corrective actions will be taken as appropriate.

3.0

KRSKO PLANT MODERNIZATION PROJECT

3.1

BACKGROUND/INTRODUCTION

From the beginning NPP Krs"ko steam generators with SG tubes made of INCONEL 600 and
not optimal secondary chemistry environment limited by secondary system material have
experienced the complete spectrum of tube defects: primary side stress corrosion cracking,
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intergranular attack and intergranular stress corrosion cracking above the tubesheet within the
sludge pile and under the tube support plates. These defects have resulted in a high percentage
of plugged tubes. As the number of plugged tubes increases, the potential for unit derating
and for additional licensing restrictions becomes significant. Therefore an economic decision
based on the lost power generation revenue of the plant has been made to replace steam
generators.
As mentioned above, the expenditure required to keep the steam generators in safe and
operational condition was high during each refuelling outage. The sophisticated maintenance
(plugging, sludge lancing, crevice flushing, FOSAR, shoot peening, U-bend heat treatment,
boric acid addition, tube sleeving) and inspection techniques required highly specialized and
expensive services. Additional manpower had to be hired for jumper activities to distribute
the total radiation dose among a large number of individuals. The radiation accumulated over
the years in carrying out maintenance and inspection activities reached the figure in excess of
that prescribed for the complete steam generator replacement project.
All activities on the steam generators had to be done on the critical path resulting in a
prolonged outage time and loss of plant availability. Maintenance of components like steam
generators is also very costly.

NEK Management analyzed steam generators history, maintenance and inspection
expenditure, authority position, possibilities for plant uprating to provide a basis for decision
making relating to a steam generator replacement project.
Possible scenarios were analyzed:
•
•
•
•

Tube Plugging (requires power reduction);
Extensive Sleeving Program (unsuccessful for the type of defect and high location);
SG Replacement;
SG Replacement + Plant Uprate;

NEK performed an economic assessment which shows that steam generator replacement
project is attractive if combined with plant uprating. The feasibility studies have indicated
that power uprating to 2000 MWt (6.3%) should be possible without major modifications.

3.2

PROJECT ORGANIZA TION

The established Project organization is closely related to all the phases of the Krsko NPP
Modernization Project, i.e. from preparatory activities, evaluation of bids and negotiations, to
awarding of a contract. The four main packages are being covered by the project:
•
•
•
•

Replacement Steam Generators - New Steam Generators (RSG),
Removal/Replacement of the Steam Generators (SGR),
Software Services (UPR), and
Plant Specific Full Scope Simulator (SIM).

Interdisciplinary activities such as technical, commercial and legal are incorporated in the
project.
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The Project Manager (Mr. Martin Novsak) is responsible for efficient organization of
activities and personnel to achieve the set goal.
He is in charge of assigning different tasks to Team Leaders. Their activities have to be
carried out in time and of high quality.
Team Leaders for individual packages are as follows:
RSG
SGR
UPR
SIM

-

Mr. Kresimir Nemcic
Mr. Janko Cerjak
Mr. Joze Spiler
Mr. Franc Pribozic
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NEK MODERNIZATION PROJECT ORGANIZATION CHART - PREPARATION PHASE

DIRECTOR GENERAL
S. ROZMAN

PROJECT MANAGER
M. NOV§AK

Project Administration
M. Kostanjsek-Bozin

Legal
D. Kordelc

Comerdal
L Vukiic-Podgsrcid

-a

I
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RSG Project
K. Hemac

UPR Project
J. Spiler

ING.DOV
Analysts

INO.GOR
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3.3

PROJECT SCHEDULE

New steam generator fabrication

Activity

Planned start

Biding phase
Proposal evaluation/contracting
Selection of the supplier
Contract preparation
SG manufacturing
Transport

15.01.96
15.04.96
15.11.96
15.11.96
01.01.97
01.09.99

Planned finish

15.04.96
15.11.96
20.12.96
01.09.99
01.11.99

Steam Generator Replacement
Activity

Planned start

Biding phase
Proposal evaluation/contracting
Selection of the contractor
Contract preparation
Modification packages
preparation
Containment walkdowns
Old SG storage facility
construction
SG Replacement

15.01.96
15.04.96
15.11.96
15.11.96
01.03.97

Planned finish
15.04.96
15.11.96
20.12.96
01.03.99

outage 96, 97, 98
31.05.99
30.08.99
01.05.2000

15.07.2000

Uprate proiect
Activity

Planned start

Biding phase
Proposal evaluation/contracting
Selection of the contractor
Feasibility Study
Regulatory review/approval
Safety analysis
Operating window confirmation
Validation/component analysis
Final documentation
and licensing
SG Replacement

Planned finish

15.01.96
15.04.96
15.11.96
01.01.97
01.07.97
01.01.97
01.01.98
01.02.98
01.01.98

15.04.96
15.11.96
01.07.97
01.05.98
01.07.98
01.02.99
01.07.99
01.04.2000

01.05.2000

15.07.2000
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Full scope simulator
Activity

Planned start

Biding phase
Proposal evaluation/contracting
Selection of the contractor
Project specification
development
Simulator panels fabrication
Mathematical modeling
and programming
Factory preshipment testing
Site testing

3.4

Planned finish
15.04.96
15.11.96

15.01.96
15.04.96
15.11.96
01.05.96

01.07.97

01.01.97
15.10.97

01.05.98
01.05.98

01.05.98
01.06.99

01.04.99
02.07.99

PROJECT SCOPE DESCRIPTION

From the assessment of the feasibility studies it comes out that no feasibility issue
exists, from steam generator standpoint, which would preclude the SG replacement
and plant uprating to 2000 MWt. In fact, installation of steam generators designed to
use the current technology and materials (INCONEL 690) will enhance the
performance and reliability of the plant.
The following assumptions are made which form the basis for the assessment of steam
generators replacement:
•

The replacement steam generators are assumed to have essentially the same outlet
envelope as the existing steam generators ("drop-in replacement").

•

The replacement steam generators will be of the feedring design (extensive
industry experience).

•

The replacement steam generators will be compatible with the remainder of the
existing NSSS.

The old steam generators will be removed from their cubicles after cutting off the
primary system pipes (2-cut method) and removal of all supports and obstacles. The
rigging and handling process will be accomplished by using modified existing polar
crane. After removal of old steam generators from reactor building via the existing
equipment hatch they will be stored in the facility for the old steam generators. New
steam generators will be installed and welded to the primary system pipes with a
narrow gap weld method. A major feedwater rerouting and associated feedwater
control is expected due to different design of new steam generators (top feed v.s.
top/bottom feed). In addition, a significant amount of Blowdown, Auxiliary Feedwater
pipes, various instrumentation tubing rerouting is also expected due to different steam
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generators design.
In order to support the whole project reliable temporary services as well as temporary
and permanent facilities have to be provided: adequate warehouse, mock-up facility,
fabrication/test shop, decontamination facility, new steam generators facility,
containment access facility.

3.5

SG Replacement and Power Uprate

Since SG's replacement arises as the best solution it is reasonable to think about power
uprating. With minor constructional changes it is possible that power uprate be
extended by 6.3% which means approximately 40 MW of additional power. It also has
to be emphasized that environmental impacts will not increase, but rather remain
below acceptable limits.
Goals/Objectives
When selecting the most convenient scenario among the proposed ones the following
parameters have been taken into account:
plant availability,
frequency of unexpected shutdowns,
duration of repairs and their long-term efficiency,
radiological consequences, and
financial effects.
The assessment of different scenarios leads us to the best solution possible: SG's
replacement and power uprate. This decision being in place is confirmed by
prevalence of such interventions worldwide. With new constructional solutions and
better materials of new SGs as well as optimized secondary chemistry the plant's
reliability will be much higher and its power increased for its lifetime.
To complete the scope of uprate/modernization project the modifications on the
following systems are required or potentially required:
RTD manifold removal
Blowdown system
Auxiliary Feedwater system
Condensate, Feedwater, Heater Drain systems
Cooling Tower system
3.6

Krsko NPP Specific Full Scope

Simulator

A plant specific full scope simulator which accurately reflects a plant's control room
and correctly models how the plant parameters respond to a broad range of operations
and malfunctions has a major impact on the safety and reliability of the plant. The
simulator will be designed to completely and accurately replicate the actual control
room and remote shutdown panels, and simulate plant systems. Simulator will be
>——x
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designed in accordance with ANSI/ANS-3.5 standard and will consist of five
hardware* elements: the simulated control room, the remote shutdown panels, the
simulator instructor room, the computer complex and software, and the process
information system.
The completition of the project will comply with the Slovenian Nuclear Safety
Administration license amendments and recommendations of international missions,
as well as conform with SG Replacement Project.

4.0

CONCLUSIONS - KRSKO NPP MODERNIZATION GOALS

• International transparency:
international standards of operation and modernization.
• Main purposes of modernization project:
* long-term operational stability,
* power increase up to 2000 MWthermai (+6 %),
* availability increase up to 85%,
* forced shutdown factor reduction below 2%,
* annual power generation increase up to 5 TWh (+ 1 TWh).
• Signing of the Krsko NPP modernization contract by the end of 1996.
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PUBLIC INFORMATION THE CRUCIAL ELEMENT IN NUCLEAR POWER ACCEPTANCE
Address by Roger Hayes, Director-General, British Nuclear Industry Forum,
delivered by Nigel Middlemiss, Manager of Information Services, BNIF

Dobro youtro. Good morning. I am delighted to represent BNIF here today on behalf of its
Director General Roger Hayes.
Roger has asked me to convey warmest wishes from the British Nuclear Industry Forum to
the Slovenian Nuclear Society, and to wish you every success in the important discussions
you will be having at your conference this week.
Let me turn now to the subject of this address: Public information - the crucial element in
nuclear power acceptance
In a democratic society, the words of the philosopher Jean-Jacques Rousseau assume special
importance: "To make laws a prince must survey the climate .of opinion.. As an architect
before building a great building will sound out the ground to see if it can bear the weight, the
wise prince always investigates if the people can bear the laws".
So it is with building and running nuclear power stations, airports, motorways, and any other
industrial enterprise: will the people bear it? Will the people give us, the nuclear industry, the
license to operate? I do not mean the technical license - that is done by the technical
regulators. I mean the democratic licence. Support from the nation or the representatives of
the nation.
The decision-takers may be the people in the widest sense, a democratic majority operating
through a referendum system. Or they may be a narrower group of policy makers, backed by
specialist advisers.
Whoever these key decision-takers are, it is important to pinpoint them. They have a
legitimate interest in and influence on the fate of the nuclear industry. The English term is
"stakeholders". They may be politicians, civil servants, advisory groups, academics, tradeunionists. They may be parts of the media, through whom government, professionals and the
public hear many of the messages.
They may be a disparate group who takes an interest in the issue, including teachers and
schoolchildren. Locally they may be the employees in our industry and populations round our
power plants.
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It is among these, the stakeholders, that we find the people whom we need to consult, inform,
influence. Not necessarily the whole nation - unless we have millions of dollars to spend on
television advertising campaigns!
Just to illustrate the stakeholder concept in action: They say that in France the nuclear
industry has only ever had to persuade 5 stakeholders of the importance of the nation's
nuclear programme - de Gaulle, Pompidou, Giscard d'Estaing, Mitterrand and Chirac.
However many stakeholders we have, they are vital to the success of our enterprise. We have
to identify them and then go after them.
But what messages shall we give to our stakeholders? How shall we make the case for
nuclear energy in today's world? First, there are some myths to shatter.
Two myths have dogged nuclear power since the earliest days. Then, nuclear scientists were
the "new alchemists", magicians changing the nature of matter, as alchemists turned base
metal into gold. They were creators of industrial magic. Society saw visions of nuclearpowered trains and aircraft travelling faster and further, great white cities lit up and shining
forever thanks to tiny quantities of a strange metal. This was one myth. Some people in the
nuclear industry still believe it.
The other myth was that nuclear power was demonic. The forces of nature had been played
with by man, and had released monsters, as the Hollywood man-monster Frankenstein was
released in a laboratory. And these monsters were evil. The idea was echoed in the words of
my countryman the poet William Blake: "See those dark satanic mills ... in England's green
and pleasant land". They were invested with physical ugliness and spiritual evil. Some
opponents of nuclear power still perceive matters this way - many of them in fact.
But these visions do not help a civilised society to sensibly discuss and evaluate the everyday
benefits of nuclear power. Nations and businesses survive on more than fantasies about good
and evil.
We as the nuclear industry need to depolarise the extremes, to take the middle road and shift
the debate from the polarised to the reasonable. By "Reasonable" I do not mean avoiding
emotion. That is not possible or desirable. We need to engage emotions in a civil way, to get
people to make rational decisions which balance advantage and disadvantage, and weigh
social cost against social benefit.
We have partly succeeded in doing this in Britain. National opinion polls show that 60% of
people believe nuclear to be a necessity for the country. They may not be in love with it. But
they understand its national strategic importance.
Similarly in France and the United States, the case argued for nuclear power has rational
roots, those of pragmatic self-interest. The energy independence of France, and America, both
strongly individualistic countries, is based on home-grown nuclear power. It protects them
from oil price and supply uncertainties in the Middle East, in America's case, or in France's
case from a lack of coal, gas and other fossil fuels.
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Let me tell you how in my country we position nuclear, how we relate it to all the
contemporary energy and environmental issues - waste, pollution, cost, reliable electricity.
We position it not as a problem in itself but as a solution, to wider and deeper problems.
Our instinct therefore is not to make a lot of public pronouncements on the things that worry
people about nuclear energy. The world's airlines do not attract customers by discussing their
safety record. The chemical industry does not talk non-stop about the Bhopal accident. The
oil industry does not tell us constantly about why oil tanker disasters will not be repeated, like
the Exxon Valdez or the Torrey Canyon.
Of course, the nuclear negatives like Chernobyl or radioactive waste will not go away if we
just ignore them. If people ask about them, we have to give clear and detailed and honest
replies. But we should feel no duty to follow the agenda set by those hostile to us. Otherwise
we shall always be like boxers with our backs to the ropes, eventually trapped and defeated.
We need to go onto the front foot. To be pro-active on the positive features of our case.
What are the positives? They vary for each country, but many are common to all of us. These
are the messages that consistently and steadily we can and must put out into the public
domain.
We can argue that nuclear power offers stable electricity prices into the future. Even if the
price of uranium rises, the fuel is such a small part of the overall cost of nuclear electricity
that it will make little difference to price levels. Not so with gas, coal, oil: these fuels form a
larger share of the cost of their electricity, and more expensive gas as it grows scarcer in
Europe are likely to exert sharp upward pressure on the price of gas-fired power in the future.
We can affirm that nuclear power, with its careful containment of radiation, supports a clean
environment. Unfortunately the millions of tonnes of dust, including heavy metals thrown out
by coal stations each year leads to dirt and damage.
We can stress that nuclear power does not add to acid rain, caused in part by fossil fuel
burning, that has killed marine life and trees in some of the world's wild and most beautiful
spots, like Scandinavia. That nuclear does not add to the greenhouse effect, which is creating
deserts, sea-level rises and flooding, and may accelerate catastrophically in the future.
We can make the case that nuclear power, which is high technology not low technology,
helps to maintain high-level industrial skills in a country, in applied engineering, in computer
sciences, in environmental control, and many other advanced disciplines.
In what terms should we conduct the debate, and encourage it to be conducted by others? Not
in terms of passion built on ignorance and fear. We need to raise the debate from the illinformed to the well-informed. We need to aim for civilised dialogue. That is, dialogue based
on facts, figures, statistics. Not using obscure terms like risk factors of 10 to the minus 6, or
references to emissions of gigabecquerels, but with the simple everyday data that the best
lawyers and politicians and journalists use to convince people every day of their lives.

Scientific back-up, based on research when necessary, is also essential for our long-term
credibility. We need to quote the science in a fair and contextual way.
And the imagination should be captured - with colour, rhetoric, even humour. Dry discourse
wins no-one except for the already converted. But the facts should always be paramount.
We should avoid the information trap. We now all have access to more information than ever
we could have dreamed of years ago. We can call up World Wide Web pages on the Internet;
we can tap into databases; we can call on corporate expertise by using our companies'
internal networks.
But the problem is that it is all too easy to confuse data with knowledge and information
technology with information. Information and wisdom are very different. In making the case
for nuclear power we should not believe that giving out a lot of information equals doing a lot
of effective persuasion.
It was once the conventional wisdom of market research to say "The more you are informed
about a thing, the more you are in favour of it". This implied that the more information you
gave out the more people would support you. But it's clear that the most virulent opposition
sometimes comes from the best informed. The way people feel is often independent of what
they know.
And then we as an industry need to be a reliable, trustworthy source of information.
How does one engender trust? There are many ways - and many ways to lose it.
One is to always engage in dialogue. There is the proverbial advice (in my language) on the
need to reply to our accusers. "Silence betokeneth consent". If we are silent, we imply that we
agree. Silence in any context, even in a guest at a cocktail party! suggests secrecy,
embarrassment, fear. These are not the emotions we want to inspire.
Another road to trust is to do what you promise, to match your words to your actions. Not
overpromise by saying "We never make mistakes. We are always 100% safe". If we commit
ourselves to such unreal expectations we cannot fulfil them. Trust in us will die.
A further way to win trust and support is to have someone quite outside your industry to
make the case for you. We call this Third Party Advocacy. People trust independent scientists
far more than scientists paid by industry. A few words of support are enomiously valuable if
they come from a respected industrialist, academic, politician, elder statesman, compared
with thousands of predictably' enthusiastic words from people whose job it is to give the
"party line".
Our wartime Prime Minister Winston Churchill remarked "On serious issues, I listen
seriously according to, least importantly , what is being said; more importantly, how it is
being said; most importantly, who is saying it". Third Party Advocates are important because
people are likely to believe them. So we try to find and nurture such advocates.
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Third party advocacy also helps those who are broadly indifferent to the nuclear debate that's most people. Psychologists say that people just don't have the ability to take a deep
interest in more than 3 issues in their lives at one time. For a lot of issues they prefer a quick
off-the-shelf opinion, from someone they respect or trust. They adopt such opinions quite
happily. It saves them the trouble of becoming experts themselves.
Opening our doors is another key to trust. Essential here are nuclear visitor centres, open days
for the public at power stations, preferably involving some measure of fun and learning or, to
use the American word, "edutainment" - half education, half entertainment.
For there are very few substitutes for living a thing to form a powerful opinion of it.
Experience is the greatest teacher. Visiting a nuclear power station is usually exciting and
engaging: the visitor enters the lion's cage but to his great surprise doesn't have his head
bitten off. It becomes an opportunity for positive emotions.
There is a sense of occasion and theatre when you put on a hard hat and perhaps stand on the
reactor pile cap. A sense of awe when you enter the turbine hall with its massive thundering
machines. Maybe a sense of pleasure at being treated like a guest and taken freely into
someone's "home". And so on. These can be strong emotions, of great persuasive power.
Certainly statistics show that after visitors have been to a nuclear site - whether the most
sophisticated politician or a 12 year old child - they tend to come out more in favour than
when they went in.
We need to maintain dignity and legality.
Dignity when we discuss and debate. Green groups can be strident and shout. Industries gain
nothing from imitating them. Industries lose dignity and look foolish if they behave like
barrack room lawyers..
Legality. We have evidence, in my country at least, that when issues are examined in court or
in quasi-judicial contexts, the public gains a better appreciation of the issues. The media
report both sides of the debate more evenly. The outcome is taken more seriously.
For example, the massive fuel reprocessing plant at Sellafield in Britain was subject to legal
review before starting up. The arguments for and against were aired seriously in the media.
The legal review effectively gave it the green light, and much opposition fell away.
Or again, advertisements by Greenpeace claiming nuclear radiation had caused water on the
brain in children were condemned by an independent watchdog, the British Advertising
Standards Authority. Greenpeace lost face and people lost faith in Greenpeace.
Or again, medical investigations by an official government body (COMARE) have
disconnected nuclear power from childhood leukaemia. And the problem has largely slipped
from the public agenda.
Therefore the best way to deal with the most hostile opposition may be to take it into a legal
framework, rather than engage in hand-to-hand battle.
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Then, building long-term relationships is important to improve trust. Even when there is no
real reason to stay close to a journalist or a politician or local people, it is worth doing. We
need to build a track record. We need to have taken care over the years to explain problems
correctly, propose solutions responsibly, and take our audiences into our confidence at the
same time.
That way we make ourselves a name. So when we do say something, they take us seriously
because they know us and believe us to be men and women of integrity.
Researching public opinion is also important. You have to know what the people you wish to
influence are thinking if you are to know how to capture their imagination and get them to
back you.
The British nuclear industry has expended great effort to measure and evaluate the way that
the public and other audiences view its policies and activities. Measuring public attitudes in a
systematic way is important. Otherwise you are like a man who starts telling jokes at a
funeral. You have to know the climate of opinion in which you operate before trying to
influence it. And if there are changes in attitude over time you need to find out what they are
and respond to them.
It is also important to evaluate communications. Whether we plan a seminar or a publication
or an advertisement, we need to find out: will it hit the mark? We test it before we do it. And
evaluate it after we have done it. Otherwise we are like the soldier who confuses the way he
gives an order. Inste'ad of saying "Load your guns, aim, fire", he announces "Load, fire, oh
sorry, I forgot to tell you to aim". With disastrous consequences.
Segmenting communications according to different audiences is of great importance. This is
part of what is happening everywhere at market level in market economies. Individual
consumers want more choice and more solutions tailor-made to their special needs.
In the same way, one message carried by one route or technique for all our audiences is
inadequate. It is like sending a volume of engineering drawings of the PWR emergency core
cooling system both to a university student and to a child of 8 when they ask for information.
It is like playing a round of golf with one club, a putter.
So we have to evolve the right means to deliver the message to the chosen audience.
A key point in effective communication is that the receiver of it needs to have suggested to
him a course of action. A politician faced with a bundle of information will often say "Yes,
good. What do you want me to do with it?" He is looking for a call to action - build it into a
parliamentary question, feed it into a parliamentary committee, raise it with a government
minister. The same opportunity to act on information should be extended to every audience.
To conclude, I'd like to look ahead with you. To see some of the issues on the horizon which
will influence nuclear power in the next 10 or 20 years. These have been identified by "future
gazers", people whose role it is to analyse forward trends and forecast social change. This
research was done as a British-American (BNIF/NEI) joint project this year, but the findings
are relevant to the nuclear community in every country

For seeing the future in a fast-changing society is vital. In "Preparing for the 21st century",
the author Professor Paul Kennedy writes "Nothing is certain, except that we face
innumerable uncertainties. Yet simply recognising that fact gives a vital starting point. It is
far better than being blindly unaware of how our world is changing".
What do global trends foreshadow for the nuclear industry? What messages, what prospects,
what hopes arise for us out of the crystal ball of the future gazer?
The first trend is population growth. Demographic growth will lead to rising energy demand.
World population has doubled since 1950. By 2025 India will be bigger than China. Pakistan,
Indonesia and Brazil will have a quarter of a billion people each. Each of these demographic
giants plans nuclear power programmes. Countries who already have the skills will be in
demand there. Countries like those represented here today.
The second is that there will be a widening imbalance between rich and poor. The numbers
in advanced industrial societies like yours and mine will grow smaller by comparison with
those in the struggling developing world and Third World. Energy, including nuclear energy,
can transform the world's billions of have-nots into haves.
The third is that a generation gap will open up between rich and poor nations. On the borders
of the rich world there will be young, poor populations looking jealously at ageing, wealthy
populations. Is it not a typical situation for conflict, driven by envy? Nuclear energy can help
provide energy to fuel the lifestyle ambitions of these young, impoverished nations and
defuse strife between them and the old, affluent ories.
Fourth, the world is moving towards a mosaic society. Cultural variety has blossomed.
Monoliths are out of fashion. In the same way there will be energy mixes, ranging from wind
power used down home to nuclear as part of a large regional systems, as it is in Western
Europe. There will be a time and a place for every sort of energy source in the mosaic society.
Next, sustainable development. The big moral theme of nations after the Rio summit 5 years
ago. Sustainable development means making life better for ourselves and our children
without destroying the earth or the means whereby we live. Nuclear power is a classic
example of a sustainable technology, because it provides financially and practically for the
responsible handling of its waste. This will be a growing strength for us.
The closed ecosystem. The earth is a closed system, not just thermodynamically, but also
ecologically. The butterfly's wings fluttering in a Brazilian rain forest cause storms in the
north Atlantic. In the same way, the bonfire from wood and carbon burning, especially in the
developing countries will cast its ash, sulphur, carbon and nitrogen emissions into our
communal ecosphere. We in the nuclear industry arguably have a duty to persuade
governments in those countries to follow the non-carbon path.
The future will also demand higher environmental standards. The nuclear industry has the
world's most advanced technologies for containing pollution, developed to cope with
radioactive materials. These abilities give this industry a great chance to transfer its
technologies to others, and show moral leadership in the advance towards a cleaner globe.
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Anxiety over nuclear safety is strong everywhere. At the heart of the fear is radiation and its
ability to cause cancer. It may be - and one has to tread with great care here - that this will
diminish with medical advances. One American forecaster, Mckinley Conway, sees cures
being found for "most causes of cancer" in the next 10-20 years.
Many forecasters believe women will become more important in decision-taking. There will
be more women in positions of influence. Research shows they, who are guardians of the
genetic pool, are more anxious about radiation hazards than men, the more risk-hardened
hunter-gatherers. Their special worries about nuclear power will have to be addressed by the
nuclear industry even more carefully than today.
The last point is information overload. The case for the benefits of nuclear energy will have
to be made ever more powerfully. Otherwise it will not be heard among all the voices
shouting in a world crammed full of issues and information about them, all accelerated and
enhanced by the information superhighway. Our task is to communicate better in a world of
information overload. The prizes will go to those who truly stand out.
Finally, it is clear from discussions I have had with your chairman that you have recently
been facing considerable challenges to your work and to the Slovenian nuclear programme. I
believe it is important that parts of the nuclear industry internationally should help each other,
especially in difficult circumstances.
The British Nuclear Industry Forum is keen to co-operate with you in whatever way you wish
in the development of professional communications programmes to keep your nuclear
industry, and therefore all our nuclear industries, alive, moving forward and bringing
solutions to bear on local and global issues.
Thank you very much for your attention.
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ABSTRACT
COSYMA (Code System from MARIA) is a program package for assessing the offsite consequences of accidental releases of radioactive material to atmosphere, developed as
part of the European Commission's MARIA programme (Methods for Assessing the
Radiological Impact of Accidents). COSYMA represents a fusion of ideas and modules from
the Forschungszentrum Karlsruhe program system UFOMOD, the National Radiological
Protection Board program MARC and new model developments together with data libraries
from other MARIA contractors. Mainframe and PC versions of COSYMA are distributed to
interested users by arrangement with the European Commission. The system was first
released in 1990, and has subsequently been updated.
The program system uses independent modules for the different parts of the analysis,
and so permits a flexible problem-oriented application to different sites, source terms,
emergency plans and the needs of users in the various parts of Europe. Users of the
mainframe system can choose the most appropriate combination of modules for their
particular application. The PC version includes a user interface which selects the required
modules for the endpoints specified by the user. This paper describes the structure of the
mainframe and PC versions of COSYMA, and summarises the models included in them.
The mainframe or PC versions of COSYMA have been distributed to more than 100
organisations both inside and outside the European Union, and have been used in a wide
variety of applications. These range from full PRA level 3 analyses of nuclear power and
research reactors to investigations on advanced containment concepts and the preplanning of
off-site emergency actions. Some of the experiences from these applications are described
in the paper.
An international COSYMA user group has been established to stimulate
communication between the owners, developers and users of the code and to serve as a
reference point for questions relating to the code. The group produces a regular newsletter
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and organises yearly meetings to discuss thS use and future development of the code system.
1

INTRODUCTION

The European Commission's (EC) MARIA programme (Methods for Assessing the
Radiological Impact of Accidents) was initiated in 1982 to review and build on the nuclear
accident consequence assessment (ACA) methods in use within the EC. One of the objectives
of the MARIA programme was the development of a computer program system for assessing
the off-site consequences of accidental releases of radioactive material to atmosphere. A new
program system, called COSYMA(1) (Code System from MARIA), was therefore developed
jointly by Forschungszentrum Karlsruhe (FZK) in Germany and the National Radiological
Protection Board (NRPB) in UK. The first version was made generally available through EC
in 1990. COSYMA has been updated subsequently; the most recent version was made
available in 1995. COSYMA was based on the earlier programs UFOMOD(2), developed by
FZK, and MARC(3), developed by NRPB.
The mainframe version of COSYMA was intended to provide a flexible package which
would allow users in different countries to investigate a variety of special problems, and also
to investigate and understand detailed aspects of the results obtained. It was also intended
for use in standard applications. Because of these objectives, it is a relatively complex
system. It consists of a suite of programs each representing a different part of the analysis,
together with a set of associated data libraries. Alternative models are provided for some
parts of the calculations and the user must select the one most appropriate for his purpose.
The user must also specify values for a large number of input parameters. The application
of COSYMA requires a mainframe computer or workstation as large amounts of CPU time,
and considerable disk storage for the intermediate results, are necessary.
A PC version of COSYMA has also been developed by NRPB and FZK, and is
available through EC. This was first released in 1993 and updated in 1995(4). PC COSYMA
is intended primarily for users who do not in general require access to the more complex
features included in the mainframe system, either because they normally undertake relatively
straight forward applications or because they are not themselves experts in the field of
accident consequence assessments.
The EC MARIA programme included a large number of different organisations
working on a variety of projects related to accident consequence assessment. The suite of
programs and data bases comprising the mainframe and PC versions of COSYMA contains
a number of models, data bases and sets of parameter values derived by various organisations
working on the MARIA programme. The COSYMA and PC COSYMA computer programs
relied on the success of the overall project.
An international group has been established for users of the mainframe and PC
versions of COSYMA, and is co-ordinated by KEMA, Netherlands. The group produces a
regular newsletter and holds meetings each year. It provides a forum for users to discuss their
experiences with the code systems, and to reinforce feedback between users, owners and
developers of the code. The group enables users and developers to discuss various problems
and helps to ensure that the code is being used correctly.
Four training courses have been given by NRPB and FZK on the mainframe and PC
versions of COSYMA. The first, held in Karlsruhe in 1990, was concerned with the first
version of the mainframe system. The others, held near NRPB in 1993, in Kiev in 1994, and
Madrid in 1995 were concerned with PC COSYMA. Further training courses will be held
as and when required.
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•2.

THE STRUCTURE AND MODELS IN COSYMA

2.1

Mainframe COSYMA

COSYMA is a package of programs and data bases rather than a single program. It
contains three distinct accident consequence programs, designed for application in different
time periods and distance ranges, together with a number of preprocessing and evaluation
programs. This split into different main programs allows considerable flexibility in the
application of the overall suite of programs to particular problems and can save computer time
for many applications.
The three main programs are known as the NE, NL and FL sub-systems of COSYMA.
The NE (near, early) sub-system is limited to calculating early health effects and the influence
of emergency actions taken to reduce those effects, and so is intended for use near to the site.
The NL (near, late) sub-system is also mainly intended for use near to the site, but it
considers only late health effects and the associated mitigating countermeasures. The FL (far,
late) sub-system is concerned with late health effects at distances far from the site, together
with the appropriate countermeasures.
The split between the programs for early effects and for late effects means that
computer resources need not be used to calculate zero early effects or early countermeasures
from small releases. The sub-division into the NL and FL sub-systems means that different
dispersion models can be used for the different distance ranges. In this way, a detailed sitespecific model could be applied in the vicinity of the site and a more general one at larger
distances. Alternatively, a simple linear Gaussian model could be applied near to the site
while a trajectory model is used for larger distances.
• The main programs are modular in structure, with different modules addressing the
different steps in the calculation. The user must choose which is the most appropriate
combination of modules and sub-systems for his particular application.
Following an accidental release to atmosphere, people can be irradiated by several
routes from material in the cloud and after its deposition. COSYMA considers external
irradiation from material in the plume, on the ground or deposited on skin and clothes,
inhalation of material in the plume or after deposition and resuspension and ingestion of
contaminated foods. A variety of emergency actions could be taken to reduce doses. Those
considered in COSYMA are sheltering, evacuation, thyroid blocking, relocation,
decontamination and food bans.
For some parts of the calculations COSYMA includes models directly within the
various modules of the main programs or in subsidiary programs. In other cases it uses data
libraries containing results of pre-calculations with other models.
COSYMA contains five different models for atmospheric dispersion appropriate for
different applications or based on different assumptions. However, it can be used with any
atmospheric dispersion model that can be used to calculate air concentration and deposition
at each point on the grid considered, and can provide the appropriate interfaces. The NE and
NL sub-systems include the MUSEMET program, written by Kernforschungsanlage Jiilich and
modified by FZK. This is a segmented Gaussian plume model which allows for changes of
atmospheric conditions and wind direction during plume travel, assuming that the conditions
affecting the plume are the same as those at a meteorological station in the region. These
sub-systems can also be used with the COSGAP model, which is a similar Gaussian plume
model based on that used in MARC, or with RIMPUFF, a Gaussian puff trajectory model
developed by Ris0 National Laboratory which derives its meteorological conditions by
interpolating between different meteorological stations in the region of interest. The FL subNuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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system is intended for use with the Mesos model of Imperial College of Science, Technology
and Medicine. This is a trajectory model intended for dispersion over large distances. It
derives the conditions affecting the plume from meteorological data over a wide region such
as the whole of Europe. The NL sub-system can also be used with IS OLA, a FZK model for
very long duration releases which uses statistics of atmospheric conditions and is appropriate
for releases which are sufficiently small that no countermeasures would be expected.
COSYMA allows the user to specify a wide range of countermeasures to reduce the
exposure of the population. Some of these actions may be introduced sufficiently quickly that
they can reduce doses and risks in the short term, while others are introduced over a period
of a few days and so can only reduce longer term doses. The user has considerable freedom
to specify the criteria at which these actions will be initiated and withdrawn, and so can
model the countermeasures plans appropriate to his particular situation. The actions that may
be considered, and the criteria for their initiation and withdrawal are summarised below.
Sheltering as the only action, or sheltering followed by evacuation, can be initiated
automatically in a user defined area or on the basis of dose. The user can define the
pathways and organs considered in the dose calculation and the period over which doses
should be integrated. The distribution of stable iodine tablets can also be initiated
automatically in a defined area or on the basis of dose to the thyroid over a user defined
period. These actions are assumed to reduce doses over short periods of time, and so can
reduce the risks of early or late health effects.
Relocation can be implemented on the basis of the dose over a user defined period.
Return from evacuation or relocation is based on the dose in a defined period following
return. The effects.of decontamination in reducing the dose following return can also be
considered. Food bans can be initiated or withdrawn on the basis of dose or on the basis of
concentrations of groups of nuclides in foods. These actions are assumed to be initiated a few
days after the accident, and so only reduce the risk of late health effects.
COSYMA allows the user to consider the actions of several groups of people during
the period before emergency actions are initiated and during the sheltering period. These
groups can be assumed to spend their time either outdoors or indoors in buildings with
different shielding properties.
The contribution to dose from ingestion of contaminated food is calculated within
COSYMA by using pre-calculated data libraries. These give the concentrations of a range
of nuclides in foodstuffs (green vegetables, root vegetables, grain, milk and milk products,
beef, pork, lamb and offal) at a series of times following unit deposition. COSYMA includes
libraries derived using the NRPB program FARMLAND and the GSF program ECOSYS, for
deposition during summer and winter to enable the system to consider seasonal effects. The
ingestion doses are calculated in COSYMA using one of two assumptions about the
distribution of food production. One uses agricultural production grids to derive the
production pattern around the site, and calculates collective dose assuming that all the
produced food is consumed somewhere. The other assumes that the amount of food produced
at each location equals that consumed by the population at that location.
COSYMA calculates the risks of fatal and non-fatal early and late health effects. The
late effects considered include both cancers in the exposed population and hereditary effects
in their descendants. The models adopted for calculating the risk of these effects are based
on those recommended by NRPB, US Nuclear Regulatory Commission and
Forschungszentrum fur Umwelt und Gesundheit GmbH (GSF). The risk of early death is
calculated using "hazard functions" with an allowance for the relationship between the D50,
the dose at which half the exposed population suffers the effect, and the dose rate. Late
health effects are calculated assuming a linear dose-response relationship, using a method
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which allows for the variation of dose with age at intake, of risk with age at exposure and of
the variation of intake rates with^age. COSYMA can also calculate the time at which the late
effects occur, both in the people alive at the time of the accident and in their descendants.
The final part of COSYMA is the calculation of the economic costs of the accident,
considering the costs arising from the countermeasures (food bans, movement of people and
decontamination) imposed and the health effects.
2.2 PC COSYMA
The biggest difference between the mainframe and PC systems lies in the way in
which the user interacts with the program. In mainframe COSYMA, the specification of input
parameters is done by editing a file, and the user must control the flow of the system through
the appropriate Job Control Language. PC COSYMA consists of three major sections, the
Input Interface, Calculation Programs and Results Interface which are selected through a
menu. The Input Interface provides a user-friendly system which uses a series of menus to
guide the user through the process of setting values for the appropriate input parameters. The
Calculation Programs, which are run from a single command, include the various modules
required for the calculation. The system automatically executes the appropriate combination
required for the particular calculation specified by the user. The Results Interface allows the
user to examine the results of the calculations on the screen, again through a menu controlled
system. The results are initially presented simultaneously in graphical and tabular form.
Either the table or the graph can be expanded to fill the whole of the screen, and results can
be printed in either form, or written to a text file, as needed.
The flexibility of the mainframe system was retained as far as possible to allow an
adaptation to special user requirements. However, some restrictions and simplifications were
introduced either because of the more limited computing resources available, or because of
the different needs of the users of the PC and mainframe versions.
Thus, the system includes only the Musemet model for atmospheric dispersion.
Comparisons between the consequences predicted using different dispersion models have
shown that, for most applications, this is not a serious restriction. However, there are some
applications for which PC COSYMA would not be appropriate and the mainframe version
should be used. These limitations are discussed in reference 4.
The full flexibility of the mainframe system was retained for the part dealing with
countermeasures criteria, because for these national differences may exist in the assumptions
about the actions to be carried out and their timings. However, the PC system was simplified
so that it only considers a single group of people with specific behaviour. Nevertheless, the
more detailed modelling of the mainframe system could be replicated by combining results
for different runs of PC COSYMA.
The method adopted for calculating late health effects was also simplified for PC
COSYMA, and the number of cancers is obtained as the product of the collective dose to
adults and a risk coefficient. Although this means that the system does not consider the
variation of dose and risk with age, it enables the user to easily modify the risk coefficients
used in the calculation.
2.3

Endpoints of the mainframe and PC versions

The mainframe and PC versions of COSYMA calculate the same set of endpoints.
The main endpoints are the numbers of health effects, the numbers of people and amounts of
agricultural production affected by countermeasures and the economic costs of the accident.
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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The incidence of late health effects can also be presented as a function of time. These results
are presented in terms of the frequency distributions of consequences should the accident
occur, with the user able to obtain both the full distribution or a summary in terms of the
various percentiles.
A large number of intermediate results are obtained in the process of calculating the
quantities identified above, and the user can obtain information on many of these with either
the mainframe of PC version of the system. However, the mainframe version offers
somewhat more flexibility than the PC version for presenting the intermediate results.
The individual doses and the associated risk of health effects can be presented either
at specified single locations or in terms of the average at different distances from the site.
The contributions made by the different nuclides and pathways to the overall dose and risk
of health effects can also be obtained. The probability of introducing countermeasures at a
particular point can also be calculated.
The mainframe version of COSYMA writes its information to the line printer and to
files which the user can pass to his own graphics system. PC COSYMA presents information
directly to the screen in either graphical or tabular form, which the user can print if required.
3

EXPERIENCE WITH USING COSYMA

The mainframe and PC versions of COSYMA have now been used in a wide number
of different applications, some of which are described below.
FZK has performed studies to quantify the dependence of the areas affected by
evacuation and relocation on the amount of radioactive material released<5). The lower
reference levels of the German regulations were used for the intervention criteria. The result
show that in general the area affected is proportional to the source term. If the source term
inchides a release of 100% of the-noble gas inventory, the affected-areas remain constant for
releases with less than about 1% of the remainder of the reactor inventory. The investigations
also showed that ground level releases with 100% of the noble gas inventory and up to 1%
of the iodine, caesium and tellurium inventory lead in 95% of all weather situations to
affected areas which are covered by the existing German planning zones. Using these results,
the German Reactor Safety Commission concluded that the emergency planning zones do not
need to be extended as the frequency of releases larger than the ones considered have been
reduced as far as is possible.
FZK has investigated*6* the new generation of PWRs under discussion in Europe. The
study showed that significant off-site emergency measures, such as evacuation or relocation,
would not be required for a future 1400 MWe PWR even following a severe core melt if it
had a double containment with the annulus vented through an appropriate emergency standby
filter. A set of parameters for accident conditions have been elaborated under which the
lower reference levels for evacuation will not be exceeded.
A third FZK study07' was part of the licensing procedure for upgrading the BER II
swimming pool reactor from 5 to 10 MW with high enriched or low enriched uranium fuel
elements. The consequences of an airplane crash were considered. The radiological
consequences for the different types of fuel were found to show no significant differences.
COSYMA has been used in the Netherlands as part of the safety assessments for its
two nuclear power stations(8>9) and for the research reactor at Delft Technical University005.
COSYMA has been used to investigate the consequences of an airplane crash onto the
research reactor at Rossendorf, Germany, and the resulting doses compared with the
intervention levels for countermeasures00. PC COSYMA has been used to investigate the
consequences of a postulated loss-of-coolant accident with core melt at the Demokritos
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research reactor in Greece(I2). .
COSYMA has also been used in a study to investigate the dependence of accident
consequence assessments for nuclear power plants on the different
environmental
(13)
characteristics between Korea and Germany . For this study, data libraries appropriate for
Korean conditions, such as food chains, had to be prepared.
The mainframe version of COSYMA was included in a recent international
intercomparison of accident consequence assessment programs organised by NEA and EC.
This exercise was divided into two sections. In the first, the predictions of seven different
programs, used by their developers, were compared for a series of agreed situations. In the
second, the predictions of COSYMA when used by a number of organisations not involved
in its development were compared. The first study(14) showed that there were differences
between the predictions of the various programs, and tried to identify the reasons for the
differences. With few exceptions, the spreads were within a factor of a few, which is small
in comparison with the overall uncertainty on the predictions of accident consequences. The
second study(15>16) showed that the predictions of COSYMA can depend on the assumptions
made. In particular, the predicted risk of early health effects depends on assumptions made
about the population behaviour in the time before countermeasures are taken, and the
predicted consequences of long duration releases depend on the way in which the release is
divided into shorter phases. The study suggested that further investigations should be
undertaken into the best way of meteorological sampling when calculating probability
distributions of consequences at a point. A suitable sampling scheme has subsequently been
incorporated into the PC and mainframe versions of COSYMA.
4

USER GROUP

The international code intercomparison described in the previous section was
undertaken shortly after COSYMA was first made available to other organisations, and some
of the users lacked confidence in using it. The intercomparison provided COSYMA users
with a regular forum for discussion on the use of the code. This contributed to the quality
assurance of the code and provided feedback to the developers in those areas where
improvements could be made both in the CCSYMA code and in its user guide. There was
a broad agreement that there would be considerable advantage in continuing the exchange
between COSYMA users and developers. The most effective way of achieving this was
through the establishment of a COSYMA Users Group, and this was supported by the
European Commission, under whose auspices the code was developed. The need for a user
group was further enhanced by the release of PC COSYMA, and its use by a large number
of institutes.
The user group aims to stimulate discussion between the code owners, developers and
users. It does this by having regular meetings and distributing a newsletter. The group also
serves as a reference point for questions, and keeps a record of all COSYMA related matters.
Further development of the system will be based on items identified in discussions at the user
group.
The user group has held two meetings, with the proceedings published as KEMA
reports07'183. Papers presented at the user group meetings have included descriptions and
discussions of the new features to be included in modified versions of the code and
applications of particular interest to other users.
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5

OBTAINING THE SYSTEM

The mainframe and PC versions of COSYMA can be obtained, subject to a signed
Agreement on the conditions of their use between the European Commission and the
intending user. This agreement can be obtained from
Dr G N Kelly
European Commission
DGXII/F/6
Rue de la Loi 200
B-1049 Bruxelles
Belgium
Phone:
Fax:
E mail
6

+ 32 2 295 6484
+ 32 2 296 6256
george.neale.kelly@dgl2.cec.be
SUMMARY

This paper has described the structures of the mainframe and PC versions of
COSYMA, and the models used in them. It has described a number of applications of these
codes. It has also described the functions of the COSYMA User Group.
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An Approach to a Probabilistic Consequence Assessment of Pow er
Reactor Accidents in the US - the MACCS Code
Vinod Mubay, Lev Neymotin, USA
Probabilistic Consequence Assessment (PCA) codes have been developed in the U.S. f or use
in Probabilistic Risk Assessments (PRA) of commercial nuclear power plants. The firs t such
code developed under Nuclear Regulatory Commission (NRC) sponsorship was CRAC which
was used in the Reactor Safety Study. This was followed by a later version CRAC2, an d then
by the MACCS code which was used in the study of severe accident risk under the NU REG1150 program of the NRC. The main goal of a PC A code is to evaluate the various me; asures
of integrated health risk to the public, such as risk of early fatality or risk of latent ca ncers,
arising from, accidental releases. The paper is devoted to a review of the calcula itional
strategy and major modules contained in the MACCS code. Input data to MACCS in< :ludes
site-specific meteorological, population, agricultural land-use and economic data in ad dition
to information on the accidental release generated by-the analysis of accident progn ession
such as the fractions of the core inventory released in each puff, the timing of the r elease
relative to core damage, the energy and height of the release from the reactor buildini I, and
the duration of each release puff. A variety of counter-measures to reduce both earl y and
latent health risks are modeled within the code. Dose accumulation, based on user se lected
counter measures, is calculated by the code from different external and internal ext )osure
pathways including cloudshine, groundshine, inhalation, and ingestion using dose factor
libraries for 60 radionuclides in commercial reactor fuel. Doses are converted to earl ly and
latent health risks using stochastic dose-response models which incorporate dos< ; rate
effectiveness reduction factors. Economic trade-offs are used in MACCS to model dec isions
relatKdJo^ecoDlaroJJ3ation..veKU&Jnjffirdktioar>fr.onJtamJJ3atedJaDd_.Tbfi^Dpc-nfoyicJes an
overview of the inputs and outputs and the use of the code in a variety of applications related
to nuclear power plant risk. A recent extension of the code, MACCS2, to model
consequences from accidents at non-power reactor nuclear facilities is briefly discussed.
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EVALUATION OF CONSEQUENCES AND RISKS IN SLOVENIA
Janez Susnik
"Jozef Stefan" Institute, Reactor Engineering Division
Jamova 39, 1111 Ljubljana, Slovenia

Abstract
The paper describes the evaluation of nuclear power plant accident consequences and risks using probabilistic
safety codes during the last 12 years at the J.Stefan Institute. They cover classic individual and population risk
studies due to assumed potential severe accident scenarios, prediction and estimation of Chernobyl accident
consequences, the optimization of emergency countermeasures at the Krsko site, where the 632 MWe
Westinghouse PWR NPP went into commercial operation on January 1983, and the ranking of population risk
within the public debate in connection with the civil initiative to close the NPP Krsko.
We report on the initial use of the CRAC2 code in 1984 and later, when it was first applied for the study of
.population risk in the area of the second planned Slovenian-Croatian NPP for the Prevlaka site. The study was
completed a few weeks before the Chernobyl accident in April 1986. Risk evaluation was also included in the
analysis of nuclear safety at the NPP Krsko during the war for Slovenia's independence in 1991.
We report on the (CRAC2) analyses of the-Chernobyl accident: on initial estimation of the maximal potentially
expected consequences in Slovenia, on the effect of the radioactive cloud rise on the consequences relatively
close to the NPP; on the further research after the detailed information on the radioactivity release and on the
air masses movement were published; then the cloud activity which moved towards Slovenia was assessed and
the expected consequences along its path were calculated. As the calculated integral individual exposure to the
I131 inhalation and the ground Cs137 contamination matched with the measurements in Ljubljana and with the
UNSCEAR 1988 data, our reliance on the CRAC2 code and on its ancestors is high.
We report on the analyses, performed by the CRAC2 code and since 1993 also by the PC COSYMA code,
related to the countermeasure effects. The consequences studied were extended to late health effects. We
analyzed the relation of the evacuation scenario selection and the magnitude and extent of the accident
consequences with the aim to prepare the optimal countermeasure strategies and scenarios. The studies also
contributed the preliminary data for the comparison of existing risks.
Finally we report on the 1996 results on the recalculation of countermeasure effects and on the effect of the
recommended post-accidental large scale stable iodine delivery to the population, using the new 2.01 error free
version of the PC COSYMA code.

1. INTRODUCTION
Some 25 years ago we were faced with a need to quantify the NPP safety level, i.e. the
efficiency and the reliability of engineered safeguards. We started to develop our own
software, for verification of reactor containment behaviour in the loss of coolant accidents,
which enabled us to assess the proposed designs in bids for the present 632 MWe PWR NPP
at the Krsko site in Slovenia. In this process developed "reliability" codes, mostly based on
Vesely's kinetic fault tree theory, enabled us to analyze and quantify the NPP safety systems
inter dependencies.
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Risk Studies. La.ter, after 1984, with the CRAC2 code [1], we were able to perform risk
studies. The first CRAC2 application was devoted to the individual and population risk
assessment in the region of the 1000 MWe nuclear power plant of the Krsko type, planned
for the Prevlaka site [2]. The study was completed a few weeks before the Chernobyl
accident in April 1986. Risk evaluation was also included in the analysis of nuclear safety
at the NPP Krsko during the war for Slovenia's independence [3].
During NPP operation the dominant risk comes from potential severe accidents with serious
consequences though their probability is small. This was shown in the RSS [1] and also
confirmed in our risk study for the planned NPP on the Prevlaka site [2].
Activities related to the Chernobyl catastrophic accident. After the Chernobyl accident we
quickly responded by conservative calculation of potential doses for the acute phase after the
accident. We assumed that release of radioactive material was as in the PWR-1A scenario.
We also performed a study of the consequences as a function of the radioactive cloud rise
at the reactor site. After publication of the UNSCEAR 1988 report we estimated the fraction
of the radioactive material that entered the cloud which travelled towards Slovenia and a
comparison of the UNSCEAR and our values of the calculated and of the measured
contamination was performed. The agreement was surprisingly good. This confirmed the
credibility of the consequence predictions using the CRAC2 code
The evacuation scenario influence on post-accidental consequences. In case of a severe
accident in a Nuclear Power Plant (NPP), the ultimate measure for lowering public risk are
planned emergency procedures. The possibility of their enforcement, when the severe
accident is already in progress, depends on the detailed advanced studies and preparations.
Evaluation of sets of detailed evacuation scenarios are necessary to prepare the optimal
strategies and scenarios.
The situation in the region of the Nuclear Power Plant Krsko was considered. The
calculations were initially performed by the CRAC2 code. Several health effects were
considered. In the conclusion we recommended "the living emergency preparedness" to
implement the optimal evacuation scenarios (for different prevailing situations) to keep the
population risk level low.
However, to optimize the evacuation, very detailed studies have to be performed in advance.
At present, the available software includes the PC-COSYMA code [4], which we obtained
thanks to the CEC. First, evaluations of evacuation scenarios were performed with the help
of the CRAC2 code [5, 6]. Now, when it became possible to independently evaluate accident
consequences we started to perform risk calculations using also the PC-COSYMA code
package [7].
Our Public Information activities are related to the Initiatives to close the NPP Krsko.
On the basis of the performed severe accident studies, we were able to present to the public
the information on the expected long term consequences and put it in the perspective of the
number of road traffic accidents we experience in Slovenia annually.
Large Scale Stable Iodine Tablets Application. The reported post Chernobyl status of
health effects, [17], stimulated us in performing a study on the post accident effect of large
scale stable iodine intake.
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2.

EXPERIENCE

2.1 Risk Study for the NPP at the Prevlaka Site
In [2] the expected additional population risk due to the 1000 MWe Kr§ko type NPP
operation was obtained, using the CRAC2 code and the WASH-1400 Reactor Safety Study.
The Prevlaka site-specific meteorology data and population distribution data were
incorporated. The plant risk profile included the risk of early fatality, risk of latent cancer
fatalities, and the whole body effective equivalent dose. No credit was taken for the
population evacuation. The analysis covered the population within the 80 km radius. Figures
1 and 2 show some of the risk results.
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Figure 1: Individual risk per year due to
nuclear power plant accidents; no evacuation.

2.2

lO5' "

Iff1!-

f

103
10"
Number of cases

10s

10s

Figure 2: Population risk per year from the
Prevlaka nuclear power plant; no evacuation.

Radiological Consequences of the Chernobyl Accident

The Chernobyl accident started on April 26, 1986, approximately 1300 km from Slovenia.
In [8] we presented our efforts to estimate the status and the potential consequences
immediately after the accident, during the 1986, and after the UNSCEAR report in 1988,
when it became possible to determine more precisely the radioactive source in the cloud
which passed our country, to estimate the expected radiological consequences, to compare
predicted values and measured data, to assess the suitability of the tools we used and the
effectiveness of the countermeasures. See Figures 3 and 4 [8]. The main emphasis was put
on the dominant radiological contaminants iodine-131 and cesium-137.
Initially we obtained an upper limit estimate of the potential consequences for people far
away from the destroyed 1000 MW unit. Because the source term and other relevant data
were not known, we had to make several assumptions: the worst WASH-1400 study
accidental scenario PWR-1A and the wind direction towards Slovenia with a constant velocity
of 7ms"1 at the C category for the atmospheric stability. According to national weather
forecasts these assumptions were realistic, after the wind changed its direction from blowing
northwest to southwest. We assumed that Slovenia was passed by the cloud which had taken
its radioactive material for 3 days, from the 2nd to the 5lh day after the accident and release
initiation.
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Doses, contamination and the integral exposure to Iodine-131 in the air. We compared
the UNSCEAR and computer predicted consequences with the post accidental measurements
and the respective calculations performed at the J.Stefan Institute, especially the contributions
of the radiologically dominant isotopes 1-131 and Cs-137, the 1-131 inhalation dose and the
Cs-137 ground contamination, and the rain washout factors [9-10].
Comparison of the measured integral 1-131 inhalation exposure with the UNSCEAR data and
the CRAC2 code predicted values, where the realistic source term for the cloud
contamination was used, showed that the values match surprisingly well, see Table 1, [8].
On this basis we concluded that the CRAC2 code is adequate for further studies.
Figure 3:

Figure 4:
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Daily release rate to the atmosphere,
excluding noble gases, [8].

The numbers 1 to 8 indicate initial arrival times:
1 (26 April), 2 (27 April), 3 (28 April), 4 (29 April),
5 (30 April), 6 (1 May), 7 (2 May), 8 (3 May).

Table 1: Integral exposure to contaminated air and the ratios of the (CRAC2)
calculated to the (US) measured and to the UNSCEAR given concentration
for Slovenia.
# [10], Tab. III.3.1, 30.4.-9.5.
* CRAC2 with the realistic source term
x An estimation based on Slovenian newspaper reports.

Isotope

E x p o s u r e

R a t i o

CRAC2

Measurem

UNSCEAR
(SLO)
Bq. days/(cubic meter)

CRAC2
Measure.

CRAC2
UNSCEAR

Averaqe

Cs-137

8.1 *

9.03 #

7.4

0.90

1.094

0.995

1-131

84.6 *

77.5 #
64-101 X

72

1.09
1.39-0.84

1.175

0.983
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The influence of potential countermeasures. Finally we estimated the potential dose
reductions after introducing certain countermeasures: to increase the time of staying indoors
from 80% to 90% and to use the special diet (no fresh milk, no leafy vegetable during the
first month after the accident). The doses are given for a typical adult and for a 10 year old
child, [10-11]. The results for the first year after the accident, which dominates in the total
committed dose, are presented in the Table 2.
Table 2. The contributions to the individual May 1986 and 1986 effective equivalent
doses for adults and 10 years old children due to Chernobyl accident, in
microsieverts 0*Sv), [11]. Values in brackets represent potential doses where
certain countermeasures were introduced during the first month.
Effective Equivalent Doses (/iSv)
Pathway

Mav 1986
Adult

Year 1986
Child

Adult

Child

Inhalation

30 ( 30)

48 ( 48)

30 ( 30)

48 ( 48)

Ground
irradiation

93 ( 49)

93 ( 49)

254 (210)

254 (210)

Increstion

336 ( 94)

588 (134)

468 (226)

796 (342)

Total dose

459 (173)

729 (231)

752 (466)

1098 (600)

2.3 Emergency Contermeasures and the Population Consequences and Risk
In planning the mitigation of emergency situations the corresponding dose evaluations are
possible and they show the directions for the optimization of the evacuation scenarios.
An important group of environmental parameters which influence the magnitude of accident
consequences are the wind speed and direction, atmospheric stability, rainfall, population
distribution, daily population migration, time of a day, season of a year, etc. There is
another group of several "dependent" parameters we can influence: the area, the angle width
and the distance from the damaged NPP of the complete population evacuation, the
evacuation speed, the time delay before starting the evacuation after the evacuation alarm has
been announced, i.e. the planned evacuation procedures.
Use of the CRAC2 code [5,6]. The main intention was to illustrate the selected evacuation
scenario effects. The calculation was limited to the following early consequences: deaths,
injuries, total population dose. We intentionally assumed the worst possible accident, i.e. the
PWR-1A scenario which represents a real catastrophe, so that the effects of certain accident
mitigating measures are more transparent.
Population distribution was taken from the Krsko NPP FSAR, for the year 1991 [12]. The
wind was assumed to blow into the WNW sector, and for the'•• atmosphere stability we
assumed the Pasquill C category. The emergency response assumptions in the presented
preliminary calculations for the Krsko NPP, (Case 141), were:
The population located within 8 km of the site is evacuated radially at a speed of
4.47 ms"1. The population within an angle of +/- 45 degrees along the wind direction is
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evacuated within 16 km of the site. The evacuation begins one hour after the warning time
and once the evacuees reach a radial distance of 16 km they are assumed not to receive
additional dose. People who are not evacuated are shielded up to 32 km from the NPP.
In 1994 we reported on our initial use of the PC COSYMA code [7]. The short term postaccidental period (acute phase) was assumed to lasts for 7 days. The general conclusions on
the emergency countermeasures presented in the previous analyses [8,9,10] were confirmed
in this analysis as well. Figure R2J at the end is taken from this year analyses [15] and is
an example of a COSYMA calculationfor a post accident relocation and resettlement and
shows how complex this countermeasure can be.

2.4 Public Information and the Initiatives to close the NPP KrSko
In Slovenia two serious initiatives were raised in a national referendum to abandon the
nuclear energy option and close the NPP Krsko at the latest in 10 years (on October 1995
the group of 37 members of the Slovenian Parliament from almost all parties, except
Slovenian Christian Democrats, and then for the 10th anniversary of the Chernobyl accident
in 1996, by the ex green party leader).
Following the public debate and presentations of the professionals and experts in nuclear
energy, economic and environmental problems, the first initiative was dropped and the
second has not obtained the required support of 40 000 registered voters (approximately 2000
votes were collected). The opponents claimed that the NPP Krsko is threatening the whole
Slovenian nation (2 million people).
On the basis of the severe accident studies performed, that is with the use of the CRAC2 and
especially the PC COSYMA code, we were able to present to the public the information on
the expected long term consequences and put it into perspective. On the basis of the PC
COSYMA results, from the references [13],[14], and Tables 1 and 4 from [15], we
gathered information shown in Table 3. We can see that due to 50-year irradiation after
severe NPP accident, the expected consequences (number of deaths and number of seriously
injured persons) would be comparable to consequences of accidents or suicides, or to the
number of road traffic accidents we experience in Slovenia. The road traffic accidents involve
approximately 494 deaths and 2622 seriously injured persons per year, for the period of
1990-94 [16], (Statistical Yearbook of the Republic of Slovenia 1995, pp. 89 and 336).

2.5 Large Scale Stable Iodine Tablets Application
The reported post Chernobyl status of health effects, [17], stimulated us in performing a
study on the effect of large scale stable iodine intake in the post-accidental phase. The
incidence in childhood thyroid cancer has markedly increased in the areas surrounding the
site of Chernobyl NPP, especially in the initial path of the radioactive plume. Children, in
particular, received substantial doses to the thyroid gland. The total number of cases reported
in Ukraine, Russion Federation and Belarus to the end of 1994 is 474.
The World Health Organization has advised European member states that stable iodine should
be available for children, even at distances of several hundreds of kilometres from nuclear
facilities.
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Our study [15] assumed .stable iodine tablets ingestion by all the people whose thyroid
inhalation dose would exceed default COSYMA value (0.200 Sv during 50 years).
Some of the results are included in Table 3. It is seen that the effect on the population dose,
(man sieverts) is obvious. The difference between zero stable iodine intake cases and cases
with both stable iodine countermeasures is 20-35% (1.7E+3 man Sv). Scenarios (cases)
from the Table 3 show the calculated differences for the LATE HEALTH EFFECTS. For
the iodine countermeasure cases we calculated: 41-67 % smaller total morbidity incidence
(615-1616 cases less), and 15-57 % smaller total mortality numbers (58 to 348 less long term
fatalities).
The preliminary results of a study like this support the WHO recommendation on large scale
ingestion of stable iodine tablets, preferably to the young population below 15 years, and up
to long distances from the nuclear accident.

4. CONCLUSION
Several examples of the application of the probabilistic consequence codes the CRAC2 and
the PC COSYMA code, show a vast versatility of their potential application in evaluation of
severe accident consequences as well as for risk assessment, for several very detailed
analyses related to the Chernobyl accident and in the process of looking for the best
emergency measures in the region of the operating NPP.
It is very important that the "Jozef .Stefan" Institute, as a national research organization, is
capable of preparing independent assessments on the nuclear safety issues, including on the
severe nuclear power plant accident consequences and risks. The probabilistic consequence
codes are beautiful stones in a mosaic that enable us to see the nuclear picture more clearly.
Nuclear power plant safety is of common concern. Our experience with the computer codes
CRAC2 and PC COSYMA shows how important is the international cooperation and openess
of institutions, and how important the friends are. It was Nobel who said that dissemination
of knowledge is dissemination of property.
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Table 3: Grouping of countermeasure cases studied and some
corresponding HEALTH EFFECTS, (by PC Cosyma v. 2.01)
COUNTERMEASURES
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EVACUATION

EARLY

E F F E C T S

Case

Automatic

SHELTERING

Conditional

On
dose
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Legend and comments:
Countermeasures accompany 2 hrs initial delay. Sheltering on dose level: 24 hrs.
Conditional evacuation on dose level: sheltering duration as stated.
**J cases: intake of stable iodine tablets included:
geometric (up to 3.2 km, resp. 1.6 km in ' cases) and on dose.
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relocation and resettlement option included.
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Figure R2rJ: PC COSYMA code suggested reiocation countermeasure, R2rJ case.
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ABSTRACT
The upgraded VVR-SM type (Russian design) Budapest Research Reactor serves both
research and practical applications. As a by-product of the experimental methods used in the
field of the neutron activation analysis a unique opportunity arose for benchmarking the
neutron physical algorithms against measurements. As the original aim of the measurements
was the determination of the concentrations and the necessary neutron flux characteristics,
the measured primary data had to be reevaluated to verify the neutron physical calculations.
The reaction rates of the following measured reactions were selected for the comparison:
94
Zr(n,T)95Zr , ^ ( n ^ ^ Z r / ^ N b , 58Ni(n,p)58Co , l76Lu(n,Y)177Lu and I97Au(n,7)198Au . For
the sake of comparison, the multigroup cross section library of the MULTICELL code had
been supplemented with the data of the above reactions by using the NJOY code. As the
reaction rates are measured at the same positions (practically without shielding effects), the
measured and calculated reaction rate ratios were compared on the level of the multigroup
MULTICELL calculations. The accuracy of the MULTICELL code for the research reactor
has been tested by comparative MCNP calculations.
I. INTRODUCTION
The reconstructed and upgraded VVR-SM type research reactor in Budapest began
its regular operation in November 1993. Besides improved reactor safety the power of the
Budapest Research Reactor was increased to 10 MW. The maximum achievable thermal
neutron flux is about 2.5 10w cm'V1.
The reactor serves for basic and applied research (condensed matter, radiochemistry,
biological irradiations, reactor technology), technological and commercial applications
(production of radioisotopes, neutron radiography, activation analysis, pressure vessel
surveillance) furthermore education and training: (undergraduates, PhD students, IAEA
training courses, public information).

44

Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996

II. THE BUDAPEST RESEARCH REACTOR
The Budapest Research Reactor is a pool type reactor, moderated and cooled by light
water. The fuel is composed of 36% enriched uranium and aluminium. The clad is made of
aluminum. The fuel elements contain two concentric cylindrical fuel plates and a surrounding
hexagonal one (see Figure 1).
The fuel elements, the control
rods, the inner irradiation
unit cell boundary
channels and beryllium
displacers are arranged into a
fuel with clad
hexagonal lattice with 3.5 cm
pitch. Irradiations may be
carried out by inserting samples
water
into more than 40 special
vertical channels and six flux
lattice pitch = 3.5 cm
traps with various geometrical
and spectral parameters. The
Figure 1
reactor has 10 horizontal beam
WR-SM fuel geometry
tubes (8 radial and 2 tangential
ones). The core is enclosed with solid 9Be reflector.
III. THE FOIL ACTIVITY MEASUREMENTS
A unique opportunity arose for benchmarking the neutron physical algorithms against
measurements as a by-product of the experimental methods used in the field of neutron
activation analysis.
Since its introduction in 1976 [1], the use of zirconium as a general comparator and
neutron flux monitor has received wide interest mainly in absolute neutron activation
analysis. Zirconium possesses some outstanding characteristics as summarized below:
- When measuring $J$cp] flux ratios the 94Zr-96Zr pair gives better precision than any other
monitor combination due to the largest known difference in relevant y<j0 ratios.
- The measured gamma lines of the induced isotopes are all non-coincident and fall in a
convenient energy range.
- The monitor material is inexpensive and available in a large variety of foils and wires. Due
to the low thermal and epithermal neutron absorption cross sections thin foils require no
neutron self-shielding corrections thus considered to be infinitely dilute.
For monitoring the fast flux the (n,p) reaction of the 58Ni isotope was selected. The
neutron capture in176Lu and 197Au was utilized at only few measuring positions.
The reaction rates of the following measured reactions were used in the comparison:
94
Zr(n,7)95Zr , 96Zr(n,T)97Zr/97mNb , 58Ni(n,p)58Co , 176Lu(n,7)177Lu and 197Au(n,7)i98Au .
The monitors in the form of foils and wires were placed into 23 inner irradiation
channels at five axial positions and 2 irradiation channels were used in the beryllium
reflector. After a 12 hour irradiation the selected gamma lines of the induced isotopes were

measured with the help of Ge-Li gamma-ray spectrometers. On the basis of the measured
peak areas, the detector efficiency and calculating the isotopic chains during irradiation,
cooling and measurement, the reaction rates of the monitor isotopes can be evaluated. As the
above reaction rates were measured at the same positions, the measured and calculated
reaction rate ratios can be compared even on the level of the multigroup MULTICELL
calculations. The absolute values of the reaction rates corresponding to the reactor power are
comparable only by using detailed 3D calculations for the whole core.

IV. THE KARATE MULTICELL CODE
The MULTICELL code which is integrated into the KARATE program system uses
the multicell collision probability method [2] which has been applied for hexagonal lattices
[3]. The multigroup calculations are performed in 35 epithermal and 35 thermal groups on
the basis of a cross section library generated from the ENDF/B-IV file. For the calculation
of the shielded cross sections of 235U, 238U and 239Pu the equivalence theory is used [4]. In
the thermal groups the Doppler broadening of 240Pu is calculated , the shielding effects are
taken into account explicitly. To get multicell CP's which pertain to the i'th region of the
A'th cell type, the following assumptions are made: The distribution of the incoming
neutrons on the boundary of the cells is isotropic and can be made smooth (i.e. the neutron
exchange between the cells can be calculated from their contact ratios). For the calculation
of the black collision probabilities of the individual cells the cylindrization can be used.
The flux distribution is calculated using the CP equations of the MGCP program,
where the Cadilhac model is used for describing thermalization. The B-l equations are solved
optionally to take into account the leakage in asymptotic approximation. The code calculates
the transmutation of fuel regions, too.
The MULTICELL code has been developed originally for calculating VVER fuel
assemblies. It was tested against measurements performed on ZR-6 lattices [5]. As the VVRSM fuel elements are radically different from the VVER cells, there is a need to assess the
adequacy of the MULTICELL code for this new situation. The accuracy of the MULTICELL
code for the research reactor has been tested by comparative Monte Carlo calculations.
IV. MONTE CARLO CALCULATIONS
The Monte Carlo calculations were made by the MCNP4A code [6]. The power
distributions and the reaction rates were taken from criticality calculations using the kcode
option. To achieve the desired accuracy, in case of the power distribution about one million,
in the case of the reaction rates about fourteen million neutron histories were used. The large
number of neutron histories in the second case was necessary because of the sharp resonances
in the (n,7) cross sections of 96Zr and 94Zr, and it took about one week on an IBM RISC
6000 machine. For the sake of the consistent comparison with the MULTICELL calculations,
the cross sections for 94Zr,96Zr,58Ni and 176Lu were derived from ENDF/B-VI by the NJOY
code and the cross sections for all the other materials were taken from ENDF/B-IV based
MCNP4A libraries. For the same reason the outermost hexagonal shell of the fuel element
was replaced by a cylindrical one.

Five different configurations were investigated by the MCNP4A to compart
results with MULTICELL calculations. In these configurations the fuel elements, absorber
rods, water holes and the monitor were positioned into a hexagonal array and this array
bounded by a hexagon with horizontal planes on top and bottom. ( This geometry
described for the MCNP4A using the lat = 2 keyword.) Reflective boundary conditions
prescribed on each boundary planes. Kinr and the power distributions were calculated tor all
the cases.
The investigated configurations are the following:
Case 1:
An absorber rod in the centre surrounded by 18 fuel elements.
Case 2:
An absorber rod in the centre surrounded by 36 fuel elements.
Case 3:
An absorber rod in the centre surrounded by 30 fuel elements and by 6 water
holes placed with 30° symmetry among the fuel elements.
Case 4:
A monitor cell in the centre surrounded by 30 fuel elements and by 6 water
holes placed with 30° symmetry among the fuel elements. The reaction rates
in the monitor wire were also calculated in case 4 and 5.
Case 5:
Similar to configuration No. 4, but surrounded by a layer of cells filled with
9
Be.
The 30° sector of these configurations with the MCNP4A power distributions and the
MULTICELL relative deviations in percent can be seen in Figures 2-6. The applied notations
are the following:
FU : Fuel cells
MO : Monitor cell
WA : Cell containing water and absorber rod guide tube
AB : Cell with inserted absorber rod
BE : Cell containing beryllium
The leftmost cell is the centre of the considered configuration. The bottom and (he
right side symmetry lines halve the cells.

Figure 2
R e l a t i v e power , case 1

Figure 3
Relative power , case 2
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Relative power , case 4
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Relative power , case 3

BE

^ i

^ i

0 .000

0.0 1

^ /

Figure 6
Relative power , case 5

The typical relative error of the power
density from MCNP4A in the 1st case is
0.005, in the 2nd case is 0.01 and it is
0.001 for the last 3 cases. The maximum
deviation from the reference MCNP4A
relative power is observed in case 3, near
the strongly absorbing B4C rod with 2.5 cm
diameter. The reason of the difference is
probably the application of the flat flux
approximation along the periphery of the
cylindrized cells for this wide lattice pitch.

The results of the kinf calculations are summarized and compared with MULTICELL
in Table 1. The relative errors (one standard deviation divided by the mean) of the MCNP4A
results are shown parallel with the calculated values of the multiplication factor.
configuration

k MCNP4A

k MULTICELL

Ak/k %

1

1.2330

0.0009

1.2128

-1.7

2

1.4577

0.0008

1.4450

-0.9

3

1.3783

0.0006

1.3659

-0.9

4

1.5389

0.0001

1.5527

+0.9

5

1.5987

0.0001

1.6048

+0.4

Table 1
Comparison of k w values
The MULTICELL kinf values except the 1st extremely rodded case seem to be
satisfactory.
The reaction rates are normalized by the 58Ni(n,p) reaction, which has the lowest
relative error. The reaction rate ratios for configuration 4 are given in Table 2 .
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Reaction

MCNP4A

MULTICELL

Ar/r %

94

Zr(n, T )

0.878

0.01

0.732

-17

96

Zr(n )T )

5.93

0.05

5.183

-13

176

Lu(n>7)

40401.

0.005

33956.

-16

Table2
Reaction rate ratios , case 4
The same data for configuration 5 can be found in Table 3.
Reaction

MCNP4A

MULTICELL

Ar/r %

94

Zr(n, T )

1.001

0.01

0.780

-22

96

Zr(n, T )

6.525

0.05

5.415

-17

176

Lu(n, 7 )

47723.

0.005

37647.

-21

Table 3
Reaction rate ratios , case 5
The MULTICELL reaction rates normalized by the 58Ni(n,p) reaction show systematic
underprediction compared to the MCNP4A results. The cause of the difference is not
obvious. According to the expectations, normalizing by any of the isotopes indicated in the
tables, the highest deviations do not exceed 6% for all but the 58Ni isotope, where the
overprediction is about 20%. From now on we normalize with the 94 Zr(n,7) reaction rate
which is available at all the measured positions.
V. COMPARING THE MULTICELL CALCULATIONS WITH THE MEASUREMENTS
Several 2D calculations have been made with the MULTICELL code to simulate the
measured reaction rate ratios. The geometry of calculating the reaction rates for the monitor
at the VVR-SM position No. 408 can be seen in Figure 7. The new notations:
FT : Flux trap (three adjoining water cells)
BD : Beryllium displacer (cell containing beryllium and water)
As the MULTICELL code uses periodic boundary condition at symmetry lines which
halve the peripheral cells, the cells at the opposite sides of the outermost ring are identical.
The measured and calculated reaction rates normalized with the 94 Zr(n,y) reaction can
be found in tables 4-6 for positions 312, 408 and 342. The dry irradiation channel at position
312 has a hard spectrum while in positions 342 and 408 which are at the edge and at the
corner of the core the spectrum is much softer.

Figure 7
Map for the reaction rate calculations at position No.408

Reaction
58

Ni(n,p)

^ZrCn.T)

MULTICELL

Measurement
1.392
6.548 •

Ar/r [%]

. 0.010

1.424

+2.3

0.019

8.044

+22.8

Table 4
Reaction rate ratios , position 312
Reaction
58

Ni(n,p)

*Zr(n,7)

Measurement

MULTICELL

Ar/r [%]

0.3995

0.011

0.3511

-12.1

3.471

0.019

4.193

+20.8

Table 5
Reaction rate ratios , position 408
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Reaction
58
%

Measurement

MULTICELL

Ar/r [%]

Ni(n,p)

0.6188

0.006

0.5213

Zr(n, T )

4.387

0.008

4.502

+2.6

Lu(n,T)

56819.

0.006

64307.

+ 13.2

Au(n,T)

2537.

0.005

2611.

+2.9

176
197

-15.7

Table 6
Reaction rate ratios , position 342
Studying Tables 4-6, one can not observe the same tendency seen at the comparative
Monte Carlo calculations. Some methodic calculations were also carried out to clarify the
drawbacks to the current procedure.
a, MULTICELL is a 2D code, so can not represent axial phenomena, e.g. partially
inserted control rods. The effect of rod insertion in the second neighbourhood of the monitor
results in 4% difference in the reaction rate ratio of 96Zr/94Zr.
b, Because of the limited number of cells, the calculated domain is smaller than the
whole core. The above reaction rate ratio is sensitive to the changes in the content of the
outermost ring in the MULTICELL geometry. The deviation is about 4-7%.
The effect of the above two symptoms is comparable to the observed differences.
Fortunately the monitor cell averaged 4-group constants of foils remain nearly untouched,
so a 3D diffusion calculation of the whole reactor is promising.
SUMMARY AND CONCLUSIONS
The accuracy of the KARATE MULTICELL code for the VVR-SM type research
reactor was tested by comparative Monte Carlo calculations. Some discrepancies were
observed in the calculated reaction rate ratios of monitor foils. Comparing MULTICELL
results to measurements does not show the same tendency, but deviations occur in roughly
the same range. Some methodic drawbacks of the applied procedure have been enlightened.
3D diffusion method is proposed even for the calculation of the reaction rate ratios.
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Two Dimensional Burn-up Calculation of
TRIGA Core
A.Persic, M.Ravnik, S.Slavic
"J.Stefan"Institute, Ljubljana, Slovenia

A b s t r a c t - TRIGLAV is a new computer program for burn-up calculation of mixed core
of research reactors. The code is based on diffusion model in two dimensions and iterative
procedure is applied for its solution. The material data used in the model are calculated
with the transport program WIMS. In regard to fission density distribution and energy
produced by the reactor the burn-up increment of fuel elements is determined. In this paper
the calculation model of diffusion constants and burn-up calculation are described and some
results of calculations for TRIGA MARK II reactor are presented.

1

Introduction

A new program TRIGLAV is developed for reactor calculation of mixed core of research reactors. The main goal of the program is the calculation of the fuel elements
burn-up. The program is written in the modular form. It was originally developed
for PC, VAX version is available as well. It consists of the main program and input
data files. The program needs two different types of input data:
- the independent data where geometry of reactor, location of fuel elements,
operation conditions and burn-up time step are specified and
- the material composition and burn-up data of each fuel elements.
The calculations are stepwise. In the first step, the homogenized effective group
constants are calculated using multigroup transport code WIMS. The global calculation is performed in the second step using multigroup diffusion approximation.
The results of calculations are flux and power distribution and multiplication factor
of the system. On the basis of power distribution and total energy produced by the
reactor, the burn-up increment for each fuel element is calculated in the last step.
Special attention is put on the calculation of the homogenized effective group
constants. The transport calculations using program VVIMS are performed for all
core components. The average unit cell for fuel and non fuel elements is defined to
simplify the geometry model of the unit cell. Some simplifications for calculations
of operation parameters were also introduced in the model (fuel and moderator
temperature, burnup). The temperature of the fuel is presented as a function of
power and the temperature of water is taken as constant. The burn-up of the fuel
elements is taken into account through repetition of the transport calculation in
chosen time steps and at certain specific power. Xe correction is also taken into
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account. Some results of the calculations for selected benchmarks are presented.
The calculation of the fission density for simplified TRIGA geometry is made. The
results show good agreement with reference results (maximal relative error is less
than 2%).

2

Cross Section Calculation

The reactor core is in general a complex system including fuel elements, control rods,
cooling material, construction elements, reflector etc. Because of its complexity, the
calculations of reactor core are usually divided into two steps.
In the first step the effective macroscopic cross sections for all reactor components
(such as fuel elements, control rods, irradiation channels, reflector) are calculated.
Different transport approximations are used for calculations such as the method
of collision probability, Sn method or P,y method. Transport computer programs
are usually used for solving complicated equations. One of them is the well known
transport program VVIMS [1].
The basic physical model for calculating effective macroscopic cross section in
the program WIMS is the model of unit cell approximation. In this model fuel rod
and surrounding water are treated explicitly in an infinite array of identical unit
cells. The geometry of fuel unit cell is equal for all types of fuel elements (standard
fuel elements, FLIP, LEU elements), the differences appear only in the material
composition. For calculations of non-fuel components (graphite elements, control
rods, irradiation channels-etc.) Uie supercell approach is used. In this model nonfuel cell is surrounded by six fuel rods. The reflector cross sections can be calculated
in unit cell model, where the homogenized core is proposed and reflector region is
added at the outer boundary. It is recommended that the reflector region is as thick
as possible and that zero flux boundary condition is used.

Zr rod
fuel

O

water

O

o
o
O
O

Figure 1: The fuel unit cell (a) and supercell with water cell in the center (b).
The program WIMS includes also the cross section library for all neutron reactions
of reactor materials except for the moderator ZrH and for the burnable absorber Er
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which are not characteristic materials used in power reactors. For research reactor
calculations diffusion constants for both materials were processed [2] and added to
the original library of the program WIMS. The cross sections are treated in 69 energy
group structure between 0 to 10 MeV.
The burn-up calculations of unit cells are also possible with the program WIMS.
These are made with the repetition of the transport calculations in prescribed burnup time steps and at specific power of element. The power 10 kW per fuel element
is proposed and the time step of burn-up'is determined in regard to input burn-up
data of fuel element.
1
The final results of the transport calculations are homogenized group constants
for all elements in the core. They are in general functions of few variables:
TmtP,T)

(1)

where
Tj is the temperature of the fuel,
Tm is the temperature of the cooling water,
P is the power of the reactor and
r is the burnup of the reactor core.
The production of energy in the reactor changes the temperature of the fuel and the
coolant. The neutron behavior of the reactor core is changed, as is the cross section
of the materials.
Increasing temperature of fuel causes Doppler broadening of the U-238 resonances and also changes the neutron spectrum. Cooling water density decreases
with increasing temperature (the effect is small and its influence on the neutron
behavior is neglected, changing the water density by 1% changes the multiplication
factor by 6 • 10~4 [3]).
The temperatures of fuel and coolant are functions of the reactor power. The
relation between them is given by termohydraulic equations. Various computer
programs exist for calculation of these relation. Relation between the temperature
of fuel and the reactor power obtained from experimental measurements is proposed
in our program [4]. The temperature of cooling water is taken as a constant.
The equilibrium concentration of some absorption elements in the reactor core
is also the function of the reactor power. Typical representatives are Xe and Sm.
Equilibrium concentration of Xe builds up after a few hours of reactor operating.
Small concentration of Xe already changes the thermal cross sections and spectrum,
so special attention is paid to calculation of its concentration.
The temperature of reactor materials, equilibrium concentrations of absorber
materials and burnup of reactor core are in general functions of reactor power. While
the power is determined with the neutron flux into the reactor, we can conclude that
the cross sections are the function of the neutron flux.
The cross section calculation model used in program TRIGLAV is presented in
the Figure 2. At start of the calculations the power distributions Pj{(r) is proposed.
At this power the fuel temperature is then calculated. Regarding the input data of

f/C.tO C o n f o m l w r 1 OQA

unit cells (geometry, composition, burn-up, water temperature) and the calculated
fuel temperature calculation of homogenized multigroup diffusion constants with
the program WIMS is performed. The results of cell calculations are multigroup
diffusion constants for each unit cell in the reactor. Because of the extension of
following calculations the multigroup cross sections are rather condensed into few
group cross sections (usually in two to four groups, typical group boundaries in
four group structure are 10 keV, 1 eV and 0.1 eV). The group collapsing involves
averaging of the homogenized cross sections over the spectrum only, which appears in
the WIMS output together with the cross sections. The computer code for collapsing
WIMS homogenized cross sections to arbitrary few group structure is the program
XSWOUT [8], a part of program TRIGLAV.

initial power distribution

T(P)

temperature of fuel

E(T)

cross sections calculation

$(£)

diffusion calculation

P(f)

new power distribution

BUelem.

burn-up calculation

Figure 2: Flow chart of the cross sections calculations in the program TRIGLAV.

3

Diffusion calculations

In the second step diffusion calculation of whole reactor core is performed. Physical
model of core calculation in the program TRIGLAV is based on two dimensional
(r, t?) TRIGA geometry in four group diffusion approximation. The equations are
solved numerically in the process of inner and outer iterations. The results of diffusion calculations are flux and power distribution, and multiplication factor of the

Pnrtnm* Slnvpnia Ifi-IQ SenK-mhcr IQQfi

Working equations and numerical calculation procedure are given in [6], [7].

4

Burnup calculations

After the power distribution calculation Peiem. has been performed, the burnup
increment of fuel elements, ABUeiem., is calculated by equation:
ABUelem.

=

(2)

. =a p - f

(3)

where ap is the power normalization factor, c = 3.2 • 10 nJ is the fission energy and
v = 2.45 is the average number of fission neutrons produced per fission of U235. At
is the reactor operating time at reactor power P. The burn-up unit is MWd (MW
day), while in practical work the unit of burn-up of U235 nucleus in % is employed.
The relation between both units is not linear because of plutonium production (the
relation is presented on Figure 3).
Stand, fuel, 8 w% U, P-10kW/«l

Standvfti«lt12 w% U, P=10kW/«(

BU(MWd]

FUP,P«10KW/«l

»

S-

f-

/

It-

to-

s-

KP

29

M

*J

H

«

BU(MVW|

Figure 3: Relation between burn-up units calculated in MWd and in % of burn-up
of U235 nucleus, for typical fuel elements in research reactor.
The calculated increment of the burn-up for each fuel element is summed to the
initial burn-up of the element. In this way core burn-up evidence is managed.
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5

The Reliability of Calculations

The accurate calculation of fission distribution is important for burn-up calculations. Some tests of diffusion calculations in two dimensional geometry have been
made, including test described bellow. The test represents the hypothetical core
configuration of TRIGA reactor in (r,i?) geometry (Figure 5).

22,3"<Th«U)

2.1
RING

Figure 4: Geometry and material composition for 2D test: S-standard fuel element,
F-FLIP fuel element, RBC- reflective boundary condition.
The core contains material corresponding to standard TRIGA fuel element with 8.5
w% of 20 % enriched uranium, while in E ring of the core every third fuel element
is a FLIP fuel element (the case simulates isolated FLIP fuel element in a uniform
matrix of standard elements). The reference solution represents the calculations
of diffusion program FINELM [9]. Two group diffusion constants are taken from
the program FINELM library. The mesh of 100 x 160 points (rzt?) is used in
numerical calculations. The prescribed convergence criterion are 10~7 for inner
calculations, 10~3 for fission density and 10~5 for multiplication factor. The results
of multiplication calculations are presented in Table 1.
Table 1: Calculation of multiplication factor
program
FINELM
TRIGA2D

outer iterations
14
25

kefj.

1.16034
1.16027

difference [pcm]
/
7

While the accuracy of FINELM's result is ± 10 pcm, the difference 7 pcm in calculation shows good agreement of the result.
Another important integral parameter of the reactor is the power distribution.
The results of power calculations are presented in Table 2. They are normalized in
the way that the sum of element's fission density over all elements equals 1. From.
the1 results it is obvious that the maximal differences in calculations appear on the
boundary of two different materials (such as standard fuel - FLIP fuel or fuel -

reflector boundary), where there is a strong gradient of flux. The error is still inside
the error interval acceptable for core design calculations (less than 2 %).
Table 2: Comparison of normalized fission density distribution for elements indicated
on the Figure 4
element
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14

6

type
standard
standard
standard
standard
FLIP

standard
graphite
standard
standard
standard
standard
standard
standard
graphite

reference value
FINELM
0.005
0.031
0.056
0.067
0.136
0.074
0.000
0.010
0.061
0.113
0.143
0.145
0.160
0.000

calculated value
TRIGA2D
0.005
0.031
0.056
0.067
0.134
0.075
0.000
0.010
0.061
0.112
0.142
0.144
0.161
0.000

relative error of Fet

[%)
0.0
0.0
0.0
0.0
1.5
-1.4
0.0
0.0
0.0
0.0
0.9
0.7
-0.6
0.0

Conclusion

The new computer program TRIGLAV for research reactor calculations, developed
at "J. Stefan"Institute has been presented. The advantage of the program is that
it is a 2D diffusion program and it can be applied to mixed reactor core configuration calculations. Basic physical models for cross sections and burn up calculations
are described. Some results of diffusion calculations of hypothetical TRIGA core
configuration are given.
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Determination of the burn-up of TRIGA fuel elements by
calculation with new TRIGLAV program
Tomaz Zagar, Matjaz Ravnik
"Jozef Stefan" Institute, Ljubljana, Slovenija

Abstract
The results of fuel element burn-up calculations with new TRIGLAV program are
presented. TRIGLAV program uses two dimensional model. Results of calculation are
compared to results calculated with program, which uses one dimensional model. The results
of fuel element burn-up measurements with reactivity method are presented and compared
with the calculated results.

1. Introduction
The purpose of this paper is to present the results, of the fuel element burn-up
calculations for TRIGA Mark-II reactor cores from 91 to 146, with new TRIGLAV program.
TRIGLAV program [1] is based on a new reactor calculation model of mixed research reactor
core. Program is based on cylindrical, two dimensional (r,(p) geometry with four group
diffusion approximation and gives better approach to problem of mixed rings in reactor cores
than the previous model of TRIGAC. Homogenised four group reaction cross sections are
calculated with the transport program WIMS. For the whole reactor core calculation, the
diffusion model is used. TRIGLAV program can be used for the burn-up calculations,
calculations of power distribution and criticality.
Results of calculation are compared with one dimensional results calculated with
TRIGAC program [2] and with measured values of burn-up. Burn-up was measured with the
reactivity method for determination of the relative burn-up.
2. A brief history of reactor cores
Fuel elements operational history was recalculated for TRIGA Mark-II reactor at the
"Jozef Stefan" Institute in Ljubljana from 1983 up to this year. The start of our calculations
was in April 1983 when fuel elements from Neuherberg in Germany were first used in the
reactor core. The German standard SS cladding with 8.5 wt.% U, 20% enriched fuel elements
were used in reactor core together with FLIP 8.5 wt.% U, 70% enriched fuel elements from
1983 up to 1989, that is from core number 91 to core number 130. These cores were mixed
cores with SS fuel elements in B, E and F rings, with FLIP elements in C ring and with mixed
D ring. In year 1990 reconstruction of the reactor core was made, when new grid plates were
installed together with new pulsating rod and other three rods were also replaced. After the
reconstruction only standard fuel was used in reactor. The new cores were made with standard
SS cladding with 8.5 wt.% U, 20% enriched fuel elements and standard SS cladding with 12
wt.% U, 20% enriched fuel elements. These were cores up to the last number 146 and were
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also mixed cores, with SS 8.5 wt.% U fuel elements in B, E and F rings, with SS 12 wt.% U
fuel elements in C ring and with mixed D ring.
We have calculated burn-up for all cores in reactor operational history which have
more than one effective burn-up day, that is all cores with more than 250 kWd of produced
thermal energy.

3. Description of the measurements
Fuel elements burn-up was measured with the reactivity method. The reactivity method
[3] is based on the fact that the reactivity worth of an element at a certain position in the core
depends on its burn-up. It can only provide relative differences between the fuel element burnups. To obtain absolute values, normalisation can be performed if the burn-up of some
reference elements is known. The best reference elements are fresh elements with no burn-up
or elements with simple and well defined operational history. When fuel elements operational
history is complicated and no fresh fuel element can be measured, then normalisation can be
determined with sufficient accuracy by relatively simple reactor calculations. The need for the
reference element burn-up is thus not a serious constraint. But it must be emphasised that the
reactivity method is a relative method and can only be used in combination with some other
method for absolute burn-up determination.
Experiment was performed in approximately critical reactor core number 148. In
reactor core 148 only standard SS 12 wt.% fuel elements were used. Measured fuel elements
were loaded at the selected location C6. In experiment we measured: 18 standard SS 8.5 wt.%
fuel elements, 4 standard SS 12 wt.% fuel elements and 5 FLIP fuel elements.
Reactivity was measured with digital reactivity meter [4], which extended the range of
reactivity measurements from -20 pcm to +300 pcm. The reactivity meter can take the neutron
source explicitly into account, allowing reliable reactivity measurements at source range flux
levels and even at slightly subcritical conditions. Reproducibility of the reactivity
measurements is estimated to be ±5 pcm.

4. Results of calculation
The results of calculations with two dimensional TRJGLAV program are presented
together with the results of one dimensional TRIGAC program. We used the same inputs for
both programs. Because the starting burn-up of fuel elements before 1983 isn't exactly known,
we calculated the step burn-up from core 91 to core 146, and then compared the step burn-up
calculated by TRIGAC and TRIGLAV. The two dimensional effects, which take place in
mixed rings, near control rods and near other non fuel elements in reactor core, are easily seen
in this comparison.
The biggest differences (bigger than 50%) are observed at SS cladding fuel elements
(e.g. fuel elements 6105 and 6201) which spent most of their time in mixed ring D by the
FLIP fuel elements. Big differences can be observed by the SS cladding fuel elements, which
spent most of their time near control rods or near graphite in F ring. Big differences can be
observed also by the FLIP fuel elements especially by the ones which were by the control rods
(about 20% difference). Results of calculation are presented in table 1.

5. Results of measurements
Measured results of standard SS 8.5 wt.% fuel elements differ considerably from
calculated ones, the difference can be explained by error in starting burn-up of these elements.
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All measured fuel elements were from Neuherberg and their operational history in Germany is
not available to us.
SS-12% fuel elements

SS-8.5% fuel elements
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Picture 1. Results of reactivity measurements for standard SS 8.5 wt.% fuel and for
standard SS 12 wt.% fuel
Measured results of standard SS 12 wt.% fuel elements agree better with calculated
ones. Differences between TRIGLAV and TRIGAC are not so obvious, because SS 12 wt.%
fuel elements were used only in standard cores. Fresh fuel element (burn-up=0%) was used as
reference element.
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Picture 2. Results of reactivity
measurements for FLIP fuel

I

Calculated burn-up results made for
FLIP fuel elements are compared to
experimental results measured at US in
Ljubljana. FLIP fuel elements contain
natural erbium as burnable poison, to
compensate the very high reactivity of the
fuel at low burn-up. A typical erbium
concentration in FLIP fuel material is 1.5
wt.%, but it varies by 0.2 wt.% around the
average value. This variation of the erbium
concentration has strong influence on the
reactivity. The variations in erbium
concentrations were eliminated using
calculated corrections [5].

SS-8.5% fuel elemets
calculated bum-up TRIGAC (1-D)
calculated bum-up TRIGLAV (2-D)
measured bum-up

6094 6097 6)63 6170 6174 6175 6189 6197 6198 6200 7841 7844 7849 8528 8533 8535 8536 8537
Fuel element identification number

Picture 3. Calculated and measured burn-up values for SS 8.5 wt.% fuel elements
Results fall fine in calculated results. It can be seen that two dimensional model gives
better results for fuel elements in mixed rings (fuel elements 6163, 6170 and 7844). Measured
results in partially filled F ring near graphite differ from calculated ones because diffusion
model in TRIGLAV is not appropriate for regions with high gradients in neutron flux.
Table 1: Results of calculation
Fuel
element ID
number
6094
6095
6097
6098
6099
6100
6101
6102
6103
6104
6105
6106
6107
6108
6109
6110
6111
6112
6113
6114
6161
6162

Fuel
element
type
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%

TRIGAC
1D
[MWd]
9.04
5.95
7.05
6.18
6.B6
6.31
6.01
6.35
5.69
5.38
9.00
4.79
6.19
7.66
7.24
8.62
6.57
6.58
6.64
6.62
8.45
5.38

Burn-up
TRIGLAV 2D
[MWd]
8.96
6.15
7.33
6.32
7.11
6.44
6.07
6.53
5.72
5.49
7.00
4.80
6.40
7.45
7.22
8.28
6.89
6.95
6.93
6.94
8.37
5.43

Step burn-up
TRIGLAV 2D
TRIGAC
1D
[MWd]
[MWd]
4.63
1.58
2.67
1.38
1.96
1.28
1.01
1.46
3.26
0.79
4.43
0.24
1.64
3.28
2.97
4.27
2.11
2.45
2.11
2.11
4.00
0.86

4.55
1.77
2.95
1.52
2.21
1.41
1.07
1.63
3.30
0.90
2.42
0.25
1.85
3.08
2.96
3.93
2.43
2.82
2.40
2.44
3.92
0.90

Difference

Position
in core

[%]
1.7
-11.0
-9.5
-9.2
-11.1
-9.3
-5.7
-10.7
-1.0
-12.2
82.8
-1.9
-11.5
6.5
0.4
8.6
-13.2
-13.0
-12.3
-13.4
2.0
-4.6

F ring near graphite

B ring near control rod

B ring near control rod
B ring near control rod
D mixed ring
B ring near control rod

F
B
F
F

rinq
ring
ring
ring

near
near
near
near

qraphite
control rod
qraphite
qraphite

Fuel
element ID
number
6163
6164
6165
6166
6167
6168
6169
6170
6171
6172
6173
6174
6175
6176
6177
6178
6179
6180
6181
6182
6183
6184
6185
6186
6187
6188
6189
6190
6191
6192
6193
6196
6197
6198
6199
6200
6201
6642
7840
7841
7842
7843
7844
7845
7846
7847
7848
7849
8528
8530
8533
8534
8535
8536
8537
7213
7214
7219
7220
7223
7225
7228
7229
7233
7236
7245
7247
7265
7268

Fuel
element
type
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-8.5%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%
SS-12%

TRIGAC
1D
[MWd]
8.66
5.44
6.26
6.30
6.31
5.91
6.37
7.72
6.32
6.52
6.58
8.68
8.83
7.62
7.61
6.24
8.00
7.81
8.02
7.12
7.19
7.53
8.74
8.18
8.22
6.65
8.30
7.14
5.65
5.54
6.48
7.49
7.95
8.61
6.51
8.29
8.12
5.76
7.19
7.25
5.20
6.28
7.65
6.28
4.40
5.70
5.61
6.39
7.69
6.02
8.20
7.06
8.04
8.41
8.59
1.17
1.17
1.17
1.17
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93

Burn-up
TRIGLAV 2D
IMWd]
7.15
5.49
6.37
6.44
6.42
6.09
6.46
6.66
6.53
6.50
6.78
8.65
8.66
7.42
7.47
6.54
7.98
7.89
8.47
7.07
7.20
7.56
8.77
6.68
8.37
6.94
8.48
7.31
5.71
5.68
6.61
7.69
8.55
8.64
6.83
8.29
6.56
5.85
7.11
7.46
5.24
6.37
6.27
6.56
4.42
5.91
5.75
6.88
8.02
6.04
7.95
7.03
7.65
8.17
8.39
1.14
1.16
1.18
1.15
0.93
1.01
0.95
0.97
1.06
1.04
0.96
0.98
0.98
0.99

Step burn-up
TRIGAC
TRIGLAV 2D
1D
(MWd]
[MWd]
4.07
2.56
0.79
0.83
1.67
1.56
1.70
1.56
1.65
1.54
1.32
1.13
1.74
1.65
3.02
1.97
1.74
1.54
1.76
1.78
2.31
2.11
4.09
4.11
4.27
4.44
3.08
3.28
3.14
3.28
2.42
2.11
3.82
3.85
3.73
3.65
4.34
3.89
2.92
2.97
2.99
2.97
3.28
3.31
4.43
4.40
2.35
3.85
3.73
3.88
2.11
2.40
3.69
3.87
2.64
2.47
0.94
1.00
1.04
0.91
1.73
1.86
2.84
3.04
3.98
3.38
4.13
4.16
2.43
2.11
3.95
3.95
2.29
3.85
0.97
0.88
3.20
3.28
3.51
3.30
1.07
1.11
2.29
2.20
2.25
3.63
2.11
2.38
0.21
0.20
1.46
1.67
1.51
1.65
.2.31
2.80
3.98
3.65
2.48
2.45
4.49
4.24
3.28
3.25
4.19
3.80
4.52
4.29
4.57
4.77
1.14
1.17
1.17
1.16
1.17
1.18
1.17
1.15
0.93
0.93
0.93
1.01
0.93
0.95
0.97
0.93
0.93
1.06
1.04
0.93
0.96
0.93
0.98
0.93
0.98
0.93
0.93
0.99

Difference

Position
in core

l%]
58.9
-4.9
-6.7
-8.4
-6.3
-13.8
-5.4
53.5
-11.6

D mixed ring

F ring near graphite
D mixed ring
F ring near graphite

1.0

-8.5
0.7
4.0
6.5
4.5

-12.6

F ring near graphite

0.6

-2.1
-10.4

F ring near qraphite

1.7

-0.4
-0.9
-0.9
64.0
-3.7
-11.8
-4.7
-6.3
-6.2
-12.8
-7.0
-6.4
-15.2
-0.8
-13.0

D mixed ring
F ring near graphite

F ring near graphite

F ring near graphite
F ring near graphite

0.0

68.4
-9.1

D mixed ring

2.5

-6.0
-3.8
-3.6
61.3
-11.5
-7.0
-12.5
-8.2
-17.5
-8.3
-0.9

D mixed ring
F ring near qraphite
F ring near graphite
F ring near graphite

6.0
1.0

10.3

E ring

5.5
4.4
2.5
0.8

-0.8
1.7
0

-8.0
-2.1
-4.3
-11.8
-10.3
-2.6
-5.5
-4.7
-6.0

D ring - core tilt
D ring - core till
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Fuel
element ID
numtje{
7270
7282
7478
7479
7480
7481
7482
8279
8281
8283
8284
8285
8290
8302
8303
8304
8305
8307
8313
8316
8318
8680
8681
8682
8683
8684
8685
8686

Fuel
element
type
SS-12%
SS-12%
FLIP

FUP
FLIP

FUP
FLIP
FLIP
FUP
FUP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP
FLIP

TRIGAC
1D
[MWd]
0.93
1.17
12.76
12.53
12.53
11.57
12.53
11.31
13.04
11.45
11.31
11.31
13.04
11.08
11.08
10.92
11.08
11.22
13.04
13.19
13.19
8.77
11.03
11.03
11.03
11.03
2.11
10.90

Burn-up
TR/GLAV 2D
[MWd]
1.04
1.19
13.12
12.63
14.24
11.72
12.68
10.94
13.52
11.52
12.03
11.16
12.21
11.07
11.55
12.37
11.48
12.16
11.92
12.31
13.64
9.30
11.65
9.41
9.59
11.11
2.01
10.06

Step burn-up
TBIGAC
TRfGLAV 2D
ID
[MWd]
[MWd)
•0.93
1.17
7.26
7.26
7.26
6.08
7.26
7.26
9.53
7.26
7.26
7.26
9.53
7.26
7.26
7.26
7.26
7.26
9.53
9.53
9.53
7.26
9.53
9.53
9.53
9.53
0.61
9.39

1.04
1.19
7.62
7.36
8.97
6.23
7.41
6.89
10.01
7.33
7.98
7.11
8.70
7.25
7.73
8.71
7.66
8.20
8.41
8.65
9.98
7.79
10.15
7.91
8.09
9.61
0.51
8.55

Difference

Position
in core

[%]
-10.3
-1.8
-4.8
-1.4
-19.0
-2.4
-2.1
5.4
-4.8
-1.0
-9.0
2.1
9.6
0.1
-6.1
-16.6
-5.3
-11.5
13.3
10.2
-4.5
-6.9
-6.1
20.5
17.8
-0.8
18.9
9.8

D ring - core tilt

D ring near control rod

D ring near control rod
D ring near control rod
C ring
C ring

C ring
C ring
C ring
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MCNP Simulation of the TRIGA Mark II Benchmark Experiment

Robert Jeraj, Bogdan Glumac, Marko Maucec
"Jozef Stefan" Institute, Reactor Physics Division

The complete 3D MCNP model of (he TRIGA Mark II reactor is presented. It enables precise
calculations of some quantities of interest in a steady-state mode of operation. Calculational results are
compared to the experimental results gathered during reactor reconstruction in 1992. Since the operating
conditions were well defined at that time, the experimental results can be used as a benchmark. It may be
noted that this benchmark is one of very few high enrichment benchmarks available.
In our simulations experimental conditions were thoroughly simulated: fuel elements and control rods
were precisely modeled as well as entire core configuration and the vicinity of the core. ENDF/B-VI and
EKDF/B-V libraries were used. Partial results of benchmark calculation? arc presented. Excellent agreement of
core criticality, excess reactivity and control rod worths can be observed.

1. Introduction
The main requirement for reliable use of a particle transport computer code is
its verification on a benchmark experiment.- There are two main objectives of such
verification. First is to check the consistency of physical models and data used in a
transport code and second is to determine systematical errors made due to approximate
simulation of the experiment, which is usually caused by simplified model geometry.
So far benchmark calculations have been performed either on relatively simple
geometry or on large and periodic reactor cores, but never on small research reactor
example. In simple geometry cases sometimes important effects (due to diverse material
composition) can not be fully observed and in large, though complex periodic
geometries, separate treatment of some parts can not be completely performed.
Therefore, relatively small but complex and non-periodic case of a research reactor
geometry seems to be a good choice for benchmark calculations.
The scope of this paper is to present the MCNP simulation of the TRIGA
Mark II benchmark experiment as described in (1), (2) and (3). To reduce possible
systematical errors due to unexacf geometry simulation, a very thorough threedimensional model of the TRIGA reactor was developed. All possible fresh fuel,
control and other elements models were prepared in order to be able to simulate any
possible fresh core. If need be, the input can be extended to cover burnup of fuel
elements as well. The MCNP input was prepared in such a way that a very quick
setup of any desired core configuration with adequate position of all regulating rods is
possible. Core vicinity was taken from the model of the whole 3D TRIGA model
developed for Boron Neutron Capture Therapy applications (4).
All calculations were not yet performed, but goals of our benchmark
calculations are to determine:
1.
2.
3.
4.
5.
55

keff of two critical experiments,
difference between ENDF/B-VI and ENDF/B-V neutron cross-section libraries,
excess reactivity of the reactor core,
control rod worths,
fuel element reactivity worth distribution.
Nuclear Energy in Central Europe, Portoroz, Slovenia. 16-19 September 1Q96

2. MCNP Geometry
As already mentioned in the introduction, the detailed description of the
TRIGA benchmark experiment can be found in (1), (2) and (3), so we will focus
mainly on the MCNP geometry used in our calculations and eventual deviations from
the real geometry. The model of the core will be described in more detail. Core
vicinity, which ' does not affect parameters we intend to calculate, is thoroughly
described in (4) so no details will be given in this paper.
Our goal in constructing the MCNP model was to prepare a faithful copy of
the real TRIGA geometry. The TRIGA core has cylindrical, although not periodic,
configuration with 91 locations in the core (Fig. 1). Fuel and control elements are
arranged in six concentric rings. Core is surrounded by aluminum-lined graphite
reflector. Exact dimensions - used also in our MCNP model - of the core and its
vicinity can be found in (1) and (4). The MCNP model of fuel elements completely
corresponds to the real geometry except for top and bottom stainless steel plugs which
were modelled as cylinders containing apropriate mass of material (Fig. 2a). To
estimate error due to this simplification two separate calculations were performed: in
first stainless steel was replaced by water and in second no material was put in
corresponding MCNP geometry cells. In both cases we observed only a fractional
increase in k<.ff, so entire deviation due to this simplification was estimated to be 10
pern and was found completely negligible when compared to the overall statistical
deviations of subsequent criticality calculations.
In our calculations - as well as in the experiment - only standard stainless steel
clad fuel elements .with 20% enrichment were used. A generalization was used in
material composition of fuel elements and control rods since we used averaged values
rather than specific values for each element. The averaged values of all important
materials used in our MCNP calculations were obtained from (1) and (3) and are
summarized in Table 1.
Our MCNP model of the core enables simulation of any desired fresh core. It
is necessary only to specify what type of element (fuel, control or source) occupies the
desired position. The axial position of regulating rods can be specified by setting
insertion parameters on MCNP transformation specification records in MCNP input file.
Furthermore, our model can be extended to cover burnup parameters of fuel elements
as well.
Continuous-energy neutron interaction data from ENDF/B-VI cross-section
library were used for our calculations. If data from ENDF/B-VI evaluation were not
available, data from other libraries were used, see Table 2.
To investigate consistency and differences between different neutron crossection
evaluations, all criticality calculations were performed with ENDF/B-V data file also.

Figure 1: TRIGA core. Possible locations are labeled as usual.

{

j

t

Figure 2: MCNP models of a fuel element (a), a fueled-follower / transient control rod
(b) and a source element (c). Side view.
Material
Fuel
(20%.12w/o)

Density
|g/em»|
6.122

Fuel
(20%,8.5«/o)

6.122

Zrrod
Craphite reflector
Abwrber (fl<C)

6.490
1.670
2.480

SS cladding

7.889

Concrete

J.516

Composition
Element Weight. O K I .
0.02332
0.093B6
«y
0.86701
"'Zr
0.01581
0.01690
nsy
0.06801
«y
0.83S63
~'Zr
0.01M6
'//
1.00000
~*Zr
1.00000
•c
0.13690
"S
C.64568
0.21722
0.19023
*"Cr
0.02002
""Mn
0.69585
~'Fe
0.09390
~'Ni
l
0.00383
H
0.32833
"0
0.01M8
~'Mg
0.02135
~'Si
~'C»
0.WS70
~'Ti
0.2OO20
0-38211
~'Fe

•c

Table 1: Composition of materials used in the MCNP model of TRIGA reactor.
T»ble 'Description
t»ble* from file endfBO2
1001.60c Ml from endf-vi.l
5010.60c " B from ctKtf-vi.1
5011.60c " 0 rromeodf-vi
6000.60c ~ ' C from en<Jf-vi.l
70K.60c >4 N from tp. luil cn<lf^6 cvajuilioo
8016.60c "O from endf/b-vi
12000.60c ~"Mg from eodf/b-vi
13027.60c "Al from eodf/b-vi
14000.60c **'Si from eo<Jf/b-vi
20000.60c ~ ' C » from eodf/b-vi
22000.60c ~ ' T t from eodf/b-vi
25055.60c " M o from eddf/b-vi
40000.60c **'Zi from codf-vi.l
92215.60c °*U from lull proposed cndf-vi.2
9223S.60c °*U from endf-vi.2

T>ble
24000.50c
28000.50c
26000.35c
lwlr.OH
grph.OU
b/it.0H
tr/h.Olt

Description
tables (rom file rmcca2
"'Cr from njoy
"*'Ni from njoy
Ubles from file endlS52
•""Fefromcodl-SS
tables from file tmcc«2
hydrogen in light water
graphite
bydrogen in ZrH
zirconium in ZrH

Table 2: Cross-section data used in our calculations.

3. Results
^J__Critical experiments
The main objective of simulating two critical experiments was to check reliability
of our model and to establish a difference between ENDF/B-VI and ENDF/B-V
libraries.
We compared our calculation to experimental results of critical experiments
described in (1). In the experiment two approximately critical core configurations
labeled 132 and 133 were considered. They both had the same number of fuel
elements (40) but differed in loading pattern. The core 132 had 7 fuel elements in E
ring placed at the side of the transient rod, while the core 133 had them placed at
the opposite side, see Figure 3.

Figure 3: MCNP model of the critical cores labeled 132 and 133. Top view, core
midheight.
All three control rods and the transient rod were completely withdrawn.
Reactivity of the core was calculated for all different source element locations as
quoted in (1) in addition to withdrawn source in core 132. Results of MCNP
calculation in Table 3 represent values of the combined collision, absorption and track
length keff estimator. Stable spatial distribution of the fission source was achieved by
using 500, 1000 and 2000 particles per cycle in successive MCNP runs for cores
without source. In the calculations of different source locations, the initial source
distribution was taken from the final source distribution of the core without source
element. For the final estimation of the keff , 4000 cycles of criticality run were
computed.
Configuration/
Source Location
Core 132/Out
Core 132/E12
Core 133/Oul
Core 133/E12
Core 133/E2
Core I33/E7

Estimated
MCNP simulation
k,ff ± 0,<A
not measured 0.99997±0.OOO32 l.00102±0.00029
O.99868±0.OO032 0.99973±0.00029
0.99865
1.00310
1.00323A0.00032 1.00428±0.00028
1.00266
1.00267db0.00032 1.00372i0.00029
1.002GG
1.00250±0.00032 1.00355±0.00029
1.00277
1.00274±0.00032 1.00379±0.00029
Experiment

Table 3: k<.ff results for critical cores labeled 132 and 133 with inserted source element
on different locations of the core. ENDF/B-VI cross-section library used in MCNP
simulation. Experimental results were estimated to have total error of approximately 15
pem (1).
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From the difference between the experimental results and the results of MCNP
simulation we estimated systematical error of the MCNP calculation to be
°"sysi

=

+105 ± 13 pcm.

Since all errors due to geometry simplifications fall below statistical errors, we
consider this error to be due only to unaccurate neutron cross-section data. So the
above oesyst can be attributed to error of ENDF/B-VI data for criticality calculations
for TRIGA Mark II reactor. Estimated keff, obtained from calculated kcff by taking
into account the above mentioned systematical error, show perfect agreement with the
experiment. Comparison to experimental results (^estimated/experimental = 11 pcm) indicate
that estimated experimental error as well as calculated statistical error might be even
overestimated.
3.2 Comparison between ENDF/B-VI and ENDF/B-V libraries
Differences between experimental and calculated results using the cross-section
data from ENDF/B-V library were much larger, see Table 4. In our opinion this
difference is mostly due to better described ^ U resonance region in ENDF/B-VI
evaluation. For comparison we quote here also results of MCNP simulation of
DIMPLE benchmark experiment (5). Again, the ENDF/B-VI library data give better
results. Overestimation in TRIGA benchmark calculation and underestimation in
DIMPLE benchmark calculation can again be explained with unaccurate treatment of
the ^ U resonance region. The major difference between both experiments is due to
different enrichment: TRIGA reactor fuel is highly enriched (20%), while DIMPLE
reactor uses low enrichment fuel (3%).
3.3 Excess reactivity
For calculations of excess reactivity, control rod worths and fuel element
reactivity worth distribution, a new core labeled 134 (1) was modeled. It differs from
the core 133 in five additional elements in E ring and source location in position E7,
see Figure 4.
Experiment
Library errors
ENDF/B-VI
ENDF/B-V
TRIGA Benchmark
+105 ± 13 pcm +450 ± 55 pcm
DIMPLE Beachmark
—350 pcm
—650 pcm
Table 4: Comparison between ENDF/B-VI and ENDF/B-V libraries for critical cores.

Figure 4: MCNP model of the core 134, used in control rod and fuel
reactivity worth calculations. Top view, core midheight.
"•

element
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Results of the calculated excess reactivity as well as summary of experimental
results are given in Table 5. The excess reactivity was determined experimentally from
control rod worths critical positions and their calibration curves, measured by the rodexchange method.

Experimental

MCNP estimate

Per

Estimation from control rod critical positions
R
2144(l±0.10)
2067±100
C
2108(l±0.10)
2185±115
S
1964(l±0.10)
2100±115
T
1872(l±0.10)
2132±115
Average 2022(l±0.05)
2116±55
Direct calculation
2126±32

Table 5: Core excess reactivity for core 134. Experimental results determined from
control rod critical positions by the rod-exchange method (2) and calculated results
from control rod critical positions. Result of direct excess reactivity calculation result is
also given.
3,4 Control rod worth
Control rod worths were calculated as follows: first, core with "all rods out"
was modelled and criticaliry calculation was started, saving the source distribution to a
file. After keff stabilisation and source convergence was reached, the calculation was
stopped and source distribution file was preserved.
Now, the selected control rod was moved into the core for a certain length
(some 250 pem in reactivity worth, finer steps were not allowable due to excessive
computer times required), keff calculation was re-initiated and proceeded in the same
way as for "bare core". This was repeated until the bottom of the core (control rod
completely inserted) was reached.
Table 6 and Figures 5 and 6 give obtained simulation results for regulating and
compensating control rods. Again, good agreement between the experiment and MCNP
simulation has been observed.

regulating
compensating

experiment
2552 pem
2430 pem

MCNF
2487 ± 90 pem
2492 ± 90 pem

Table 6: Comparison of measured and calculated integral worths of regulating and
compensating rod.
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4. Conclusions
The complete 3D MCNP TRIGA Mark II reactor model is presented.
ENDF/B-6 neutron crossection library was used for the calculation. Preliminary results

o f some rector parameters show excellent agreement with the experiments. Further
work with this model may lead to a reliable and precise TRIGA benchmark.
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Abstract
Additional criticality safety analysis of a pool type storage for TRIGA spent fuel at "Jozef
Stefan" Institute in Ljubljana, Slovenia, is presented. Previous results have shown that
subcriticality is not guaranteed for some postulated accidents (earthquake with subsequent fuel
rack disintegration resulting in contact fuel pitch) under assumption that the fuel rack is loaded
with fresh 12 wt% enriched standard fuel. To mitigate this deficiency, a study was made about
replacing a certain, number of fuel elements in the rack with absorber rods.
For this purpose* Monte Carlo computer code MCNP4A with ENDF-B/V library and
detailed three dimensional fuel rack model was used.
At first, a short study was performed in order to pick up the neutron absorber material for
absorber rods. Cadmium and hafnium were considered as candidate materials. Cadmium was
chosen due to its availability. Later, an analysis was performed about the required number of
uniformly mixed absorber rods in the lattice needed to sustain the subcriticality of the storage
when pitch is decreased from rack design pitch of 8cm to contact pitch, assuming that the
absorber rods remain in their proper positions.
Next, it is shown that, due to random mixing of the absorber rods during lattice
compaction, supercriticality configurations cannot be completely excluded. Question arises
about the probability for such event.
For this purpose, a probabilistic study was made, sampling the probability density functions
for random absorber rods lattice loadings. The results show reasonably low probabilities for
supercriticality even for fresh 12 wt% enriched standard TRIGA fuel stored in the spent fuel
pool.

I. Introduction
It was shown in [1] for spent fuel storage pool, presented in Fig.l, at 250kW TRIGA
reactor operated by "Jozef Stefan" Institute in Ljubljana, Slovenia, that its subcriticality for
some foreseen accident conditions, such as earthquake, cannot be guaranteed. In the case when
the same fuel storage pool would be used for emergency core unloading, the calculation with
the most reactive, fresh 12 wt% standard TRIGA fuel was done to cover the possibility for
such unloading to occur in the very beginning of the core life. It was supposed that
disintegration of the filled fuel rack occurs where fuel elements pile together to their contact
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and that water remains in the pool. To mitigate the risk of such possibility it has been proposed
[1] to replace a certain number of fuel elements by cadmium loaded absorber rods, which
should be uniformly mixed into the lattice.
The aim of this contribution is to present partial results of additional probabilistic criticality
safety analysis showing that even if previously uniformly mixed additional absorbers would not
remain in their relative positions during the supposed rack disintegration, only minimal
probability for supercritical configuration can be expected.

side view
(op support plate

top view
Al-Cd plalos

->•

\

bottom support plate
fuel or absorber rod

.

fuel or absorber rod

Fig. 1. Side and top views o,f the spent fuel pool rack at TRIGA Ljubljana

II. Description of the pool and the absorber rods
The pool, excavated in the basement of the reactor hall, is 2.6x2.6m wide and 3.6m deep.
It is filled with pure demineralised water. The walls are made of reinforced concrete clad with
stainless steel. The aluminium fuel rack is attached to the bottom of the pool. It consists of top
and bottom support plates connected by vertical props at the sides (see Fig. 1). Top support
plate has 21x10 holes for inserting fuel elements. Pitch is 8cm and hole diameter is 4cm. Holes
are arranged in a square array. The rack is divided in three segments of 7x10 positions by
aluminium-clad cadmium plates.
During the postulated accident in which the rack would disintegrate and both the fuel
elements and additional absorber rods would randomly mix and compact to contact pitch,
equal probability must be assured that either fuel elements or absorber rods would occupy one
of the available lattice positions. This can be attained if mechanical properties, i.e. the shape
and the weight of both elements, are the same. Taking this condition into consideration it
allows us only to vary the thickness of absorbing layer of the absorber rods. To see what
influence that thickness has on the criticality of the pool, a short study was done for two
absorbing materials: cadmium and hafnium. The results show (Fig.2) the dependence of ken- on
the thickness of the layer for both absorbers. The calculation was done for contact pitch pool
with 8 absorber rods in each of 3 compartments for thickness of cadmium or hafnium layer
between 0.0001mm and 15mm. It could be seen that the influence of the thickness of
absorbing layer in absorber rods on the kerr plays little role for values greater than 1mm. As an
additional illustration the ke«r value for the absorber rod of the same shape, filled with 100%
boron carbide, is presented in the Fig.2. Therefore, the final shape of the absorber rod was
modeled with top and bottom plugs made of stainless steel and 6.2mm thick cadmium plate,
Nuclear Firerpv in Central Vumne Pr>rtr,rn?

rolled in the form of hollow cylinder, to exactly match the total weight of standard fuel
element.
1.1*

keff

0.0001

0.001

0.01
0.1
1
thickness [mm]

100

Fig.2: Dependence of k«(r on the absorber thickness

IH. Calculational method
• Monte Carlo computer code MCNP4A [2] was used. A continuous neutron cross section
library, evaluated from ENDF/B-V data [3] was applied. The scattering functions for graphite,
hydrogen in water molecule and hydrogen in zirconium were taken from the ENDF/B-IV
library. Detailed three-dimensional geometry was used. Both, the fuel elements and the
additional absorber rods were exactly modeled, as well as the fuel rack and the walls of the
pool, so that both, axial and radial leakage was correctly described. The multiplication factor of
such geometrical model is denoted as

IV. Results
IV.A Critical number of 12 \vt% fuel elements
The first task of our analysis was to determine the critical number of fresh standard 12 wt%
fuel elements for square contact lattice pitch. It was assumed that, during the rack
disintegration, all fuel elements pile together to square contact in two possible modes, that is
along the short side or along the long side of the rectangle ( Fig.3). Water is assumed to remain
in the pool. We started our calculation with a certain subcritical number of fuel elements and
then sequentially added fuel elements for both lattice modes until criticality was achieved.
Other available lattice locations contained only water. Results show (Fig.3a) that criticality is
achieved with 35 fuel elements loaded along the short rectangle side and with 46 fuel elements
loaded along the long side.
The second task of the analysis followed the same reasoning as before, differing only in that
previously water flooded lattice positions were now replaced with above described cadmium
absorber rods. In this case, 39 fuel elements and 31 cadmium absorber rods were required to
achieve criticality in the case of short rectangle side loading and 48 fuel and 22 cadmium
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absorber rods in the case of long side loading. See Fig.3b again. Solid lines represent
polynomial least squares fit to Ka calculational data in all cases described above.
Of course, additional cadmium absorbers, when piled along one side of the fuel rack and
fuel elements along the opposite side, cannot essentially lower the k ^ during the rack
disintegration and lattice compaction. However, as it will be shown, the probability for such an
event to occur appears to be negligibly small.

1.06-,
H
•

1,06-

fuel + Cd Cells
fuel + water cells

1.04 -

1,041,02-

water
or
cetl*

32

34

36

38

40

number of fuel elements

OS

42

44

46

48

50

52

54

number of fuel elements

Fig.3. Determination of critical number of fresh 12 wt% standard fuel elements in case of
contact pitch and a) short rectangle side loading and b) long rectangle side loading.

IV.B Crtticality for uniformly loaded absorbers during pitch decrease
For this study the spent fuel rack was filled with fresh fuel elements. Several rack positions
(8, 10, 12, 15, 17 and 20) were filled with absorber rods in a more or less regular manner, with
the intention to show that uniformly mixed absorbers among the fuel assure subcriticality under
postulated accident condition. This was achieved by calculating the KK for the pool with
different pitches from the design pitch of 8cm down to square contact pitch. Several
calculations were done for chosen numbers of absorber rods for various pitches.
Results show that even only eight uniformly positioned absorber rods among 62 fuel
elements assure subcriticality for all pitches down to contact (Fig. 4). Result for fuel elements
occupying all 70 positions (no absorber rods in the lattice) is also given, confirming our
findings about possible supercriticality from [1].

IV.C Probability density functions for random lattice loadings
Using the absorber rods as described above assures subcriticality even under postulated
accident conditions, if water remains in the pool but fuel rack disintegrates so that fuel
elements and absorber rods pile up in contact, assuming that both keep their relative positions.
Now, let us think of the case when random mixing of fuel elements and absorber rods
occurs during rack disintegration. If we recall the former results, showing that in a case when
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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all the fuel elements and all the absorber ro'ds fall apart to the opposite sides, supercriticality
would occur already with 39 fresh fuel elements and, consequently, 31 absorber rods.

1,3-

—•—fuel only
— • — 8 Cd absorbers
—A—10 Cd absorbers
—T—12 Cd absorbers
—•—15 Cd absorbers
—I—17 Cd absorbers
—X—20 Cd absorbers

1,21.11,0-

0,80,70,60,5\
5

Fig.4. Dependence of the
absorber rods.

'

I
6
pitch (cm)

on the lattice pitch for. various number n of uniformly loaded

We have to estimate the probability for supercriticality for n absorber rods and 70 - n fuel
elements randomly distributed into the described 7x10 lattice in the case of square contact
pitch.
According to [4], there are N possible ways to load n equal absorber rods and 70 - n equal
fuel elements into this lattice. N is given by:
70!
N
"n!(70-«)!
For example, if n = 20, the number of possible loadings N is approximately 1.62-1017. So the
probability for each possible loading (like the one we discussed before: all fuel to one side, all
absorbers to the other side) would be negligibly low, i.e. 10'17. Although that this is an extreme
case, there may be other supercritical loadings, too.
To determine the probability for supercriticality, the following calculational scheme was
used:
• a small supervisor program was written which could randomly alter the distribution of fuel
elements and absorber rods in the MCNP input (describing 70 - n fuel elements and n
absorber rods in square contact pitch);
• MCNP run was then initiated by the supervisor program;
• after the termination of the MCNP run the supervisor program checked the MCNP output
file for validity of statistical tests;
• if all statistical tests were passed, keir and its standard deviation a were retrieved;
• MCNP output was deleted and kerr and a were added to probability density file (simply,
unity was added to a vector between ketr - a and kejr + a with resolution of 0.0001 in order
to cumulatively build the probability density function);

» process was repeated for the same number of absorbers n until 500 valid MCNP runs were
accumulated;
This calculational scheme was done for selected numbers of absorber elements n (8, 10, 12,
15 17 and 20). At the end the accumulated probability density functions dpJdKa were
normalized:

J ok'ff^
defining the probability for supercriticality pn(ke<T> 1) as:

=

1 Ok.-f2-^
'ff

(3)

Entire calculational process was computer intensive, since it required 3000 valid MCNP
runs. However, the task was distributed over the network to various workstations and mostly
ran overnight, so it was not overloading our computers. For illustration: if these 3000 runs
would all be executed on a single 133 MHz Pentium processor, approximately two CPU
months would be required to complete them.
The probability density functions dpjik^yd^a for different numbers of absorber elements n
are presented on Fig. 5.
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IV.D Supercriticnlity probabilities estimation
From the obtained probability density function the probabilities for supercriticality now
directly follow from Eq. (3). They are given in the second column of Table I. Although 500
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MCNP runs have been run for each number of absorber elements, the curves of the
"experimental" probability density data still contain much scatter. To avoid this, the gaussian
and exponential least squares fits were applied to "experimental" probability density data
(actually, only to the right hand side tail of the probability density function. Fits were not done
for n = 8 and n = 10 because the probability for supercriticality is unacceptably high in this two
cases. A sample fit for n = 15 is presented on Fig. 6. It is easy to conclude that gaussian
provides better fit. Regardless of that, both gaussian and exponential supercriticality probability
estimations are included in Table I.

Number of
randomly loaded
Cd absorbers
n

Probability for kcrr ^ 1
"experimental"
data
0,75
0,35
0,062
0,0026
0
0

8
10
12
15
17
20

gaussian
tail
/
/
0,069
0,0036
0,0011
0,0000013

exponential
tail
/
/
0,12
0,033
0,015
0,0045

Table I: Probability for supercriticality for various number of randomly loaded absorber rods.
Pitch: square contact (3.75cm)
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Fig.6: Estimation of supercrtticality probability by means of gaussian and exponential fit to the
probability density function.

y.t Conclusions
It was shown in [1] and confirmed in this paper that subcriticality is not guaranteed in the
n e W spent fuel storage pool at TRIGA reactor in Ljubljana, if rack disintegration with lattice
compaction to square contact pitch would occur and if, at that time, fresh 12 wt% standard
XRIGA fuel elements alone would be stored in the pool.
Cadmium absorber rods were designed to overcome this deficiency and a criticality safety
study was done about replacing some of fuel elements in the rack by these absorber rods.
Monte Carlo code MCNP4A with ENDF/B-V cross section library were used to perform the
analysis. Its results can be summarized as follows:
• Without any absorbers only 34 fuel elements would be maximum number to be stored in one
fuel rack compartment, since any larger number might lead to criticality under severe
earthquake conditions.
• If the absorber rods would remain uniformly mixed with fuel during lattice disintegration
and subsequent compaction to contact pitch, only 8 absorber rods would assure
subcriticality.
• Since random mixing of fuel elements and absorber rods during lattice disintegration can be
expected, an extensive Monte Carlo calculation was done, aimed to sample the probability
for supercritical configurations that may occur, if there are more than 34 fresh standard 12
wt% TRIGA fuel elements stored in one fuel rack compartment.
• When there are 15 - 20 absorber rods per compartment, the probability for supercriticality is
reasonably low (10"6 - 10"3 per severe earthquake which would result in total rack
disintegration and unfavorable mode of fuel compaction), thus enabling to store up to
approximately 20 fresh standard 12 wt% TRIGA fuel elements more per one fuel rack
compartment.
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ABSTRACT - A review is given on 32 years of neutron radiography (NR) experiments
at the Atominstitut using various types of NR facilities installed at the TRIGA reactor
Wien.

1. INTRODUCTION
In the year 1964 neutron radiography was carried out at the Atominstitut for the first
time. In those days only a predecessor of the two facilities on which experiments and
research are performed nowadays was available. The emphasis of the neutron
radiographic experiments made in the 1960's and 70's was on one hand the exploration
of hydrogen diffusion in solids, the H2O-D2O diffusion and on the study of metallic
alloys[4], and on the other hand the radiographic examination of irradiated in-core
neutron detectors, the detection oTcracks and the burn up determination of TRIGA fuel
rods[5,6]. In the 1980's neutron radiography was mainly used at the Atominstitut for
inspection of metal-tritium-helium-systems [15] and for hydrogen detection in metals.
Finally, in the 1990's the focus of neutron radiography activities was on the study of
humidity transport in porous building material [19-22,24-26], and on the design of
suitable quantitative NR-techniques.

2. NEUTRON RADIOGRAPHY FACILITIES
At the Atominstitut of the Austrian Universities two radiography facilities with a 250
kW TRIGA Mark II reactor as a neutron source are available [1]. Station 1 (fig. 1) has a
relatively large beam diameter of 40 cm suitable for industrial applications. Station 2 is
a system used for high resolution work. Recent measurments have been performed
mostly at station 1 [2]. The main characteristics of these facilities are shown in table 1.

FLUX DENSITY (cm"V)
L/D-RATIO
BEAM DIAMETER (cm)
Cd-RATIO

STATION 1
3-105
50
40
3

STATION 2
l,3-105
125
9
20

Table 1: main characteristics of the facilities
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Both facilities use conical collimators, with walls coated with materials containing
boron and lithium to suppress (n,y) radiation. The gamma background from the reactor
is reduced by bismuth filters manufactured at the Atominstitut.
Fig. 1 shows NR station 1 of the Atominstitut: samples are lowered down by an elevator
from the working platform to the radiography position together with a cassette
containing the X-ray film and a converter (scintillator or Gd). The beam channel is
opened by emptying the water-filled section of the collimator. For each individual
exposure, the neutron beam is opened by a shutter. Exposure time can be adjusted at the
control panel.

3. OVERVIEW OF ACTIVITIES
Since 1964, the NR-activities at the Atominstitut encompass both research oriented
work including development of NR-methodology and systematic assessment of NRperformance, as well as non-destructive testing (NDT) for various users. Table 2
presents an overview of the main research directions.
RESEARCH DIRECTIONS
development of NR-methodology [9, 10, 16, 19, 20, 26]
inspection of nuclear fuel elements [8, 14]
inspection of irradiated in-core neutron detectors [5]
inspection of magnesiastones [3]
inspection of alloys [4]
inspection of adhesive layers between metal layers [4]
study of hydrogen transport [4, 6,1, 11, 13]
study of hydrogen content in metals [17]
investigation of H2O - D2O diffusion [4, 12]
study of metal-tritium-helium systems [15, 18]
testing of hydrophobic agents for building materials [21]
study of humidity distributions in building materials [19, 20, 24, 26]
investigation of porosity of rock [22, 25]
inspection of honeycomb components [23]
inspection of engine parts
Non Destructive Testing

FOCUS
NDT research
X
X

X
X
X

X
X

X
X
X

X
X

X
X

Table 2: overview of activities

4. PRESENT PROGRAM
In recent years, the emphasis of the neutron radiography program has been on the
study of humidity transport in porous building materials and on the design of
quantitative experimental techniques and transmission analysis strategies tailored to
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these investigations. Those quantitative NR-techniques have also been applied to a
related topic, the study of porosity of rock, which was impregnated with hydrogenous
agents to be easily detectable by neutron radiography. Additionally, various NDT
activities are carried out. To illustrate the present scope of NR work, a few examples of
activities are presented, including two well known applications of NR as NDT tool and
one more research oriented experimental series.
Example 1 - inspection of engine parts: neutron radiography of a two stage lance was
carried out to verify the presence of organic residue and to determine its distribution.
Several spots with organic residue could be identified (Fig. 2a).
Example 2 - inspection of honeycomb structure for spacecraft: NR was used for the
inspection of honeycomb components for spacecraft. Flaws in the structure could be
detected and visualized. Fig. 2b shows an example of a detected flaw.
Example 3 - study of the porosity of rock: to obtain 3D information on the inner
structure of rock, neutron radiography of a rock sample projected at different angles was
performed. To simulate regions of higher porosity impregnated with a hydrogenous
contrast agent, epoxy-impregnated granodiorite rods were inserted into plain
granodiorite. This series demonstrates the efficiency of the method for the study of the
structure of porosity in crystalline rocks. Knowledge on the structure of porosity of rock
is relevant to the assessment of containment transport in rocky geological environment.

5. FUTURE ACTIVITIES
The continuation of the program of quantitative analysis of hydrogenous distributions
will be a main topic of future NR-work, and will include both further work on NRmethodology and its application to quantitative NR-measurement. The investigation of
humidity transport in building materials will be one of the main applications, the focus
being on fundamental research, especially on the study of the interaction of the porous
system with atmospheric humidity.
To enhance the efficiency of the employed quantitative NR-techniques, an electronic
detector consisting of a scintillator screen and a nitrogen cooled CCD camera is
presently under installation at the radiography station 1 in co-operation with the Paul
Scherrer Institute. The quantitative NR-techniques will be adapted to the detector and
strategies of optimisation of detector operation will be studied.
At the same time, a number of other investigation is expected, as the neutron
radiography facilities at Atominstitut will continue to provide NDT services for users
both from the scientific community and from industry.
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A Review of the Activities of the Nuclear Data Centre at ENEA
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Abstract
We give a short presentation of the present activities carried on at the Nuclear Data Centre of ENEA
at Bologna. These include a strong support of fundamental physics research aimed at ensuring the
capability of responding wifhjhigh quality data to any type of nuclear data request.

Introduction
In the last years the number of nuclear physics applications has expanded to the point that nuclear
physics definitely should be regarded as a mature science application oriented.
Nuclear physics applications are based on nuclear reactions and ultimately on the knowledge of
cross sections. By "nuclear data" commonly one intends nuclear constants which, in addition to
reaction cross sections, include nuclear structure constants as well. The latter turn out to be
particularly useful in cross section calculations, because reaction mechanisms take place proceeding
through possible nuclear structure states of nuclei and therefore are strongly correlated to nuclear
structure properties.
One should stress that fundamental nuclear physics developments have changed the approach to
nuclear data file production: while in the earlier times, at the beginning of nuclear physics application
era, files were produced based mainly on experimental cross sections, now a relatively small number
of measurements, sparse, but well placed through the periodic table, may be sufficient to drive model
predictions in a wide projectile energy range. The advantage being that calculations are incomparably
cheaper than measurements.
This is why fundamental nuclear physics developments in the direction of a better understanding of
the nuclear properties and of reaction mechanisms are relevant to nuclear data production and to their
quality improvements. Accordingly, in a time when both nuclear physics understanding and nuclear
physics applications are still in evolution, of necessity a major effort should be addressed to
fundamental physics developments in favour of multipurpose nuclear data production.
These ideas are providing guidance to the Centro Dati Nucleari (CDN) of ENEA which has started
its activity in spring 1996 and intends to progressively enlarge the usual ENEA-Bologna activities.
The internal organisation of CDN has been agreed to give impulse to each of the activities underlying
nuclear data production and distribution: from fundamental nuclear physics developments to nuclear
data evaluation, validation, processing and distribution.
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1. Fundamental physics and evaluation activity.
a) Low energy calculations
A master code IDA ' has been developed at ENEA for the calculation of cross sections with inclusion
of quite an updated treatment of all reaction mechanisms involved up to 50 MeV incident energy,
whatever the projectile and ejectiles.
Total and partial cross sections are produced with inclusion of careful nuclear structure details,
while emission and recoil spectra are provided along with their respective angular distributions.
IDA consists of a modular system of codes linked together and their input is facilitated by large
built in evaluated nuclear structure files. These codes are grouped into 4 categories. Codes for nuclear
structure handling and testing, codes for cross section calculations and comparison with experiment,
codes for extended evaluations, codes for nuclear data processing according to international formats.
As an example we show typical calculation results of neutron and gamma-ray production induced
by 14 MeV neutrons in 28sj and 51v. Fig.l displays the double differential cross section for neutron
emission induced by 14-MeV neutrons on 28sj at 20 and 150 degrees, respectively. In fig. 2 total
neutron emission spectrum induced by 14-MeV neutrons on 51V is shown with a comparison of our
calculations against JENDL-3 and ENDFB-VI files in the background of available experimental data.
In fig. 3 we present total photon emission spectrum induced by 14-17 MeV neutrons on Sly. Our
calculations are compared with JENDL and ENDFB files and with available experimental data.
b) Intermediate energy calculations
A programme has been started aimed at a critical intercomparison of different codes available for
intermediate energy calculations. By means of a comparison of results of different codes with
experimental data we intend to trace failures to the underlying physics adopted. This work will help
us to select "a code" for intermediate energy calculations and on which to introduce improvements in
order to be confident as far as its applicability and reliability is concerned. Here we show a few
examples from our investigations performed so far^ on the codes INC^ and ALICE^ . In fig. 4 we
give our calculated mass yields for 1 and 1.8 GeV protons on 238y ; INC code calculations (solid
curve)
experimental measurements full circles. In fig.5 we give our excitation functions for the
238rj(p2pxn) and 238u(p,3pxn) reactions: INC (solid) and ALICE (dashed) code calculations vs.
measurements.

2. Nuclear data validation
Validation activity being carried out at CDN is mainly addressed to the qualification of Fe-file by use
of the zero-power integral benchmark experiment PCA-REPLICA (Winfrith, UK, 1984). We are also
working at the development of the code PRISMA (a modified version of the module HEATR of the
NJOY processing system) for the production of PKA spectra for the determination of displacement
cross-sections in different stainless steel materials.
On the whole our activity is meant to provide reliable nuclear data and damaging parameters for
vessel safety analysis of PWR and BWR reactors.
Our international co-operations include the participation into the task force (TFRDD, Task Force
on Computing Radiation and Modelling of Nuclear Radiation-Induced Degradation of Reactor
Components) set up by the NEA Nuclear Science Committee for the study of ageing of structural
materials of nuclear reactors. To this end we are organising a contribution within the zero power
VENUS-1 (Mol, Belgium) shielding benchmark experiment, by means of updated multigroup neutron
cross-section files (BUGLE-96) and by means of tridimensional discrete ordinates transport codes
(TORT).
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3. The quality assurance programme (QAP)
A QAP has been established at CDN in order to ensure that nuclear data production according to
ENDF-VI format specifications is formally correct, complete and physically consistent. This way the
user is guaranteed data which are representative of the physically measured or calculated quantities
used as a basis for the evaluation.
The QAP responsibility and authority are shared among:
• the head of CDN who nominates the principal evaluator and the reviewer and who eventually
approves the file release;
• the principal evaluator who produces the file and pass it on to the reviewer;
• the reviewer who has to perform the verification on the material file according to specifications
and has to produce a report where all problems encountered are revealed and reported to the
principal evaluator.
The activity necessary to realise the QAP are subject to internal audit with the aim to review the
activities and verify their conformity, and to check the effectiveness of the quality plan and discuss
possible corrective actions.

4. Nuclear data distribution
Available nuclear data will be released freely. To this end we plan to arrange a self service package.
One of our tasks, hopefully, will be to provide services involving expertise and manpower, like
critical assessments of available files, or ad hoc evaluations, or processing for specific purposes. Such
contributions, however, would have to require special agreements and arrangements between user
and CDN.

5. Conclusion
We have shown with a few example our theoretical capability in the prediction of cross sections in a
few cases including extreme situations either from the view point of the need to include special
nuclear structure details or from the view point of particularly high incoming energy. We intend to
improve still more our calculation capability and to enlarge the number of evaluated files with
special attention to include missing photon production and double differential cross sections.
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ABSTRACT
This paper reports a two group 3D reactor core neutronic model KIKO3DS which
is designed to do detailed core analyses down to the fuel assembly size and to simulate time
dependent behaviour of the middle-fast transients, e.g. start-up of inoperable loop, inadvertent
control rod withdrawal. The model is to be integrated into a simulator program which is
going to run at different WER-type NPPs.
The paper presents the results of the code validation against measurements on WER-440
cores. A control rod withdrawal event will be simulated, too.

1. INTRODUCTION
A simulator code KIKO3DS was developed in the KFKI Atomic Energy Research
Institute and it has been validated. Its neutron kinetics model solves the two-group diffusion
equations in homogenized fuel assembly geometry by a sophisticated nodal method. Special,
generalized response matrices of the time dependent problem are introduced.The unknowns
are the scalar flux integrals on the node boundaries. The time dependent nodal equations are
solved by using the IQS (Improved Quasi Static) factorization method. In the IQS method the
3D time dependent solution is searched as a product of the time dependent amplitude function
and the normalized shape function depending on the time variable weakly.This method makes
the less frequent calculation of the shape function possible. The amplitude function solution
is obtained from the point kinetic equation where the point kinetic and feed-back parameters
can be evaluated from the shape function. The feedback in the point kinetic equation assures
the stability of the global solution in spite of the less frequent shape function calculation even
in the cases of the faster transients. To make the program faster 2D trial functions are
introduced in the shape function evaluation. The KIKO3D code which is the precise version
of the simulator code was developed and applied for safety analysis calculations. The code
was validated against hexagonal and rectangular benchmark problems [l]-[2].
The first part of our code named KIKOPRE calculates the stationary state of the reactor
before the transient from the given 3D burnup (conditionally given Xe- Sm- isotope)
distributions and some further core parameters such as positions of control rods, the power
of the core, inlet temperature etc. The code can use the results of the stationary program
system KARATE [3], as input. The second part of the code named KIKOINI is developed
to simulate the spatial kinetic behaviour of the core up to middle fast transients.
The paper describes the 3D core simulator model and gives examples of various types of
Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996
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cores that can be studied with our model. Though there is no adjustment in the groupconstant libraries the calaulations fit the experimental results.
Recently a joint work with the French CORYS Co. is going on the integration of the
program to their detailed thermohydraulic code package named DRAC.

2. DESCRIPTION OF THE KIK03DS MODEL:
The 3D neutronics model of KIKO3D_S program is based on the 2-group diffusion
equation with 6 delayed neutron groups. The time dependent neutron balance in each node
is written into the following form:
t)
'at
;t)

fx

(la)

' -

= -Xffr,t)

where:
T: comprises the term of the static two-group diffusion equation,
F: is the fission operator,
T(r,f): is the two-group scalar flux,
P;. ,0: are the delayed neutron fractions,
Cj(r,t): are the precursor densities,
%: is the fission spectrum.
The solution of Eq.(l) is searched in each node as the linear combination of three terms:
<j>a, <f>t which can be given with the following definitions:
T(rMQ(r,t)=0,

=0
where: <E>5f

(x="0","a","f") are the scalar flux integrals on the node boundaries in the

XKK'

group "g" and on the boundary "k". The number of the solutions of each type is equal to the
number of the node boundaries multiplied by the number of the energy groups. The different
solutions are denoted by the indices "g" and "k".
The following approximations are applied on the right side of Eq.(la), which is the driving
term of the deviation from the stationary solution:

Cfr,t) *
8

k;^(r,tJc,g>),

(2b)

rW,t>Y,
dt

^

dt
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where:

F*'

are the scalar flux integrals on the node boundaries, and

O*',

are the

amplitudes of the precursor distributions.
The generalized response matrices which are denoted by G further on, associated with each
function giving the amount of the face integrated current at the node boundaries either due
to a unit flux on the node boundary or due to a volumetric source are introduced. With the
help of these response matrices, the face averaged net currents are expressed as a linear
expression of the volumetric sources and face averaged fluxes.
Using the approximations described above and the continuity of currents on the common
boundaries of the adjacent nodes, the time dependent nodal equation for the whole reactor
can be derived:

S£Of
In order to solve the above equations, the factorization of the IQS method is introduced as
F(t) = A(t)f(t), where A(t) is the amplitude function, and f(t) is the shape function changing
slowly with the time according to its normalization:

| ( W , GJ) = 0
Substituting the above expression of F(t) into Eq.(3) the following compact form is obtained
for the shape factor equation:
dA

lOo-fiGrJLGJf-Gm& + JJEEkfifi = 0

(4)

Using the above equation and Eq.(3b) for the time independent case, the following equation
is obtained for the shape function and for its adjoint at the beginning of the transient (t=0):
Go(f=0y = 0,

G0'(f=0)W = 0

After the substitution of the factorized form, multiplying Eq.(3) by the adjoint weight
function W, evaluating the sum over the node boundaries and over the energy groups, the
equations for the amplitude function and for the core averaged precursor densities -the point
kinetic equations - are obtained:
'

--±f)
ji

where:

A(t=0)=AQ

tt

Z

(5)

dt

dG,

f

O

p

(6)

Equations (3b),(4),(5),(6) form a closed set to be solved. Up to this point, the theory was
entirely general. The geometry was arbitrary and the nodes could be heterogeneous.
In the KIKO3DS program, the above described method is used for the special case

of the homogenized hexagonaUand rectangular nodes. For the homogenized nodes, analytic
expressions of exponential and trigonometric functions can be used as the solutions, and the
response matrices can be calculated in an analytic way.
Two types of time steps are applied in KIKO3DS according to the IQS method. In each
micro time step the point kinetic equations (5) and (6) are integrated. In the macro time steps
the response matrices and its derivatives are calculated, the precursor and shape function
equations /Eqs.(3b) and (4)/ are solved. Practically, the computing time of the models called
in each micro time step is negligible as compared to that of the macro time steps.
In K1K0SIM and KIKOSHAPE,which are the two main parts of KIKOINI program the
following calculations are performed:
- Calculation of the time dependent node-wise 3D heat power distribution
- Solution of the node-wise delayed neutron precursor equation
- Solution of tiie node-wise decay heat equation
- Solution of the node-wise xenon equations
The response matrices of the nodal method are parametrized as the function of the boron
concentration, the fuel and moderator temperature, the moderator density, the burnup and
Xe, Sm concentration. Because of the possible two phase flow in some situations, the
moderator density and moderator temperature are regarded as independent parameters. The
absorbers and the reflector are represented by precalculated albedo matrices.
To make the KIKOSHAPE routine faster 2D trial functions are introduced. The number of
the introduced trial functions is the product of the number of axial elevations and the number
of radial shape functions. The trial functions*are taken from preliminary 3D static KIKOPRE
calculations at different control rod combinations.

3. VALIDATION OF THE CALCULATION SYSTEM:
The validation has been performed by comparing the calculated results to the
measured values at the Paks NPP and at the Loviisa NPP. A summary of a hypothetical
kinetic problem is also given.
In the steady state cases the comparisons were made between the results of the
simulator and the measured power distributions of the plant. Measurements were selected
from VVER-440 cores. Generally the VVER-440 reactors are operated with a core consisting
of 349 fuel assemblies. The newest version has 210 thermocouples to measure the
temperature distribution and 36 SPND detector chains to measure the axial flux. The first
benchmark problem was specified for such type of core namely the cycle 5 of Unit II. at
Paks NPP (see [3]). As the shuffling shows 60 degree symmetry, for the comparison only
the sixth part of the core is presented. There are no measurements in the followers. Fig. 1
to 3 present the radial power distributions calculated by the simulator and their differences
from measurements at BOC, MOC and EOC state. Generally the deviations are less than 2%.
Higher deviations can be observed in the peripheral assemblies but the measured values also
have relatively high errors in these positions.
Some VVER reactors are operated with a reduced core consisting of 313 fuel
assemblies. In the peripheral core locations 36 shield assemblies made of steel were
introduced in order to reduce the flux of fast neutrons at the reactor pressure vessel. In spite
of this reduction in the size of the core the nominal power of the reactors was maintained at
1375.0 MW. The low leakage loading of the core was firstly introduced and published in
every details at a Finish NPP, so the second benchmark was chosen from their
experiments[4]. The radial power distributions calculated by the simulator and their
deviations from measurements for Loviisa NPP Unit 1, Cycle 14 at EOC state can be seen
in Fig. 4. The deviations are as low as it was observed in the former cases. The relatively
JQ2
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good distribution shows that the albedo matrix for the dummy assembly was prepared in the
appropriate way.
For the above mentioned cases the critical boron concentrations were calculated, too.
The difference between the calculated critical boron concentrations and the measured values
are shown in Table 1. On the average the boron concentration is underpredicted in the low
leakage core and overpredicted in the Paks case. The maximum difference from
measurements is 0.15 g/kg. The comparison proves the accuracy of the simulator model,
although no adjustment has been made in our group constants.
To present the capability of the kinetic model a control rod withdrawal case was
examined. At the beginning of the cycle, an eccentric member of the working group is stuck
in its lower position. That is why the hypothetical unit works on 70% of power. Much later
the operator can withdraw the control assembly. As the follower of the stuck control rod was
not burnt out as high as its surroundings, there is an asymmetrical power distribution in the
core. The withdrawal causes some extra reactivity which results increasing in the power and
the temperature of the core. Supposing that there is no other action of the operator, the safety
system generates SCRAM and all the control rods fall into the core. The transient has been
calculated by the exact model KIKO3D and the simulator model KIK03D_S,too. The
hypothetical control assembly movement and the SCRAM rod movement can be seen in Fig
5. For lack of calculation of the primary loop the inlet temperature and the mass flow are
regarded to be constant [266.0 C, 81.3t/h]. The time dependent average power calculated by
the two codes can be seen in Fig 6. The reactivity curve is presented in Fig 7. In both cases
only very small underestimation can be seen at the curves of the simulator model, so the
introduced approaches seem to be reasonable.
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Unit/Cycle/state
Paks-2/5/BOC

Measured cB [g/kg]
[ lO.fpd]

Calculated cB [g/kg]

5.32

5.38

Paks-2/5/MOC

[14O.fpd]

2.75

2.90

Paks-2/5/EOC

[280. fpd]

0.08

0.14

Loviisal/14/BOC[ O.fpd]

7.2

7.13

Loviisal/14/EOC[325.fpd]

0.0

-0.10

Table 1 Measured vs. Calculated boron concentrations
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Figure 1
Relative power distribution calculated with KIKO3D_S and its deviations from measurement
at a 60 degree sector of the Paks-2 cycle 5. The parameters of BOC (10. fpd) state:
Power: 1375. MW, Control rod: 175.0 cm, Inlet Temperature: 266.0 C

Figure 2
Relative power distribution calculated with KIKO3D_S and its deviations from measurement
at a 60 degree sector of the Paks-2 cycle 5. The parameters of MOC (140. fpd) state:
Power: 1375.0 MW, Control rod: 200.0 cm, Inlet Temperature: 266.0 C.

Relative power distribution calculated with KIK03D_S and its deviations from measurement
t a 60
degree sector of the Paks-2 cycle 5. The parameters of EOC (280.fpd) state:
j
•ower: 1375.0 MW, Control rod: 250.0 cm, Inlet Temperature: 264.0 C.

elative power distribution calculated with KIK03D_S and its deviations from measurement
a $) degree sector of the Loviisa-1 cycle 14. The parameters of EOC (3OO.fpd) state:
tf: 1375.0 MW, Control rod: 250.0 cm, Inlet Temperature: 264.0 C,
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Figure 3
Relative power distribution calculated with KIKO3D_S and its deviations from measurement
at a 60 degree sector of the Paks-2 cycle 5. The parameters of EOC (280.fpd) state:
Power: 1375.0 MW, Control rod: 250.0 cm, Inlet Temperature: 264.0 C.

Figure 4
Relative power distribution calculated with KIKO3D_S and its deviations from measurement
at a 60 degree sector of the Loviisa-1 cycle 14. The parameters of EOC (300.fpd) state:
Power: 1375.0 MW, Control rod: 250.0 cm, Inlet Temperature: 264.0 C,
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THERMAL LATTICE BENCHMARKS
FOR TESTING BASIC EVALUATED DATA FILES,
DEVELOPED WITH MCNP4B

Marko Maucec, Bogdan Glumac
"Jozef Stefan" Institute, Reactor Physics Division

The development of unit cell and full reactor core models of DIMPLE SOIA and TRX-1 and TRX-2
benchmark experiments, using Monte Carlo computer code MCNP4B is presented. Nuclear data from
ENDF/B-V and VI version of cross-section library were used in the calculations. In addition, a comparison to
results obtained with the similar models and cross-section data from the EJ2-MCNPlib library (which is based
upon the JEF-2.2 evaluation) developed in IRC Petten, Netherlands'2* P1 is presented.
The results of the criticality calculation with ENDF/B-VI data library, and a comparison to results
obtained using JEF-2.2 evaluation, confirm the MCNP4B full core model of a DIMPLE reactor as a good
benchmark for testing basic evaluated data files. On the other hand, the criticality calculations results
obtained using the TRX full core models show less agreement with experiment. It is obvious that without
additional data about the TRX geometry, our TRX models are hot suitable as Monte Carlo benchmarks.

1

INTRODUCTION

The main requirement for the reliable use of the computer codes and cross-section libraries is their
evaluation and confirmation on experimental benchmarks. This contribution discusses the computational
evaluation of the several thermal lattice experimental benchmark results using the Monte Carlo
computer code MCNP4B and cross-section data based on the ENDF/B-V and VI library.
One of most precisely documented thermal lattice benchmarks for LWR criticality and reactivity
analyses is the DIMPLE benchmark in which a standard LWR core is modeled. It is a versatile, water
moderated reactor used to investigate performance, safety and safeguard issues relevant to the entire
nuclear fuel cycle. The current DIMPLE programme includes lattice studies, reactivity and neutron
source measurements with samples of irradiated fuel discharged from power reactors, criticality
experiments relevant to fuel manufacturing, transport, storage and reprocessing issues and the
development of sub-critical monitoring techniques. Both simple geometry fuel pin benchmarks and more
complex configurations, representative of operational or accident conditions, can be built. The ability to
control the reactor by means of moderator level alone permits sub-critical and critical assemblies to be
studied without the complicating perturbation of control rods.
To check predictions of critical moderator level and the water height reactivity coefficient (dp/dH)
at various fuel loadings, five configurations designated name SOI were studied. Only the description and
modelling of SOI A assembly, first built in 1983, is covered here. It comprises 1565 fuel pins arranged
on a square pitch of 1.32 cm to provide a cylindrical core. The fuel pins comprise 3 % enriched uranium
dioxide pellets, 1.013 cm in diameter, wrapped in adhesive aluminium foil and stacked within stainless
steel tubes with 1.094 cm outer diameter, to a fuel height of approximately 69 cm. Stainless steel plugs
are attached to the top and the bottom of the tubes. The pins are supported, and precisely located,
between aluminum lattice plates. The lattice plates in DIMPLE are secured to aluminum fuel support
beams, which in turn are supported by a tubular stainless steel chassis. The more detailed description of
We facility geometry and material composition can be found in [1] and [6].

The TRX benchmarks consist of light-water moderated metallic (1.3%) enriched fuel pins with
diameters of 0.4915 cm in aluminum cladding, filled in a hexagonal lattice. The experiment was
performed at a room temperature. In this contribution only the TRX-1 and TRX-2 benchmarks were
studied, with water/fuel volume ratios of 2.35 and 4.02, respectively. The remaining two benchmark
setups labeled TRX-3 and TRX-4 are two-region lattices. The exact composition of the materials used
in the benchmark configuration and axial model for described lattices are given in [3] and [5].

2 DESCRIPTION OF THE MCNP MODELS
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Figure 1: the MCNP model of a DIMPLE SOI A reactor core (top view)
From the geometric and composition point of view, the MCNP4B full reactor model of DIMPLE
S01A assembly (Fig. 1) is exactly the same as proposed in Specification of the Benchmark
Assemblies1'1. Reactor core is a mesh of 54 x 54 unit cells and is divided into six segments (plates).
Because of the mean deviation from the specified pin pitch of 1.32 cm across the gaps at the extreme
ends of the six top lattice, and bottom lattice plates, dimensions of them were reduced exactly according
to the values stated in [1]. The upper and lower lattice plate have been modeled with all the interstitial
drainage holes as specified in the DIMPLE SOI A description'1 \
The whole model (bottom to top) is 93 cm high, because of the fuel support plate and fuel beam
base under the lower lattice plate, which are modeled exactly as stated in [1] (Fig. 2). Between fuel
support and fuel beam base elements is water. The critical moderator height is 49.26 cm (according to
the temperature corrected to 20°C)[1'. It should be emphasized that cross-section data from the ENDF/BV and VI, used during the calculations were evaluated at the temperature of 300 K (27 C). This
temperature difference of 7°C should be kept in mind when calculating the multipljcation factor of the
core.
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Figure 2: the MCNP model of a DIMPLE SOI A reactor core (side view)
The parametric study results'21 confirm the statement written in [1], that 13 cm of water forms an
effectively infinite reflector. AH the features more distant than 13 cnx/rom the edge of the outermost pin
can be ignored, therefore the biological shield, the primary vessel, the beam support chassis and radial
components of the fuel support beams are not modeled. Nevertheless, a nominal axial and radial
water/air filled surround is included to give a cylinder 100 cm in radius and 93 cm high, which
definitely assures infinite reflector.
In addition to complete 3D model of a whole core, the DIMPLE SOI A pincell model was developed.
The geometry and composition of the pincell model, is exactly the same as proposed in Specification of
the Benchmark Assemblies'11
In order to complete the DIMPLE SOI A benchmark calculations the axial as well as radial
distribution of several spectral indices (reaction rate ratios) were determined according to experimental
specifications1'1:
• F9/F5 = ratio between the number of239Pu and 235U fission reactions
• F8/F5 = ratio between the number of 238U and 235U fission reactions
• C8/F5 = ratio between the number of 238U capture and 235U fission reactions
To obtain as much as balanced and uniform distribution of fission neutron sources, the calculation
of keir and the reaction rates was divided into three subsequent steps:
1. as a initial source So an isotropic point source in the central fuel pin was taken. Using a batch size
of 500 neutrons, in 500 cycles a geometrically converged source Si was produced, which was used
in the second step of the calculation.
2. starting with Si a second calculation was performed, using a batch size of 5000 neutrons. In 500
cycles the initial source S2 for the final step was produced.
3. in the final run the batch size was extended from 5000 to 40000 neutrons, which correspond to an
average of 25 neutrons for each fuel pin in the S01A assembly for each cycle. The values of kecr and
reaction rates were calculated in 350 cycles.
This is the only acceptable way for performing criticality calculations in geometrically complicated
MCNP models, like DIMPLE certainly is. It proves out[8Jl [ n ) , that single isotropic point source
calculation, with optionally extensive neutron batch sources and active cycles gives physically under- or
overestimated result, due to unsatisfactory neutron source distribution convergence.

TRX-landTRX-2
Unfortunately, three dimensional description of the benchmarks geometry is unprecise. Nevertheless,
we developed a complete core models, where we incorporated all the available data from the radial and
axial core configuration and description. In both TRX benchmark calculations only cross-section data
from ENDF/B-VI library were used.
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Figure 3: the MCNP model of a TRX-1 reactor core (top view)
The 3D MCNP models of the TRX-1 (Figure 3) and TRX-2 reactor cores have the same number of
fuel rods as the actual full-core configurations: 764 and 578 respectively (the number of elements and
the pitch distance are the only distinctions between the cores). The shapes of the cores were restored
from the one-third core representations of the lattices described in [5].
Therefore, when modeling the whole core, differences from actual core loadings due to
symmetrizing the outer boundary occurred: in it's original configuration, the model lacks one fuel rod
(763 in the case of TRX-1 and 577 in the case of TRX-2 reactor core). The positions of additional fuel
rods were chosen arbitrarily. As stated in the benchmark specifications, both cores are surrounded with
effectively infinite cylindrical water reflector with 162.56 cm in diameter. Rather schematic presentation
of the fuel rods axial configuration can be found in [5].
Probably, due to unavailibility of more precise and consistent data, 3D Monte Carlo calculations of
the TRX benchmarks, were not performed so far. However, using the leakage correction factors from
[9], the system can be modeled as a two dimensional infinite array of fuel unit cells with triangular
boundaries defined as reflecting planes. The TRX-1 unit cell is presented on Figure 4 (the TRX-2 model
differs only in dimensions of triangular boundaries).
Similar to the case of DIMPLE reactor calculation, the following spectral indices which correspond
to thermal cutoff of 0.625 eV were evaluated (and measured) at core center:
p2 =
5 2S =
5 28 =
C* =

ratio of epithermal-to-thermal 238tU captures
ratio of epithermal-to-thermal 235U fissions
ratio of 238U fissions to 235U fissions
ratio of 238U captures to B 5 U fissions
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Figure 4: MCNP pinccll model of the TRX-1 benchmark
The calculations of ken- and the reaction rates with 3D core model as well as pincell model were
again divided into three subsequent steps in exactly the same way as in the case of DIMPLE benchmark
calculation. The differences were applied only in the final step of calculation, where the batch size of
neutrons was 15000 in 500 active cycles.

3

RESULTS

A. DIMPLE SOI A criticalitv calculations
When analyzing the results of the 3D whole core model criticality calculations in Table 1 it is
obvious, that the relative differences in the MCNP4B results based on ENDF/B-V and VI data are not
consistent with the difference predicted by WIMS-D/4. As presented in [7], the result obtained using the
ENDF/B-VI data is 118 pem underestimated compared to ENDF/B-V result, but in case of MCNP
calculation the ENDF/B-VI result is overestimated for 308 pcm. But one must bear in mind that
although the WIMS-D/4 calculations are rather crude, the possibility that the discrepancy arises from
MCNP calculation can not be entirely excluded. It is well known that MCNP can not take into account
self-shielding in the unresolved resonance region. The unresolved resonance range extends down to 2250
eV for 235U and down to 10 keV for 238U in ENDF/B-VI, but far down to 82 eV for 235U and 4 keV for
^ U in ENDF/B-V libraryf7).
Nevertheless, the comparison of the calculation results when ENDF/B-VI cross-sections were used,
to the results of IRC group from Petten, proves the quality of our MCNP4B whole core model. As
presented in [2], the k^r obtained with data from EJ-MCNPlib library and based on JEF-2.2 library is
only 4 pcm subcritical, its confidence interval being ±21 pcm.
Table 1: DIMPLE SOI A benchmark k-ir, calculated using different MC kodes and cross-section libraries
M0NK5W
Experiment
MCNP4B
Model / Used MC Code
c
a
1.00000
1.0014 ±0.0008
0.99421 ± 0.00019
3D whole core model (kelT ± a)
b
0.99729 ± 0.00021
0
- 1995 WIMS Library in 172 groups
- continuous cross-section library ENDF/B-V
- continuous cross-section library ENDF/B-VI
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According to the predictions of the deterministic WIMS-D/4 calculations171, the k<.ff calculated with
JEF-2.2 library was 284 pcm higher than in the case of ENDF/B-VI cross-section data. Therefore, this
difference should be added to our result, which is 271 pcm subcritical. The correction gives a new kcrr
value, which is 13 pcm supercritical, but its confidence interval (between 0.99992 and 1.00034)
includes also the experimental critical value.

B. TRX criticalitv calculations
It can be seen from the Tables 2 and 3 that deviations of the TRX whole core calculation results
from experimental critical value are quite large: -1192 pcm (approx. -1.2%) in the case of TRX-1 and
-968 pcm in the case of TRX-2. This discrepancy should be attributed mostly to the unprecise
description of the whole core configurations and particularly to rather crude and schematic description
of the fuel cell axial structure. Therefore, without improvements in the geometry, those MCNP models
are not recommended to be used as a Monte Carlo benchmarks.
Table 2: TRX-1 benchmark ke(r calculated with MCNP4B
Experiment
Model / Used library
1
ENDF/B-VI
1.00000
3D whole core model (k,a ± a) 11 0.98808 ± 0.00020
—
Pincell model (k, nr ±a)
1.17937 ±0.00051
11
—
PinccII model (k^fcr)
[ 0.99999 ± 0.00051
a
- keff, obtained using leakage correction factors from Table 4
Table 3: TRX-2 benchmark k^ calculated with MCNP4B
Model / Used library
|
ENDF/B-VI
Experiment
1.00000
0.99032
±
0.00020
3D whole core model (ke(T ± a)
—
Pinccll model (kinr ± a)
1.16540 ±0.00040
—
0.99910 ±0.00040
Pincell model (ke(r ± a)a
a
- k<.([, obtained using leakage correction factors from Table 4
In contrary with the results of the full core calculation, keir obtained with the triangular unit cell is
extremely good: 1 pcm under the criticality in the case of TRX-1 and 90 pcm in the case of TRX-2,
what is completely in the range of uncertainty of the cross-section evaluation. But it should be
emphasized that leakage correction factors (Table 4) were not determined experimentally but calculated
using Monte Carlo computer codes P3MG19' and MUFT-MAGMA191, so these results have to be viewed
with caution.
Table 4: Leakage correction factors for k^ and spectral indices for the TRX-1 and TRX-2
unit cell geometry. Data taken from [9],
Parameter
Correction factor
TRX-1
i
TRX-2
0.8479
0.8573
kt(T
28
238
1.038
1.033
p (epithcrmal / thermal captures in U)
1.030
1.027
5 " (cpithermal / thermal fissions in I 3 5 U 1
1.051
1.073
5 1 8 (fissions in 2 3 8 U / fissions in 23S U)

C. Reaction rates calculations for DIMPLE S01A
The results of reaction rates calculations, or their spectral indices, with MCNP4B DIMPLE S01A
whole core model presented in Table 5, show quite good agreement with experimental values. This is
another confirmation that our DIMPLE S01A model is an excellent Monte Carlo benchmark for testing

tfkasic evaluated data files. A very detailed description about the principles of the evaluation of reaction
rates with MCNP4A(B) can be found in [4].
Table 5: spectral indices calculated with DIMPLE S01A benchmark, using MCNP4B and ENDF/B-V and VI
cross-section libraries (averaged over full height of fuel in central pin)
Spectral indices/Used lib. ||
ENDF/B-V
ENDF/B -VI
|
Experiment
M8
235
U fission / U fission
2.7410" 3 ±0.5%
2.90-10 3 ±0.3 %
3.02-10J ± 3.4 %
»»Pu fission / " 5 U fission
2.16 ± 0.2 %
2.24 ± 0.1 %
2.189 ± 0 . 9 %
W8
U capture / 23SU fission
1.9610 2 ± 0.2 %
2.06-10 2 ± 0.1 %
2.0310 2 ± 0.5 %

n, Reaction rates calculations for TRX models
In contrast to the remarks about the unprecise and insufficient experiment description, a rather good
agreement of calculated spectral indices with MCNP TRX-1 and TRX-2 whole core models with the
experimental values was observed. Most of the values are, within their confidence intervals, consistent
with the experimental results.
Particularly, the results obtained with TRX pincell models, confirm the excellent criticality
calculations results. The values presented in Tables 6 and 7 are again obtained using leakage correction
factors from Table 4. Due to unavailibility of the correction factor for the C* indices (the ratio of 238U
captures to 235U fissions) the values calculated with MCNP4B are in rather less satisfactory agreement
with the experiment.
Table 6: spectral indices calculated with TRX-1 benchmark, using MCNP4B and ENDF/B-VI cross-section
libraries (averaged over full height of fuel in central pin)
ENDF/B-VI
Spectral indices /
Experiment
Pincell model
model and*library used 3D whole core model
28
1.3205
±0.0147
1.3200 ± 0.0210
1.3257
± 0.0145
P
2S
0.0944 ± 0.0134
0.0989 ± 0.0126
0.0987 ± 0.0010
5
0.0932 ± 0.0129
0.0946 ± 0.0041
628
0.0962 ± 0.0130
C*
1.04-102± 0.0056
0.7970 ± 0.0080
1.0510"2± 0.0058
Table 7: spectral indices calculated with TRX-2 benchmark, using MCNP4B and ENDF/B-VI cross-section
libraries (averaged over full height of fuel in central pin)
ENDF/B-VI
Experiment
Spectral indices /
model and library used 3D whole core model
Pincell model
0.8161 ± 0.0145
0.8338 ± 0.0151
0.8370 ± 0.0160
P28
0.0614 ± 0.0008
S25
0.0579 ± 0.0131
0.0594 ± 0.0125
5 28
0.0693 ± 0.0035
8.7810"3 ± 0.0138
0.0711 ±0.0133
3
3
C*
0.6470 ± 0.0060
8.4110" ± 0.0060
8.4810" ± 0.0059

4

CONCLUSIONS

The scope of the presented study was to describe the development and evaluation of the Monte
Carlo models for some of the thermal lattice experimental benchmarks using a new version of MCNP4B
code and ENDF/B-V and VI cross-section libraries. Because of the excellent experiment description, we
focused particularly on DIMPLE S01A benchmark. We developed a precise and complicated geometry
model of a 3D whole reactor core, water reflector and support beams. The whole core criticality
calculations results together with several spectral indices calculated in fission isotopes, qualify the
model as a very good Monte Carlo benchmark, quite appropriate for testing the basic evaluated data
files.
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The other two benchmarks, namely TRX-1 and TRX-2 reactor cores show quite less agreement with
the experimental values. This is particularly true for developed 3D whole core models, mostly due to
unprecise description of the experiment. The most of the uncertainties arise from the unknown position
of the additional, 764th fuel cell and rather crude and schematic description of the cell's axial
configuration. On the other hand, the triangular unit cells criticality and reaction rates calculation
results are excellent. But it should be emphasized once more, that the MCNP4B results were obtained
using the leakage correction factors from [9], which were not developed experimentally, but with
another Monte Carlo calculation. This certainly decreases their credibility. Therefore, without some
improvements of the whole core geometry, the TRX-1 and TRX-2 models developed with MCNP4B arc
not recommended to be used as a Monte Carlo benchmarks.
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Verification of WIMSD-5A Code
on Light Water Reactor Benchmarks
M. Ravnik, A. Trkov, B. Zefran, A. Persic
J. Stefan Institute, Ljubljana, Slovenia

ABSTRACT: Testing of a newly released version of WIMS code, WIMSD-5A, is
presented. It is compared to the previous version, WIMS-D/4. The cross-section
libraries of WIMSD-5A, denoted '1986' , and of WIMS-D/4, denoted '1981', are
compared as well. No significant differences in performance between WIMS-D/4 and
WIMSD-5A are observed, provided the same data library is used. Significant
differences in results are observed if '1981' and '1986' libraries are used with the
same version of the code, WIMSD-5A. It is not clearly evident that the new library
'1986' is any better than the old '1981' library. Additional tests and more detailed
analysis is required.

1. Irrtrocection
iVMS code is one of the most widely used lattice-cell codes. Its original version was
deveiocec at the Winfrith laboratories, UK, in the sixties. Unique features of the code that make
it relevat even after 30 years are: detailed resonance treatment, transport solution in onedimenscrsi and two-dimensional unit-cell or supercell geometry and in 69 groups, leakage
calculaicr. bum-up calculation and short running time.
Version WIMS-D/4 was released for non-commercial distribution through the NEA Data
Bank r '962 (1). Label WIMS-D/4 is the NEA DB internal notation while the authors refer this
versio- rfthe code simply as WIMSD. The package includes the '1981' WIMSD multigroup
constans abrary. Recently, version WIMSD-5A was received from Winfrith at the NEA DB and is
being irsed (2). Essentially it has the same capabilities except for the removal of some minor
errors zrc a few extensions, proposed by the WIMS-D/4 users. The '1986' library offered with the
code is ssso essentially the same, except for some minor modifications. The WIMS-D codes are
not to te confused with commercial versions of WIMS which include many additional calculation
mode's srd a 172 group JEF-2.2 based library.
A weak point of the non-commercial WIMS-D package is the library, which is based on
rather rid evaluated data files. Many attempts have been made by the users to upgrade the
library ~~te WIMS-D Library Update Project (WLUP) is still in progress (3, 4) through the
IntemSScnal Atomic Energy Agency (IAEA).
The original WIMS-D/4 code was developed for the IBM computer and was found
drfficut to adapt to other systems. Several attempts were made by various users, some of them
added extensions according to their local requirements. As a result, many versions are
circutecng around and are being distributed by the NEA, as evident from Table 1. Unfortunately,
some cf the modifications affected the models, so different versions do not produce the same
resufts- To resolve the problem, which could give WIMS a bad name, the Winfrith group was
willing to provide support for the release of WIMSD-5A through the NEA on non-commercial
terms. The new package includes the '1986' WIMSD library. The beta-version of the package
was recently sent by the NEA to a few selected laboratories for testing before general release.
The resufts of testing at the 'Josef Stefan' Institute are presented in this paper.
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The WIMSD-5A code has basically the same capabilities as the earlier WIMS-D/4
except that the coding is more portable and therefore much easier to install on different
computers. In the models, a few extensions proposed by the users are incorporated. New
documentation is provided which gives a general overview, including a clear description of the
input options and printout. However, for details in the models used in the code the user has to
make his own way through the available literature. The '1986' library is also essentially the same
as the '1981' version, but it contains many additional materials which were missing and includes
adjustments in some cross seclions for better agreement with integral benchmark experiments.
Table 1. List of WIMS-D/4 versions reported by the NEA Data Bank
Package ID
Original computer
Test computer
NEA 0329/05
IBM 3081
IBM 3081
NEA 0329/06
CDC CYBER 740
CDC CYBER 740
NEA 0329/08
DEC VAX
NEA 0329/10
IBM 370
NEA 0329/13
all computers
DEC VAX 11/780
NEA 0329/14
IBM PC
IBM PC
NEA 0329/15
IBM PC
not yet filed
all computers

Date
1982
1983
1986
1990
1990
1990
1996

Bold typing in Table 1 denotes the original versions of the code, provided by Winfrith. In
our verification study we used CDC CYBER 740 version, adapted for our VAX computer, with
'1981' library and the WIMSD-5A version with appropriate '1986' library. We also used the results
of the test case calculations provided on the tape together with the original 1982 IBM version of
the code from Winfrith. As well wo performed "mixed" runs, using a version of the code together
with the library belonging originally lo another version in order to separate the effects of the
model and computer modifications from the effects of the data library modifications.
Evidently, the purpose of releasing WIMSD-5A version is also to end the confusion
resulting from using various unauthorized adaptations and modifications of the code performed
by the users. The release of WIMSD-5A is the chance for a fresh start on the code, which is
authorized by the original authors and has gone through a sequence of rigorous testing at
Winfrith and a number of other laboratories. The '1986' WIMS-D library does not solve all the
problems because the results of the library validation are not readily available. The WLUP
project is therefore still relevant. The library validation program of WLUP in combination with the
newly released WIMSD-5A could provide useful information, which would satisfy most of the
requirements of Quality Assurance Procedures, which are commonly requested in the activities
in the nuclear field.

2. Testing of WIMSD-5A for original test cases
The original IBM version of WIMSD is supplied with a list of 11 test cases. They are
described in ref. (1) and (2). Test case no. 6 could not be directly used on input for both versions
of the code. As the physical models of WIMSD-5A are not changed with respect to version
WIMS-D/4, the results of both codes should be identical if the same library was used. We tested
this assumption by calculating the test cases with WIMSD-5A but using the WIMS-D/4 '1981'
library. Test case No. 6 could not be run with WIMSD-5A because the block data input is not
supported. We compared results to :
a. our installation of WIMS-D/4 (CDC CYBER version, 1982) using '1981' library
b. test results, provided by the authors of the code and distributed together with the
original IBM WIMS-D/4 code.
In compliance with our previous experience we discovered large discrepancies in case a.
We explain them by the modifications of the code models introduced by the Spanish users of the
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code, who adapted it for CDC CYBER computer. The discrepancies, fortunately, appear only in
some options which are not frequently used, but are employed in the test cases.
Comparing WIMSD-5A to the original IBM WIMS-D/4 results using the same '1981'
library (case b.) showed only a few small differences that are due to numerical accuracy. The
differences are of order of 10"4 in kerr and in other relevant parameters for all cases except for
case no. 1, where differences of a few percent appear at the end of the bum-up calculation. The
source of this discrepancy has yet to be determined. Feasible explanation is that the code
WIMSD-5A has not been properly installed in all of its options.
It can be concluded that there are no differences between physical models of WIMS-D/5
and WIMS-D/4 provided that they use the same library.

3. Testing of WIMSD-5A for selected benchmarks
The new '1986' library was derived from the previous one (released in 1981) using JEF-1
basic evaluated data for the new materials added and a number of adjustments in the cross
sections for better agreement with integral benchmark experiments. We tested the library for a
set of selected experimental benchmarks. The benchmarks are specified in refs. (5-7), only their
basic properties are presented below.
The specifications of TRX benchmarks are found in ref. (5). The experimental set-up is
water moderated critical hexagonal lattice of low-enriched metal uranium fuel rods with
aluminum cladding. The benchmark is particularly suitable for testing U-238 resonance crosssections and related effects. Several spectrum dependent reaction rates are measured from
which the information on fast and thermal fission cross-sections can be derived. The benchmark
is supplied with effective buckling to facilitate criticality balance testing without full-core
geometry calculations.
Testing of a new library requires several experimental benchmarks covering all physical
systems and operating conditions for which the code is designed and intended to use. For this
reason the following benchmarks were treated besides the TRXs:
- BAPL
three UO2 LWR critical lattices
denot. BAPLn in tables
- R/100H
three UO2 LWR critical lattices
denot. RnS69 in tables
- ZEEP
three natural uranium HWR critical lattices
denot. ZnOPT in tables
A very well defined and frequently used thermal reactor experimental benchmark is also
the DIMPLE reactor. The specifications of the system are provided in ref. (7). DIMPLE is
uranium oxide 3% enriched square LWR critical lattice.
Experimental benchmark results are summarized in Table 2. Differences between
WIMS-D/4 and WIMSD-5A results using the same '1981' library are presented in Table 3. The
discrepancies are mainly small, consistent and can be explained by the numerical accuracy,
except for small but as yet unexplainable differences, which appear in some cases (e.g. ZEEP1
results, see Table 3).
The differences between the '1981' and '1986' library are presented in Table 4. WIMSD5A is used in the calculation. Systematic positive shift in reactivity can be observed for BAPL
and TRX cases on '1986' results with respect to the calculations using the '1981' library. The rest
of the benchmarks do not show prevailing trends. This fact indicates that the major differences
between the libraries must be sought in the lattice and spectrum dependent cross-section
parameters (e.g. resonance integrals, scattering cross-sections). Comparison between
experimental benchmark results and WIMSD-5A using the '1986' library is presented in Table. 5.
Results show systematic overpredicting of k-eff. This is not the case if '1981' library is used.

Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

4. Conclusions
Testing of WIMS-D/5 code shows:
• the main physical models of the code are not changed with respect to WIMS-D/4
• small yet inconsistent discrepancies appear in some cases probably due to numerical
problems or due to improper installation
• clones of WIMS-D/4 version have to be avoided due to unjustified and inconsistent
modifications of the physical models introduced by the users
• the differences between '1981' and '1986' libraries are significant. It is not clearly
evident that the new library '1986' is any better than the old one. Additional tests and
more detailed analysis is required.

Table 2: Summary of experimental benchmark results

1
2
3

4
5
6

7
8
9
10

11
12

Benchmark
BAPL1
BAPL2
BAPL3
DIMP1A
R1S69
R2S69
R3S69
TRX1
TRX2
Z1OPT
Z2OPT
Z3OPT

kinf
-

-

_
_
_

keff

P28

1.000
1.390
| 1.000 1.120
1.000 0.906
1.000 1.000 0.093
1.000 1.000^ 0.111
1.000
1.320
1.000 0.837
1.000 ! 1.000
1.000 -

825

§28

0.084
0.068
0.052

0.078
0.070
0.057

-

-

0.099
0.061

0.095
0.069
0.068

-

-

C
-

0.797
0.647
-

k^f = infinite medium multiplication factor
k<.« = finite medium effective multiplication factor
P2a = ratio of epithermal to thermal U238 capture
625 = ratio of epithermal to thermal U235 fission
S28 = ratio of U 23fl fission to U235 fission
C' = ratio of U 238 capture to U235 fission
- denotes, that the parameter is not defined

Table 3: Differences between WIMS-D/4 and WIMSD-5A results for selected benchmarks (in %),
using the same '1981' library, (WIMSD4-WIMSD5)/WIMSD4.

1
2
3

4
5
6

7
8
9

10
11
12
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Benchmark
BAPL1
BAPL2
BAPL3
DIMP1A
R1S69
R2S69
R3S69
TRX1
TRX2
Z1OPT
Z2OPT
Z3OPT

kinf

keff

P28

0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0

0.154
0
0

0
0
0
0
0
0
0
0

625
.0
0
0
0

§28

-0.004

0.035

0
0

0
0

-0.010

-0.010

0
0
0
0

0

0

-0.192

-0.163
-0.014

0
0

0

C
0
0

-0.005
0
0
0
0
0
0

-0.036
0
0
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Table 4: Differences between the results of WIMSD-5A calculation using '1981' and '1986'
libraries (in %), ('1981' - '1986') / '1981'.

1
2
3
4
5
6

7
8
9
10
11
12

Benchmark
BAPL1
BAPL2
BAPL3
DIMP1A
R1S69
R2S69
R3S69
TRX1
TRX2
Z1OPT
Z2OPT
Z3OPT

kinf

keff

P28

-0.334
-0.461
-0.605
0.069
0.096
-0.589
-0.377
-0.159
-0.558
-0.678
-0.167
0.187

0.409
0.236
-0.050
1.476
1.508
0.495
1.253
0.916
0.183
-0.544
-0.157
0.189

-3.387
-3.177
-2.685
-4.368
-4.517
-2.824
-4.053
-4.926
-3.960
-5.224
-7.338
-7.949

525
1.571
1.573
1.588
1.432
1.317
1.416
2.064
1.121
1.278
0.498
0.484
0.438

§28

-4.147
-3.893
-3.530
-5.415
-5.379
-4.045
-5.704
-4.538
-3.669
-3.014
-3.254
-3.568

C
-0.562
-0.273
0.081
-1.881
-1.971
-0.143
-1.896
-1.154
-0.251
0.285
-0.872
-1.572

Table 5:Differences between WIMSD-5A and experimental reference benchmark results (in %),
(BENCH-WIMSD5)/BENCH.
Benchmark kinf
C
keff
525
P28
0.113
-1.007 1.524
-0.782 1
BAPL1
0.180
-4.375 0.588
BAPL2
3.171
2
2.228
0.132
-1.325
-0.115
BAPL3
3
0.608
4
DIMP1A
0.693 R1S69
5
0.597 6
R2S69
0.305
7
R3S69
0.687
-1.667
0.811
-6.649
0.991
8
TRX1
0.518
-0.358 1.906
-3.983 1.422
9
TRX2
0.526 -0.444 10
Z1OPT
0.435
11
Z2OPT
0.276
12
Z3OPT
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Some Results of Krsko NPP Core Calculations
and Comparison With Measurements
A.Trkov, B.Zefran, M.Kromar, M.Ravnik, S.Slavic
"Jozef Stefan" Institute, Ljubljana, Slovenia

ABSTRACT: Current status of the CORD-2 package is described. Results of the
predictions of some important reactor core parameters are presented for the 12th
operation cycle of the Krsko NPP. Comparison with measurements is made to
illustrate that the accuracy of the calculations is acceptable. Some comments are
made on the enhancements, which are currently being implemented on the package.

1. Introduction
The Kr§ko Nuclear Power Plant (NPP) has a pressurized water reactor, designed by
Westinghouse. Recently it has completed its twelfth cycle of operation. In the past
few years the reactor core design after each refuelling was provided by the fuel
vendor. However, an independent design verification was performed at the "Jozef
Stefan" Institute (US) to ensure safe and reliable operation within the limits of the
technical specifications.
Design calculations at US are performed with the CORD-2 package/1/ which uses
the WIMS-D/4 code/2/ for lattice cell calculations and the GNOMER code/3/ for
calculating the power distribution within fuel assemblies, assembly-homogenized cross
sections, whole core multiplication factor keff and power distribution in the diffusion
approximation, using a simple thermohydraulic model to account for the feedback
effects. Global core calculations are done in three-dimensional (3D) Cartesian
geometry, taking core symmetry into account, if desired.
Individual modules of CORD-2 were validated as much as possible, but the overall
reliability of the package is asserted by continually monitoring the operational
parameters of the Kr§ko reactor core and comparing the measured values with the
predicted ones. In the present work, the comparison between measurements and
calculations for the 12th cycle of operation are given. The comparison includes
reactivity parameters and control rod worth measured during start-up physics tests
after refuelling, critical boron concentration change during burnup and assembly
power distribution at various operating conditions and burnup steps.
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2. Current status of tne U U H U - 2 package
•The CORD-2 system requires two additional physics software modules, namely the
WlMS-D code for lattice transport calculations and the GNOMER code for the
solution of the diffusion equation, correcting for thermohydraulic feedbacks. The
GNOMER code was developed at US and was to some extent tailored to the
CORD-2 system, although it is distributed as a separate package from the NEA
under the label IAEA1271.03 and also from RSIC under the label CCC-625/GNOMER.
The source was frozen in 1995.
The WIMS-D code originates from Winfrith, UK. The version WIMS-D/4 distributed
from NEA under the label NEAA0329.13 is used. The multigroup constants library is
basically the one, distributed with the code, but with some control rod materials
added. Recently, it was announced by NEA that WIMSD5A version is being tested.
Modifications to the CORD-2 package will be made for compatibility, if necessary.
Also, the WIMS-D Library Update Project is in progress through the International
Atomic Energy Agency (IAEA). When the new library is completed and validated, it
will be considered for the use with the package.
The CORD-2 package was offered to the NEA Data Bank in Paris. It is distributed
under the label IAEA1226.03 and corresponds to the version frozen in 1995. Code
maintenance is done strictly by Update commands and the UPD code /4/, which is
an emulator of the CDC Update system. The UPD code is also used for the
maintenance of other codes such as NJOY. Code maintenance through Update
commands allows to keep a concise, clear and exact record of all changes in the
source code, which is important for Quality Assurance (QA) purposes. A few minor
corrections were made to the CORD-2 and GNOMER source since the release. The
package is freely available, but must be ordered from the data centre. The updates
are available through Internet on " h t t p : / / w w w 2 . i j s . s i / ~ t r k o v / " .

3. Comparison of predictions with measurements
3.1 Control rod worth
Control rod worth was measured by the Rod-Insertion method, except for banks D
and C (in the presence of D), which were also measured by the Boron Dilution
method. The accuracy of the Rod-Insertion methods is estimated to be about 5 %.
Measurements by the Boron Dilution method are more accurate. From the past
experience it was observed, that the Rod-Insertion method systematically overpredicts
the A-bank worth and underpredicts the B-bank worth by a few percent.
Comparison of measurements, reference design and CORD-2 calculations is given in
Table 1. It can be concluded that the agreement is good and satisfies the review
criteria, which amount to 15 % difference for individual rods and 10 % for the sum.
The underprediction of the A-bank worth by CORD-2 seems somewhat large. It is
partly due to the systematic overprediction of the A-bank worth measurement and
possibly due to the error in the calculated flux distribution. Note that the assembly
radial burnup gradients are not accounted for in the calculations. They may have a
significant effect on the neutron flux distribution, particularly near the core periphery
and this is where the A-bank of control rods enters the core.

Nuclear

Enervv

in Central

Ktirnnt

Pnrtnrn?

Slnvpniit
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Table 1:

Difference from measurements in Control rod worth.

C.R. bank

Boron dil.

Ref.design

Cord-2 Calculation
r o. l
1 "O J

A
B
C
D
Sum

-0.6
-7.5
-0.6
(*)
0.0
-5.2
-2.6
(*) measurement not comparable

-14.3
6.7
5.8
0.0
-0.5

3.2 Isothermal temperature coefficient
The measured isothermal temperature coefficient at Hot-Zero-Power conditions (HZP)
agrees very well with the reference design. The CORD-2 prediction is slightly less
negative, partly due to the higher predicted critical boron concentration, but well
within the review criterion, which allows tolerance of ± 5 pcm/°C. The results are
shown in Table 2.
Table 2: Isothermal temperature coefficient
Measured
Ref.Design
CORD-2

-10.4
-11.4
-7.6

3.3 Critical boron concentration
At HZP conditions the measured critical boron concentration was 2072
reference design was 42 ppm low, but the CORD-2 prediction was 40
This is within the review criteria, allowing up to 50 ppm difference, and
with the general trend in the CORD-2 results, which tend to overpredict
boron concentration at HZP conditions by about 20 ppm.

ppm. The
ppm high.
consistent
the critical

The critical boron concentration at Hot-Full-Power (HFP) conditions as a function of
burnup in Cycle 12 of operation is shown in Figure 1. The differences from the
reference design are displayed for the measured values (labelled "FOLLOW") and
the CORD-2 prediction. From the figure it can be seen that the agreement of the
CORD-2 prediction with measurements is quite good.
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Figure 1: Critical boron concentration as a function of burnup.

3.4 Core power distribution
The first power distribution measurement was made at 30% power with the D-bank
of control rods inserted to 110 steps. This makes comparison with calculations
rather difficult, because such core conditions are not part of standard design
calculations. A new calculation was performed, but at a higher boron concentration
by about 500 ppm. The maximum difference between the calculated assembly
relative power and the measured one, relative to the core average power was about
4%. The distribution of the differences is presented in Figure 2. The South-East
quadrant is shown. The displayed differences indicate an overprediction of the power
near the core centre (where the maximum difference occurs) and an underprediction
near the core periphery. At the location of the partly inserted control rods (on the
axes, third assembly from the edge) the power is slightly underpredicted. In general,
the differences are small and can partly be attributed to the higher boron
concentration at which the calculations were done.
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Figure 2: Difference in the relative calculated power distribution: 100x(Calc.-Meas.).

4.

Conclusions

The current capabilities of the CORD-2 package allow calculations of pressurized
.water type reactors, whigh are of sufficient accuracy for design purposes. The
package offers the flexibility to model the special features of advanced fuel designs,
such as Integral Fuel Burnable Absorbers (IFBA), axial blankets, etc. The capability
of the package was demonstrated by comparison of the integral parameters,
predicted by CORD-2 and the measured values on the Kr§ko NPP during its 12th
cycle of operation.
Enhancements of the package are in progress. A significant improvement in the
accuracy is expected from the explicit treatment of the radial burnup gradients within
fuel assemblies. Also, the availability of an updated multigroup constants library for
WIMS will contribute to the reliability of the calculations for highly burnt fuel, for
which the current library is known to be less accurate.
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ABSTRACT
An extensive investigation has been performed against measured data for six WER-440 (type213)
Russian-type PWR's using the KARATE-440 code package. The measured data of interest for bencfvnarking
purposes are reactivity coefficient at BOC, depletion curves and radial/axial power distributions measured by
thermocouples and SPND detectors. A total of 53 unit cycles were evaluated for the benchmark program
including 4 types of Russian manufactured fuel assemblies (enrichment: 1.6% 2.4% 3.6% and 4.4%) and three
andfour year equilibrium cycles.
The results present evidence that the KARATE-440 code package can adequately model the range of fuel and core
types referred above and is acceptable for neutronic analysis of all the WER-440 NPP's.

1. INTRODUCTION
In the KFKI Atomic Energy Research Institute a code system KARATE has been elaborated for
calculation of die VVER-440 type reactor core. Its purpose is die calculation of neutrouphysical and diermal
hydraulic processes in die core under normal, start-up and slow transient conditions [I]. The system consists of
three calculation levels: the multigroup transport calculations of diffusion type constants and control rod albedos,
the fine mesh diffusion calculations inside die assemblies and reflector regions and the nodal calculation of die
core. The validation and verification of die KARATE core calculation package have been finished as a wide
range of comparisons with different measurements and cycle-histories including Bulgarian and Finnish data and
numerical benchmarks ([2], [31).
Altiiough die KARATE -440 has been faced widi different kind of benchmarks fudier benchmarking
processes are wordi-wliile from the following reasons .
The well-prepared experimental benchmarks are sutiable to point out systematic errors of die investigated
code, but these benchmarks are rarely able to outline the statistical behavior of die model, partly because
few of diem are at our disposal .
On die contrary measured performance parameters come into being continuouisly during the operation of
NPP. These parameters are for example : two- or diree- dimensional power distributions, reactivity
coefficients, boron acid concentration at different state of core, etc. Obviously comparisons of calculations
with diese data have better statistics dian die well-chosed benchmarks simply because of die larger
number of data. The disadvantageous side of measured performance parameters diat diey are not directly
planned to decide die goodness of a code. However die huge amounts of data make possible to aware of
tendencies and trends in die differences of calculated and measured results. After die appreciation of
tendencies and trends conclusions could be drawn concerning die long term behavior of a parameter or
the correctness of a given measurement. Examples are given for die above mentioned usage of
comparisons.
A total of 53 unit-cycles were evaluated as part of tliis benchmark. It includes:
13 cycles - Paks NPP Unit 1,
13 cycles - Paks NPP Unit 2,
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8 cycles - Paks NPP Unit 3,
9 cycles - Paks NPP Unit 4,
8 cycles - Kola NPP Unit 3,
2 cycles - Bohunice Unit 1.
The paper shows the result of the comparison of measured and simulated data in three parts.

2. RESULTS FROM THE PAKS NPP
General utilization of KARATE-440 code has been started 1 year ago in the NPP of Paks. Until
recently 44 fuel loadings have been realized, the corresponding measured performance parameters are in
the possession of NPP.
Parallel with the simulation of accomplished cycles calculations were carried out to determine the
calculational counterpart of previously performed measurements. The work has not ended yet. The final
goal is the complete investigation of relation between calculational and measured performance parameters.

Assembly wise power distribution:
Table II/l contains the number of data evaluated during the comparison of measured and calculated
assemblywise power distribution. The results of comparisons are also included. The expected value of
difference between calculated and measured distribution is zero due to tlie nonnalization process. It has
been turned out that the standard deviation is almost die same for the four unit.
In the investigated measured cases the uncertainty of position of control rods are 25 cm owing to the date
register apparatus. Very likely the standard deviations could be dicreased if the correct value of positions
were known.
Unit
Number of
cycles
Number of
investigated
distribution
Number of
involved
assemblies
Standard
deviation

Unitl

Unit 3

Unit 2
13

13

8

Unit 4
9

26

26

15

18

1225

1303

767

927

2.77%

2.57%

3.27%

2.97%

Table 11/1
Summarized result are presented in Table II/2, die actual distributions are shown on Figures II/1-II/5.
Tendencies in die time behavior of standard deviations have not been perceptible ,die standard deviations
have not been varied in such a way in the investigated period that conclusions could be drawn. The
summarized distribution (Figure II/5) might be considered as a stationary distribution of difference
between calculated and measured assemblywise power distribution. The stationary in diis case means diat
distribution presented on Figure II/5 might be used to estimate the goodness of a newly calculated power
distribution which has never been compared widi measured data.
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Number of involved
assemblies
4223

Number of investigated
distribution
•""

85

Stadard deviation
2.85%

Table II/2.

Zero power boron concentration :
40 realized different loading were investigated. The results are shown on Figure II/6. Expected value
of difference between calculated and measured boron concentration in percent is 1.1 %. The value of
standard deviation is 1.39%. These results are very good taking into account the difficulty of accurate
determination of measured boron concentration.

Differential control rod worth:
43 loadings were examined. The characteristics of core states are:BOC, zero power, 260 °C
moderator temperature, staring position of control rod avg. 225 cm. The control rod worth
measurement is part of the start-up measurements.
In Table II/3 the number of measurements at different control rod position are presented. As a
consequence of measurement technique only for the center part of control rod the results are at our
disposal for all the 43 loadings.
Position
(cm)
Number of
meas.

237.5

212.5

187.5

162.5

137.5

112.5

87.5

62.5

37.5

12.5

2

18

38

42

43

43

43

34

17

4

Table II/3
The expected value of difference between calculated and measured control rod worth at different position are
shown on Figure II/7. Clear tendency is seen at the points with good-statistics namely from position 212.5
cm to 37.5 cm. Approximately from 160 cm to 210 cm the code is prone to over-estimate the measured
value, from 160 cm to 40 cm the tendency is opposite. Probably the tendency is due to die approxamadon
used in die evaluation of measurement diat is the inverse point kinetics mediod. Futlier investigation is
needed in die near future reinterpreting measured data to get better coincidence of measurement and
calculation.

3. THE EXAMPLE FROM THE KOLA NPP
To test die KARATE code package in new circumstances a set of calculations have been done to
simulate die 4-year fuel-cycle for VVER-type core on die basis of die recently published measurements
prepared and published in KOLA NPP [4].
The input data contain die reload patterns and operational Iiistories of die first 8 cycles. Some measured data
can be found for die highly enriched cores.
Special features of die data make die problems interesting such as:
- using assemblies widi 4.4% enrichment
- checking die libraries of KARATE at high burnup level
- simulating transition to me use of 4.4% enriched fuel in die core
Our results, die measured value and die Russian calculation (BIPR-5 code) gadiered from [5] are presented in
Tables m/l-HI/4 for die interesting loadings widi liigher enrichement .
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The critical boron concentration was calculated at P=0.1 MW, H () ... r5 =250.0 cm,
measured inlet temperature Thl, and measured working group position H6.
Relatively good agreement can be seen between measured and both calculated value, however die big
differences for cycle 7 can not be understood.
The comparison of measured and calculated value for integral efficiency of control group is very interesting,
as it is die first case, where die follower enricliment was 3.6%. The results show die same beliaviour as our
former experience. The KARATE gives smaller values dian die BIPR for the efficiency of all die control
groups.

4. THE IN-CORE MEASUREMENTS AT BOHUNICE
The comparison of the Slovakian 2-group finite-difference diffusion code named by MOBYDICK
[5] and die KARATE code lias been decided.
The basis of die common work is die lOtli and 1 ldi cycles of Bohimice NPP Unit 4, from where
several measurements prepared by TOPRE and simulated by die MOBYDICK code were collected.
These calculations allow us to check a kind of non standard input preparation of KARATE-440
code. According to its specification die KARATE code package can simulate refuelling of die core widi once
used fuel assemblies. In diis case die parameters of die burned assemblies are read from a file concerning die
axial distributions of its parameters (e.g.: buniup). The code has been tested against similar examples, but in
diat cases dieir own assemblies were taken into die calculations. Now die parameters of die burnt assemblies
are provided by anpdier macrocode. The problem here to give relevant information for die sophisticated
KARATE mediod, which calculates die concentrations of some isotopes. The 3D burnup distribution
calculated by MOBYDICK was used as die input and k, distributions, boron letdown curve were compared
widi die measured dafa.
The measured and'talculated boric acid vs. buniup clataxan be seen in Fig. IV/1. and IV/2. for die
lOdi and lltli cycles of Bohunice NPP Unit 4. The agreement between measured and calculated data is good.
An example of die k,, distribution calculated by MOBYDICK and KARATE and measured by
TOPRE can be seen in fig. IV/3-IV/4. The average errors less dian 2%.
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core parameters

measurement

calculation by DIPR

calculation by KARATE

Cycle
TJ°C]

H0[cm]

5.

260.0

150.0

5.

260.0

6.

cn[g/kg]

culg/kg]

8.5

9.1

8.50

50.0

7.7

-

7.96

208.0

48.0

9.2

10.1

10.48

7.

260.0

50.0

8.9

10.0

10.06

7.

260.0

-

10.0

-

8.

220.0

150.0

10.2

11.6

10.35

8.

260.0

200.0

11.2

-

10.44

-

Table III/l Measured vs. Predicted Critical Boron Concentrations
at KOLA-3 Unit
Cycle

reactor parameters

measurement

calculation by BIPR

calculation by KARATE

9p/acB(%/g/kg]

ap/9co[%/g/kgl

3p/3cB[%/g/kg]

TJ'CI

H6[cm]

5.

260.0

150.0

8.5

-1.4 ± 0.10

-1.38

-1.20

6.

260.0

150.0

9.6

-1.18 ± 0.14

-1.27

-1.11

7.

260.0

150.0

8.9

-2.17 ± 0.15

-1.22

-1.09

8.

260.0

200.0

10.2

-1.31 ± 0.05

-1.18

-1.12

culg/kg]

Table III/2 Measured vs. Predicted dp/dc,, at KOLA-3 Unit
Cycle

reactor parameters

measurement

calculation by BIPR

calculation by KARATE

9p/aTJ%/C]*10"

9p/dTJ%/C|*10Jl

dp/crrk[%/C]*l0'i

TJ°C1

H6lcm)

cB[g/kg]

5.

260.0

150.0

8.6

-0.70 ± 0.08

-0.71

-0.85

6.

220.0

50.0

9.0

-0.89 ± 0.06

-0.75

-1.00

6.

260.0

50.0

9.0

-1.35 ± 0.09

-1.20

-1.16

7.

260.0

50.0

10.0

-2.40 ± 0 . 8

-1.84

-1.45

8.

240.0

150.0

10.2

-0.96 ± 0.7

-1.00

-0.85

Table m / 3 Measured vs. Predicted dp/dTh
Cycle

core parameters before SCRAM

measurements

calculation by DIPR

M%)

calculation by KARATE

TJ°C]

H6[cm]

cjg/kgl

5.

264.0

187.0

8.5

-9.9 ± 0.3

-10.2

-9.4

6.

260.0

186.0

9.6

-9.4 ± 0.2

-10.2

-9.6

7.

260.0

187.5

8.9

-12.0 ± 0.5

-10.6

-9.4

8.

260.0

200.0

11.2

-11.8 ± 0.4

-10.6

-9.9

£p[%l

Table m / 4 Measured vs. Predicted Bank Worth
k efI [H 1> .. 5 =250.0cm,T in ,H 6 ] = 1.0
Ep = (1.0-
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Figure IV/3
Figure IV/4
Fig. IV/3 Relative power distribution calculated with KARATE and its deviation from
the measurement at a 60 degree sector of the 10 cycle of Bohunice NPP-4 at EOC.
Power= 1100.0 MW, Control rod: H 6 =250.0 cm, T in =259.0 C, Time = 214.1 FPD
Fig. IV/4 Relative power distribution calculated with MOBYDICK and its deviation
from the KARATE calculation on the same input as above
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MODELING OF SHIELDING BENCHMARK FOR Na-24 y-RAYS USING
SCALE CODE PACKAGE AND QAD-CGGP CODE
M. Bace, D. Grgic, D. Pevec
Faculty of Electrical Engineering and Computing
University of Zagreb
10000 Zagreb, Unska 3, Croatia

Abstract
The benchmark data were recently published for 1.37 and 2.75 MeV photons
emitted by an Na-24 uniform disc source penetrating shields of six two-layer
combinations, namely, 12"Al+Fe, 12"+Pb, 6"Fe+AI, 6"Fe+Pb, 4"Pb+Al, and
4"Pb+Fe. These benchmark data fill a gap in the energy range of practical interest
and provide useful reference values for computational method evaluation.
In order to evaluate the computational methods incorporated into widely used
shielding codes SCALE and QAD we compared the benchmark data with results of
benchmark modeling with these codes. Using the functional module SAS4 of
SCALE4 modular code package and the point kernel code system for gamma-ray
shielding calculations QAD-CGGP scalar flux density spectra in benchmark energy group structure for three two-layer combinations were calculated. The comparison of the benchmark data and the results obtained showed that QAD-CGGP
and SAS4 results are in good agreement, but the benchmark experimental data
differ significantly from the both ofthenu

1. Introduction
Designing a shield against gamma rays requires calculation of its main parameters.
Computer codes developed for that purpose are based on different methods. The
simplest one, which requires the least computer time, is point-kernel technique. It includes the buildup concept. Necessary buildup factors for different shielding materials
have been obtained by experiments and by solution of the photon transport equation.
More accurate methods are based on photon transport equation solution, which can
be done using some approximative technique, method of moments, discrete - ordinate
method, or Monte Carlo method.
Experimentally determined gamma fluxes of different photon energy which are
emitted from a volume source, through the most common shielding materials , can
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improve accuracy of relevant data like buildup factor for example and provide useful
reference values for computational method evaluation.
This is specially important in the case of multilayer shields. In the recently published paper111: "Benchmark Data for g-Rays Emitted by an Na-24 Source Penetrating
Stratified Shielding Slabs" experimentally determined scalar flux density spectra for
1.37 and 2.75 MeV photons, emitted by an Na-24 uniform disc source, penetrating
shields of six two-layer combination are presented. We decided to perform a preliminary comparison of the several of the experimentally determined values with the results of SCALE4[2) (SAS4) and QAD-CGGP131 computer code calculations.

2. Description of the experiment
The Na-24 facility provided a uniform disc source of mixed 2.75 and 1.37 MeV
gamma rays at one end of a concrete shielded cell. The radius of disc source was 43
cm. The Na-24 was produced by irradiating Na in the form of Na2SC>3 powder in the
core of the reactor by the 23Na (n,y)24Na reaction. Na-24 decays with a half life of 15
h emitting 2.75 and 1.37 MeV photons with equal intensity. The Na2SO3 powder was
dissolved in water and pumped to the disc radiator in the shielded cell. The initial
source strength in the disc radiator was 9.5831O 9 Bq. Six combination of shielding
plates (Al, Fe and Pb) were adjacent to the source disc. The distance between the detector (5.08 x 5.08 cm Nal(Tl) scintillation detector) front face ant the exit face of the
composite shield was 50 cm. Simplified geometry of the experimental layout is depicted in fig. 1. A lead collimated detector measured angular flux. To obtain scalar
flux, lead collimator had to be inclined to different angle against the axis of symetry.
Colected data were processed using the RADAK code t 4 ' The scalar flux spectra were
presented by an 18 group energy distribution within 0 - 2.87 MeV energy range.

Concrete cell
1st plate
2nd plate
Radiator
disc

Pb colimator

|

Nal (Tl)
Scintilation
detector
50 cm

Figure 1. Simplified geometry of the experimental layout
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Calculation ofscalar flux densities
We decided to calculate scalar flux densities for 3 combinations of shielding plates
shown in table 1.
Combination
1
2
3

1st plate - thickness (in)
Al-12
Al-12
Pb-4

2nd plate - thickness (in)
Fe - 1, 2, 3, 4, 5, 6, 7, 8, 9
Pb -1,2, 3,4, 5,6, 7
Fe-1,2,3,4, 5,6, 8

Table 1. Three combinations of shielding plates (slabs)

Calculations were made using QAAD-CGGP, a combinatorial geometry Point
Kernel Code and SAS4 control module of the SCALE4 code package, based on the
Monte Carlo method.
QAD-CGGP represents the source volume by a number of point isotopic sources
and computes the line of sight distance from each of them to the detector. From the
distance through the shielding regions, attenuate characteristics of the shielding materials, geometric and material attenuation are determined. At the detector position
contributions from all the source points are summed up to give scalar flux of the uncollided beams Yor every energy group. By means of buildup and flux-dose rate conversion factors, dose rate at the detector position are calculated. Therefore, only scalar
flux density of the uncollided 2.75 MeV energy photons and the total dose rate can be
compared to the experimental results.
SAS4 module of the SCALE4 package is made of five functional modules which
perform resonance shielding and cell-weighting calculations and generate important
sampling parameters for Monte Carlo shielding analysis. The output of the SAS4 code
are scalar flux densities divided in 18 energy groups within 0-10 MeV energy interval.
This makes a direct comparison with the experimental results straightforward.
To enable a direct comparison of experimental and calculated results it was necessary to regroup the benchmark experimental flux densities into the SCALE energy
groups, and to calculate associated dose rates. SCALE4 energy group structure and
flux-dose rate conversion factors are shown in table 2. The original benchmark 18
group energy spectar occupys 13 SCALE4 energy group (6th-18th). Unccolided 2.75
MeV photons fill the 6th group. The 9th an 10th energy groups are filled with unccolided 1.37 MeV photons as well as the scattered 2.75 MeV photons. Experimental flux
densities were expressed in units of photons cm'V'MeV 1 .
Performing that conversion we had to decide wether MeV'1 refered to the mean
group energy or to the energy group width as was stated. There were two reasons for
such a dilema. First, in the accompaning flux density - dose rate conversion factors
MeV"1 refered to the group energy. Second, if MeV'1 refered to the energy group
width, flux densities would be much lower than those obtained by both computer
codes or even by very approximate calculation, which a rather simple source-shielddetector geometry made easy. Therefore in all further calculations we treated MeV 1
as refered to the mean group energy. Besides, a mutual comparison of experimental

Caittrnl

1?nr*%n*>

Dn-trt-o.*

data showed considerable inconsistencies, which indicated possible misprints, or errors
in colecting or processing experimental data.
;

Energy
group

Energy interval
(MeV)

Dose rate - flux density conversion
factor (mSv/h)/(y/cm2s)

1

8-10
6.5 - 8
5-6.5

8.771610 5
7.4785-10"5
6.3748-10"5
5.4136-10"5
4.622-10' 5
3.959610" 5
3.4686-10-5
3.0192-10 5
2.6276-10"5
2.205 HO" 5
1.832610 s
1.5228-10"5
1.I725-10"5
8.7594-10 6
6.306110 6
3.8338-10 6
2.6693-10"6
9.3472-10-6

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

4-5
3-4

2.5 - 3
2-2.5
1.66-2
1.33- 1.66
1-1.33
0.8-1
0.6-0.8
0.4-0.6
0.3-0.4
0.2-0.3
0.1-0.2
0.05-0.1
0.01 -0.05

Table 2. SCALE energy group structure and flux density-dose rate conversion factors

SAS4 calculated energy spectra compared to corresponding experimental ones
show a rough similarity. Experimental spectra have local peaks where expected, close
to the 1.37 and 2.75 MeV. There are a characteristic shift of SAS4 spectra toward
lower energy. This is well represented in Fig. 2.
1800
1600
1400
00
M

"0

ew

Benclimark experiment

1200
1000
800
600

-a
x

/

400
200
0

+

SAS4

0

1

i

0.5

i

1.5
2
Photon Energy (MeV)

2.5

Fig. 2. Flux density spectrum of experiment and SAS4 calculation for Pb 4"+Fc 1" slabs combination.
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, i Comparison of flux densities in the energy group 6, representing photopeak of the
2 75 MeV photons i.e. the uncolided 2.75 MeV photons is a very indicative one. In
the group 6 only 2.75 MeV photons which do not scatter contribute. This makes their
number rather predicable. That means that such a comparison can be a good indication of accuracy of an experiment of calculation. In table 3 flux densities in energy
group 6 for all shield combinations are presented.
Shield combination
Pb4"+Fel"
Pb 4" + Fe 2"
Pb4"+Fe3"
Pb 4" + Fe 4"
Pb 4" + Fe 6"
Pb 4" + Fe 8"
Al 12"+Fe 1"
Al 12" + Fe 2"
Al 12"+Fe3"
Al 12"+Fe4"
Al 12"+Fe5"
Al 12"+Fe6"
Al 12" + Fe7"
Al 12"+Fe8"
Al 12"+Fe9"
Al 12"+Pb 1"
Al 12" + Pb2"
AI 12"+Pb3"
Al 12"+Pb4"
Al 12"+Pb5"
Al 12"+Pb6"
Al 12" + Pb7"

Flux densities of energy group 6 (y/cm2s)
experiment
QAD - CGGP
380
195
162
85
42
10
384
149
148
234
129
55
62
30
14
644
258
209
80
23
18
6

SAS4

285
127
58
25

268
158
70
39

5.2
1

5.5

1604
719
394
146
66
30
13
6
3
932
244
64
17
4.5
1.3
0.3

1611

3.6
704
316
161
87
36
16
6
5
861
308
84
20
6
1.3

0.43

Table 3. Experimental, QAD-CGGP and SAS4 flux densities in energy group 6 for all shield
combinations

A very good agreement between SAS4 and QAD-CGGP results is obvious, as well
as a poor one between experimental and both calculated ones. Similar discrepancies
exist in total dose rates as well. Figure 3, 4 and 5 show dose rate comparisons for all
three cases. Again, QAD-CGGP and SAS4 dose rates are pretty close in the whole
region, and decrease exponentially with the increase of slab thickness. Experimental
dose rates do not decrease smoothly and generally decrease slower with the increase
of slab thickness than both calculated ones.
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Abstract - The CORD-2 package has been supplemented with new modules to enable
the determination of neutron (lux and power distribution in a reactor core on the fine
pin by pin mesh. Regarding the required accuracy and speed two options which utilize
different methods are available. Both methods are tested on several test cases. Accuracy
of the algorithms is estimated. R.esults show that methods fulfill objectives arising in the
process of reactor core analysis.

1

Introduction

A basic deficiency of nodal methods, used for the solution of the multidimensional
multigroup neutron diffusion equation, is the loss of detailed information about flux
and power distribution within nodes. Their direct results are mainly node averaged
and surface averaged quantities. However, detailed distributions are necessary for
the calculation of power peaking factors, detector signal-to-power conversion factors
etc.
The CORD-2 package [1] developed at our institute has been verified for design
calculations of PWR cores. Recently, new modules were added to the package
enabling the determination of neutron flux and power distribution on the fine pin
by pin mesh. Regarding the required accuracy and speed two options which utilize
different methods are available.
The first one, based on a polynomial flux expansion (Continuous Polj'nomial
method - CP), is very fast and suitable for scoping studies such as selection of preliminary loading pattern candidates. The second method (Laplace Eigenfunctions
Smoothing method - LES) is more accurate and is suitable for final design calculations. Node expansion functions used in this interpolation scheme are eigenfunctions
of the Laplace operator, i.e. eigenfunctions of the eigenvalue problem associated with
the diffusion equation.
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2

Reconstruction methods

CPjVIethod
In the Continuous Polynomial method, the 1-D flux expansion coefficients obtained directly from the nodal solution are used. For any one direction, they are
given for each row of nodes to represent the flux distribution, averaged in the orthogonal directions. The distribution functions are interpolated in orthogonal directions
to yield a continuous function. The procedure is repeated for each direction and the
average expansion functions are adopted.
Interpolation of a distribution in the orthogonal direction results in average values ori the boundary, which may disagree with the true average value, provided by
the nodal solution in the orthogonal direction. A correction function is defined which
removes this discrepancy such that full continuity of the distribution is preserved.
The main advantages of the method are conceptual simplicity and an overall
solution which satisfies the flux continuity condition. Information on the flux expansion coefficients from the nodal solution, which are frequently discarded, are used
to reconstruct the solution.
LES Method
Static diffusion equation for the homogenized node can be written in the compact
matrix form as follows:
- V 2 $(r) + ( B ) 2 $ ( r ) = 0

(1)

(2)

where <& is the flux vector, (B) is the buckling ma.trix, (D) diffusion and {£)
matrix of scattering and fission cross-sections (implicitly dependent on keff). With
the transformation:
$(r) = (T)**(r)
(3)
where the. matrix (T) comprises eigenvectors of the buckling matrix
(B) 2 = {T)(A) 2 {T}" 1

(4)

diffusion equation transforms into diagonal form (Helmholtz equation). In L15S
algorithm transformed flux is approximated with a linear combination of functions
(energy dependence omitted):
<&*(x,y) = $\D(\x)

+ $*£)(A7/) + N $?2D n(anx,
71=1
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(3ny)

(5)

A is a square root of the Laplace eigenvalue. One-dimensional functions are of
the form:
$;D(AaJ) = co8h(Ax)C^ + 8inh(A.T)C^
(6)
The set of two-dimensional functions (index n omitted) is given by:
= cosh(as) cosh(/?y) C*cc
+ sinh(cr) cosh (/??/) C*C
+ cosh (ax) sinh(/?j/) C*s

(7)

+ sinh(ax) s'mh(fSy) C
with
a = \s'm((p)

/3 = Acos(c^)

(8)

where (p is a. free ])a.rameter. One-dimensional coefficients can be calculated from
average fluxes on node boundaries. For the determination of 2-D coefficients two
step algorithm is applied:
• From node average fluxes node corner values are calci.ila.ted [2, 3]. They allow
determination of the first set (n=l; y> = TT/4) 2-D coefficients. From this
intermediate flux expansion functions flux distributions on the node edges are
calculated.
• In the second step, averaged flux profiles on the border between two adjacent
nodes are used for the determination of 2 additional sets (n=2,3; </? = 7r/6,7r/3)
of 2-D functions.

3

Results

Both methods were tested on the following test cases:
• 2-D IAEA test case [4],
• BIBLIS test case [5],
t NEK test case - representation of the NPP Krsko cycle with LLLP.
In first two cases the fine mesh used was 10x10 per fuel assembly, while in the
NEK case actual 16x16 array was considered. Reference solutions were obtained
from the fine mesh nodal calculations with LEM code [6]. Results of the calculations
performed on one node per assembly mesh are presented in Table 1.
Table 1: Summary of results for the test cases.

Case

CP Method
<-p

IAEA
BIBLIS
NEK-BOC
NEK-EOC

LES Method
eP max

-F

[

[

[

[

6 22
4 17
4 37
4 48

1.08

3 99
1 27
1 48
1 93

0
0
0
0

1.65
0 .94
1.07

37
30
30
32

Fine mesh power differences are for realistic test cases less than 5% for CP
method and less than 2% for LES method. Maximal differences are near the corereflector boundary, where the largest flux gradients occur, as can be seen from
Figures 1-6. Discrepancies are understandable little higher in the IAEA case, where
reflector regions are modeled with water cross sections causing unrealistically high
flux gradients.
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-0.75
0.28

-3.04
-0.69

-2.02 -2.20
-0.71
0.47

-2.96 -2.75 -2.57
-0.74 -0.62 -0.45

-1.38 -1.94 -1.38
-0.49
0.39
0.33
-2.17
-0.61

-2.14 -1.10
-0.59 -0.40

-2.46 -2.97 -2.53 -2.40
-0.35 -0.55 -0.38 -0.41

1.94
0.37

2.37
-0.90 -1.24 -0.78 -1.87
0.38 -0.38 -0.35 -0.70 -0.46

-2.32 -2.55 -2.31 -1.89 -3.27
0.38
-0.60 -0.48 -0.37 -0.33

-1.28 -1.14 -0.94
-0.30 -0.36 -0.35

-1.86 -2.35 -1.59 -2.25 -3.30 -3.93
0.56
0.95
0.37
0.41 -0.30
1.27

1.63
0.55

2.14 -2.79
-0.70 -3.10

0.51
0.18

-0.92
2.65
6.22
5.23
0.20 -0.76 -3.15 -1.86

3.59
0.14

4.65
0.46

-2.43 -4.17 -3.67 -2.42 -3.87
0.62
1.00
0.60
0.18
0.41

0.34
-0.33
0.59
-0.44

0.90
0.48
1.75
0.60

1.07
0.73
-0.42 -0.43

4.07
1.48

-1.17
-0.27

4.23
1.34

4.15
1.25

1.73
0.48

1.78
0.81
1.77 -1.30
0.36 -0.65
-0.25 -0.23

1.90
-0.83

-2.57
2.70
4.08
3.99
0.39 -0.91 -1.02 - 1 . 1 4

1.33
0.59

CP
LES

0.77
0.90
-0.41 -0.44

0.64
1.44 -1.32
-0.23 -0.22 -0.44
1.01
0.39

Figure 2: Maximal errors of the reconstructed power within each
assembly, BIBLIS ca.se.

0.34
-0.35

CP
LES

0.G5 -1.29
-0.47
0.58

-3.97
1.20

-2.14 -3.83 -3.59 -2.64
0.67
0.71
0.23
0.28

5.47
3.99

Figure 1: Maximal errors of the reconstructed power within each
assembly, 2-D IAEA case.

4.37
-1.15

Figure 3: Maximal errors of the reconstructed power within each
assembly, NEK-BOC case.
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CP
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-2.64 -3.04
-0.86 -0.63

CP
LES

1.11
0.38

3.82
4.48
2.41
-2.23
0.39 -0.78 -1.84 -1.54

1.92
0.66

4.23
-1.93

1.44
-0.24

4.08
- 1.36

4.16
1.31

4.27
-1.32

Figure 4: Maximal errors of the reconstructed power within each
assembly, NEK-EOC case.
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Figure 5: Difference in the reconstructed fine mesh power distribution
for the IAEA-2D case, LES method.
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Figure 6: Difference in the reconstructed fine, mesh power distribution
for the NEK-BOC case, LES method.

4

Summary

New modules were added to the CORD-2 package enabling the determination of
neutron flux and power distribution on the fine pin by pin mesh. Regarding the required accuracy and speed two options which utilize different methods are available.
The CP method is very fast and suitable for scoping studies where high accuracy
is not required. Results of the test cases show, that for realistic problems pin power
can be determined within the range of 5%.
The second method (LES) is more accurate and is suitable for the most demanding calculations. It is estimated that the accuracy of the method is 2%.
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Recent Improvements in Program Packages
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ABSTRACT - Program packages SHUFFLE and FAR were developed at "Jozef
Stefan" Institute to monitor all changes of fuel assemblies during a nuclear power
plant operation. Both packages were written in the Clipper language which is
suitable for data base applications and allows straightforward communications with
other available data bases. Packages currently run on PC machines under DOS
operating system. Both packages are in routine use at a nuclear power plant Krsko,
but they can be applied to any PWR power plant without significant modification.
Experiences obtained from the utility in past few years triggered several
improvements and new features.

1 Introduction
The main purpose of the packages is to simplify control and updating
of the fuel elements properties during NPP lifetime. Automatic data
processing
reduces
possibility
of
errors
and enables
simpler
implementation of a QA program.
SHUFFLE - the purpose of the package is to replace and enhance the
planning and monitoring of fuel shuffling operations, which have been
previously performed by using analog mechanical magnetic board.
Program's display deliberately resembles to the magnetic board with all
locations (reactor core, new fuel storage, spent fuel pit) and fuel
elements descriptions (type, assembly id.).
Package enables easier planning and implementation of reloading
operations. Program can create, edit and check steps in the shuffling
plan. Summary about number and type of fuel elements at any location
can be generated. Program monitors fuel shuffling during reloading and
compares it with the plan.
148
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WAR (Fuel Assembly Register) - covers all aspects of the nuclear
ferial accounting on a nuclear facility. The main purpose of the
ilkage is to simplify control and updating of the fuel assemblies
•bperties during NPP lifetime. It enables automatic creation of various
tes for IAEA reports and several other forms for internal NPP

use.
2 Main features
SHUFFLE
• prepare shuffling plan; program can work in batch (user prepares a
collection of steps in input file) or interactive mode (manually
shuffling elements using keyboard or mouse). Program interface is easy
t<T learn and use. In the interactive mode user can choose different
ways for shuffling elements (e.g. shuffling to-from, shuffling through
panel, shuffling "via",...). Mode is chosen from program setup. Any
correct step is recorded to the history file.
• create, correct, insert, list or delete steps in shuffling plan; user can
change step or group of steps in shuffling plan. Program automatically
provides documentation for changes, which have been made.
• list, edit or renumerate sequences in shuffling plan; program has
internal buffers for editing sequences. Program is capable to edit,
append, list, write or read to file or delete buffer.
• playback of the shuffling sequence; "Reshuffle" option allows quick
review of shuffling plan. User can step forward and backward through
plan and view moves on the color screen.
• statistics; program can search for an element or groups of elements
(e.g. all elements with burnable poisons) and then mark them on the
screen. Program can generate statistics about number and type of a
fuel element at any location.
• reports; program displays data in standard Fuel Handling Data Sheet
format (FHDS) or in other practical formats. Reports are printed on
HP LaserJet laser printer.
• monitor and verify fuel shuffling and compare it with the plan; during
reactor core loading step checking is performed.
For each step program can produce input for program GNOMER
(used for criticality calculation) if it is necessary to verify the shutdown
margin of intermediate loadings.
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FAR
Program uses four data base files (DBF):
•
•
•

general file for basic fuel elements characteristics - assembly name,
region, ANSI and IFBA number;
data base file for the storage of time dependent values - burnup, U
and Pu content, location, type of the inserts, etc.;
two additional bases for the storage of fuel assemblies and inserts
failures.

and enables:
•
•
•
•
•
•

•

new records can be appended manually or through file import - from
TOTE calculations or from SHUFFLE package internal data storage,
simple visual inspection of existing data with possibility of data
correction,
use of different data base indexes,
records can be searched through general field expressions,
bases can be filtered according to the requirements of the user,
print of reports in prescribed IAEA format:
- ICR - Inventory Change Report,
- PIL - Physical Inventory Listing,
- MBR - Material Balance Report,
or various internal formats:
- NMA - Nuclear Material Accountability,
export of data to the SHUFFLE package.

3 Recent improvements
Packages are now connected through a special interface which enable
interchangeable use of data bases. SHUFFLE can process and display
information from FAR nuclear material data bases. This procedure
minimizes the risk of loading unsuitable fuel assemblies in the reactor
core. FAR data bases can be filtered through special filter expressions.
Obtained assemblies and their locations are graphically displayed in
SHUFFLE panel. In this way the whole history of selected fuel
assemblies can be presented.
To improve control of data in Shuffle package special utility for
filtering data was introduced, which enables visual presentation of desired
data. It is possible to filter single assembly/insert or group of elements.
In similar way FAR data can be filtered and shown in panel.
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A new option for the processing of the command file for inserts
shuffling has been added. The wliole sequence of the shuffling plan is
iiow automated which considerably improve efficiency and reliability in
the preparation of the shuffling plan.
The whole Shuffle sequence
advance and executed in batch
assemblies but also for inserts.
tested harmless more times and
Visual
united
specific
specific

can be prepared in alternative way in
mode. This can be done not only for
In this way the whole sequence can be
corrections can be introduced afterwards.

representation of results has been improved. Assemblies can be
in groups and presented in different colors. The search for
assemblies is faster and leads to illustrative presentation of
situations.

To improve readability of the results and portability of software,
resolution 80x25 has been introduced. Other high resolutions can be set
on demand and/or are implemented automatically.

Appendix
On the following pages are presented examples obtained from both
packages as follows:
*
• presentation of fuel inventory,
• presentation of FAR/SHUFFLE connection,
• presentation of filter facilities.
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1.0

Abstract

Effective use of Probabilistic Safety Analyses (PSA) in the day (o day plant operation is subject of intensive
discussions among plant operators and regulators. There are several possible applications in which the PSA can be
used, among those also to use the PSA approach for the quantification of influence of different proposed design
changes to nuclear safety - influence on public safety - health.
NPP Kr§ko is one of those plants that successfully completed its PSA project, with Level 1 and Level 2 analyses
and effective know-how transfer. It also faces a number of regulatory and internally generated requirements for
different design changes, mainly due to the fact that the plant is committed to continuous augmentation of nuclear
safety. It is considered that the available tools and knowledge should be used and therefore applicable methodology
should be. developed for effective prioritization of proposed design changes by performing cost-benefit analyses for
all major modifications - focusing on their influence on nuclear safety.
Based on the above a new method for priori tizalion of design changes is proposed. The method uses Level 1 results
(in the sense of plant damage states and their frequencies) directly as an input for further processing - first decision
step to decide whether the proposed modification has or has no influence on nuclear safety. In Level 2 analyses the
combination of probabilistic and deterministic approach was adopted. In fact the results of the deterministic
analyses of severe accidents are treated in probabilistic manner due to large uncertainty of results. Finally to be able
to perform plant specific cost benefit analyses so called partial Level 3 was defined. The proposed method was
preliminary tested and it gave favorable results.

2.0

Introduction

With the number of modifications and upgrades required either by the regulatory body or
suggested by different commissions such as IAEA Operating Safety Review Team (OSART)
and International Commission for Independent Safety Assessment (ICISA) there is a need to
have a method for their prioritization. It is obvious that all requested modifications cannot be
implemented in parallel due to technical and financial reasons. From the nuclear safety point of
view it is important that those modifications that have high contribution to the increase of nuclear
safety are implemented first. Having a method that would give the quantitative results it may be
also possible to set priorities for implementation of each proposed modification.
Since NPP Krsko has finished its PSA Level 1 and Level 2, the available tools and knowledge
should be used as much as possible, with necessary additions as needed to be able to use the
delta increase of nuclear safety in the cost benefit analysis.
It has to be recognized that this idea to use the PSA models and knowledge that was
accumulated during the Individual Plant Examination work requested by GL 88/20 with the
supplements came out from the NRC approach in closing the Generic Safety Issues and
published in NUREG-0933 [1] and EPRI report "PSA Application Guide" [2].
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tfUREG-0933 NRC did a prbritization of all generic safety issues, based on WASH-1400
(NUREG-75/14). A safety priority ranking (fflGH, MEDIUM, LOW, and DROP) has
been defined on the basis of risk significance estimates, the ratio of risk to costs and other
jjnpacts estimated to result if resolutions of the safety issues were implemented. It is important to
notice that the risk is defined in [1] as a product of the event frequency by the whole dose to the
V
public in the radius of 50 miles. The categories were defined for single unit as follows:
a)
HIGH; if the influence of resolving the particular generic issue is:
1)
1000 Man-Rem estimated public dose per remaining reactor lifetime OR
2)
10'5 change in Core Melt Frequency (CMF) (for NEK that would mean
of the order of 20% change in CDF -just for internal events);
b)
MEDIUM; if the influence is at least 10% of HIGH category (between 10% to
100% of category HIGH can be either HIGH or MEDIUM depending on costs
for resolution of a particular safety issue);
c)
LOW; if the influence is at least 1% of category HIGH (between 1% to 10% it
can be MEDIUM or LOW depending on costs for resolution of a particular
safety issue);
d)
DROP; if the influence is lower than 0.1% of the category HIGH;
The other important document is EPRI report [2] which can serve as a high level guide on PSA
applications and provides a consistent framework and decision criteria for performing and
evaluating PSA applications. Among the application areas it mentions also the PSA based
prioritization of plant modifications. This prioritization can be done either based on Core
Damage frequency or Large Early Release Frequency (LERF). LERF is defined as:
Unscrubbed containment bypass pathways occurring with core damage OR
Unscrubbed containment failure pathway of sufficient size to release the content
of the containment (one volume change) within- one hour which occurs before or
within 4 hours after reactor vessel failure;
The criteria proposed in this document acknowledge that the acceptability of a given plant
change is a function of the existing level of risk. For example plant with already low level of risk
would be allowed to somewhat larger changes in relative risk than the plant which has much
higher risk. For the case of CDF, the screening of acceptable changes in risk (level of non-risk
significance) ranges from 0.1% to 100%, depending upon baseline CDF. For the case of LERF,
the acceptable relative changes of risk are similar. In addition, CDF changes in excess of lE-4/yr
or LERF in excess of lE-5/yr are considered to be unacceptable, regardless of baseline value.
There are also other approaches like the one developed and used by the Northeast Utility in
US[3].
3.0

Why plant specific method is needed?

Since our ultimate goal is to use PSA based prioritization results also for cost benefit analysis,
none of the referenced approaches and methods can be used directly as a high level guide. There
are several reasons for that including the following:
a)
NPP Krsko does not have the full Level 3 available yet;
b)
EPRI methodology does not cover the influence of proposed plant change to all
the released frequencies (all the modifications that could decrease the percentage
of late containment failures at NEK due to dry cavity would be classified as non
risk significant);
c)
Methodology used for the prioritization of generic safety issues does not rely on
plant specific analysis and as such is too generic;
d)
With regards to the criteria, they are trying to cover all different types of plants
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996

with different initial values for CDF. For example, if we apply EPRI criteria
eriag
NPP Krsko on CDF for the internal events (baseline CDF value is 4.7E-5/ry)>
the modifications that would influence CDF by more or less than cca 10%
^
be classified as risk non-significant and as such would not be further evaluated It
has to be noted that, often small and cost effective plant changes can increaj»'
plant safety significantly.

4.0

Proposed method

Due to the fact that NPP Krsko has finished both PSA Level 1 and Level 2 analyses (for the
internal events) we should use all the tools and knowledge as a basis for this method. Since the
Level 2 outputs provide the frequencies for twelve different release categories, each of which has
assigned representative Source Term, a further simplified so called Partial Level 3 is suggested.
4.1

Evaluation and analyses of proposed plant changes to PSA Level 1 and Level 2

As a first step an evaluation shall be performed which will show whether or not the proposed
plant change is nuclear safety important. For this first step we should use the screening criteria as
listed in 10 CFR 50.59. This screening process was implemented in NEK several years ago
through a special procedure and is now well established as one of the key steps in the preparation
of plant system (Conceptual Design Package and Design Package for implementation) or
document change (Updated Safety Analyses Report, Technical specifications, plant
procedures,;.). In fact, the purpose of this screening is licensing based - to see which plant
change, test or experiment is changing Technical Specifications or generate Unreviewed Safety
Question. Only those plant system and/or document changes that would need further Safety
Evaluation (if it changes the plant system(s), procedures as described in USAR or modeled in
any other licensing basis document - analysis), would be processed further. For each selected
plant change, further evaluation by PSA engineer and engineer from the deterministic analysis
group should be done. During this evaluation, it has to be checked whether the PSA Level 1
Models are affected. In parallel, the deterministic portion of the PSA (MAAP analyses) could be
evaluated to see whether the modification is changing the MAAP nodalization or any of the
inputs (assumed conditions and characteristics) to MAAP analyses performed either in the scope
of PSA level 1 analyses (success criteria, best estimate determination of different times) or PSA
level 2 analyses (phenomenological evaluations, source term analyses, etc.). Figure 1 shows the
most important steps to be performed in such an evaluation.
We can distinguish several levels of influence on PSA Level 1 and 2 analyses (see Figure 1
and 2):
NO INFLUENCE
If the proposed plant change influences the PSA model Level 1 but the change of the
CMF is less than 2% (looking just at internal events this would mean an absolute change
by more than 0.1E-5/ry) and if there is no influence on Level 2 analyses then the plant
change is risk insignificant.
SMALL INFLUENCE
Plant change influences PSA Level 1 results (new CDF) but there is no new Plant
Damage States (PDS) AND the modification has no influence on Level 2 analyses, to
this case only requantification of the Level 2 and calculation of the difference in the risk
(toward the original) shall be done.
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LARGE INFLUENCE
Plant change influences PSA Level 1 results and new Plant Damage State(s) appear(s),
AND/OR the modification has influence on Level 2 analyses. In case that there is no
influence on MAAP nodalization, we have to check if the new PDS is adequately
presented by the existing representative Source Term analysis. If this is not the case, then
affected deterministic analysis shall be repeated and new representative Source Term
defined.
Figure 1. Overview of PS A based prioritization method for plant changes
Proposed
modification

description - input
data

Analysis of the
influence of the

proposed

Deterministic analyses —
input to Level 1 affected

modification on Level
2 analysis

Analysis of the influence of
the proposed modification
on PSA Level 1 model - Level
1 requantification
(new Plant Damage States
frequencies)
No influence

Very large influence

i

No influence

Reanalysis of the affected MAAP
analyses either due to changes in
the MAAP nodalization or
changes to the inputs of the
MAAP analyses

i
Small to Large influence

Modification from the
nuclear safety point
of view not
important

Revision of the PSA Level 2
analysis
(reassessment of containment

event trees, determination of
revised Source Term and
requantification of Level 2

Revision of the partial
Level 3 analysis
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Figure 2. Detailed overview of the PSA based method for prioritization of design
changes

Proposed
modification
description - input
data

Modification from
influence on nu
safety not im

Does it have
any influence on
PSA LeveM model and if Yes
Does it change the Core Damage
Frequency for more
than 2%

Does the
modification have any
influence on MAAP
nodalization?

Revise MAAP model
(parameter file)

s there any new
Plant Damage State
generated?

Does
it change
any of the inputs
to MAAP
analysis?
L 1/2 int. report affected

Evaluation of the
influence of (he
proposed modification on
the severe accident
analyses (including
MAAP analyses results
provided to Level 1
model)

Analysis of the influence
on Containment Event
Trees (vhich
phenomenological events
are affected)

Analysis of new PDS on
Release Categories
(released Source Term)

Repeat all the affected
MAAP analyses
Does
the existing
Source Term
adequately represents
also new
PDS?

Determine new - revised
Source Term (released to
the environment)

Analyses of the affected
phenomenological events
(needed for containment
event trees)

Requantificatjon of the
Level 2 analysis?

Determine the influence
of modification on
partial Level 3 analysis
(determine the influence
of proposed modification
on the public dose)
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Level 2 requantification and calculation of the difference in the risk (compared to the
original) shall be done at the end. If the inputs to the deterministic analysis are changed
(assumptions,..) then the affected MAAP analyses shall be repeated and results processed
through Level 1 model.
VERY LARGE INFLUENCE
Plant change influences PSA Level 1 AND/OR Level 2 analyses in the sense that certain
phenomenological evaluation shall be repeated. In this case we have to assess the
affected Containment Event Trees, repeat all the affected deterministic analyses and
assign new probabilities to the affected phenomenological questions. After, Level 2
requantification and calculation of the difference in the risk (compared to original) shall
be done.
4.2

Partial Level 3

Generally the risk can be defined as the product of the probability of an event by its
consequences. In our case the so called nearby risk would be define as

where
R, is the risk for a particular release category (12);
Pi probability of a particular release category;
Da cumulative dose after 48 hours from the transient start on the border of the plant
exclusion zone (500m from the reactor) due to released source term; and
DH = Ac,,x(H/Q)x

DKFtt

2

where
Acu overall activity of the released radionuclide (or a group) after 48 hours from the start
of the transient;
H/Q dispersion factor - yearly average ;
DKFu dose conversion factor for a particular radionuclide or group;
The overall so defined nearby risk is the sum of the risks due to all release categories.
12

R =
For the cost benefit analysis we need to estimate the dose to the public to be able to convert that
dose to the associated costs. Instead of doing this, which means in fact Level 3 analysis, we will
use the risk defined above at the boundary of the exclusion area and use the scaled dose price.
Instead of using standard price (1000 USD/man-Rem ) we will calculate the scaled price from
NUREG-0933 .
5.0

Test case

Station Blackout (SBO) is the event that contributes the most to the total core damage frequency
in Krsko NPP. Plant specific actions and potential plant changes were requested by USNRC
(10CFR50.63) to reduce it. Unresolved safety issue 23 (RCP seal failure) is also related to
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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Station blackout. The Slovenian Nuclear Safety Administration issued a licensing amenc
(enforcing 10CFR50.63) according to which Krsko NPP performed a SBO analysis. One (
important conclusions is that Krsko NPP should be able to tolerate a 4 hour duration of 1(
all AC power. Related to this new requirement and finding in the SBO analysis that in the G
loss of all AC power,we would be loosing 75 gpm through the unisolated letdown line, we
faced with a few possible modifications. There are mainly three that can be evaluated by
PSA:

5.1

•

installation of a additional isolation valve on the letdown line,
would close on SBO event (air operated valve);

•

replacement of the 125 VDC batteries (capacity based on 2h SBC
LOCA) by new ones of higher capacity (4 hour SBO);

•

replacement of the RCP seals with the high temperature resistant se

Analysis of influence of the different possible modifications

The addition of a third isolation valve on the letdown line and increasing the capacity <
batteries (from 2 to 4 hours) would influence Level 1 model on SBO event tree, by increasi
time available to restore the power (offsite or from DG) since new assumed leakage wo
just 50 gpm and not 125gpm as initially assumed. We reanalyzed all the affected MAA1
which provide inputs to the Level 1 model. All the affected times were increased as she
Table 1.
Table 1. Influence of third letdown isolation valve and DC battery capacity adequate
hours SBO on key MAAP analyses - inputs to Level 1
MAAPrunID

Original results (125gpm)
(core temperature > 923K
(hours))

Revised results (50 gp
(core temperature > 92
(hours))

SBO3C (2hours SI and
AFW, no depressurization)

6.6

6.95

SBO6A (2hours SI and
AFW, depressurization)

10.7

11.0

SBO3D (4hours SI and
AFW, no depressurization)

9.5

9.6

SBO6B (4hours SI and
AFW, depressurization)

14.8

14.8

It is somewhat surprising that by this increase in available time we did not get any sigi
change to the SBO core melt frequency. The overall change in the CMF is also lower th;
The main reason for that is that the probability for basic event - named CNU does not c
The probability for core uncovery (core damage) is 0.98 after 2 hours and stays almost th
even if the primary coolant inventory would be lost at slower rate. It appeared that thi

Baent and its probability is contributing the most to the overall SBO initiated CMF and is result
Tthe [7] which was developed for old seals.
On l&fd ^ the analysis of the influence of the proposed plant change shows that release
category RC5A (Intermediate (time frame III) containment failure, no molten core-concrete
attack) could potentially be affected. We reanalyzed the representative RC5A MAAP case
SBO63 37 and found that there is no change in the representative released source term.
The conclusion is that the most limiting is the probability of the CNU basic event (probability that
the seal failure would cause core damage - derived from [7]), which could be decreased only by
installation of the high temperature resistance seals. The other important conclusion is that
neither of the other two modifications (additional letdown isolation valve and increased DC
batteries capacity) does significantly decrease (more than 2%) the overall CDF, nor we get any
change of the representative source term which could be converted to the public risk.
5.2

Current status and further actions

SinceJECrsko NPP installed high temperature resistance seals (O rings on Seal No.2) two years
ago, this probability of the basic event CNU shall be reassessed. Krsko NPP also extends the DC
batteries capacity from 2 to 4 hours. We believe that this would have a substantial effect on
reduction of SBO CMF and as a consequence also on the reduction of public risk, but as we
already said the PSA model Level 1 should be in the scope of living PSA updated as a first next
step. After doing this, the reassessment of the last modification (addition of a third air operated
letdown isolation valve) could be done.

6.0

Conclusion

PSA as a tool for plant modification prioritization can be effectively used. The proposed method
can be effectively used as shown by favorable results of the test case. For effective cost benefit
analysis the partial Level 3 analysis shall be done as a next step. This will provide the baseline for
evaluation of any plant risk significant change in the future.

7.0
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Abstract
The analysis of seismic risk has been receiving increased attention in recent years. It is
recognized that seismic excitation has the potential of simultaneously damaging several
redundant components in a nuclear power plant. The basis for the conclusion in the Reactor
Safety Study (U.S. NRC 1975) that earthquakes are not major contributors to nuclear power
plant risk has been questioned by several experts in the fields of seismology, earthquake
engineering, and probabilistic risk analysis. Seismic risk studies performed since the Reactor
Safety Study have indicated that the contribution of seismic risk to the overall plant risk may be
significant.
The evaluation of seismic risk requires information concerning the seismologic and geographic
characteristics of the region, the capacities of structures and components to withstand
earthquakes beyond design basis, and interactions between the various systems and
components of a nuclear power plant.
A level 1 analysis, plant damage state bridge trees, and a level 2 analysis were performed for
the Krsko Nuclear Power Plant. This paper focuses on the level 2 seismic analysis since
relatively few level 2 seismic analyses have been performed to date.
Conceptually, the seismic level 2 study covers the same scope as the level 2 study performed
for the internal events analysis. The containment performance was assessed by evaluating, for
each plant damage state, the conditional probability that the damage state would result in each
of the fission product release categories.
Krsko has a seismic core melt frequency similar to western plants located in high seismic areas.
Over half the core melt frequency is attributed to the station blackout initiating event.
Approximately 66% of the seismic core damage frequency falls into the long term
overpressurization with core concrete attack release category. This relatively large contribution
was due to the station blackout type events resulting from a seismic initiator.
Although, intact containment sequences account for only 6% of the seismic core damage
frequency, most sequences lead to a very late failure.
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Introduction
This paper summarizes the level 2 Seismic Individual Plant External Event Examination
(IPEEE) study performed for the Krsko plant in Slovenia. The level 2 study is an integral part of
the Krsko Seismic IPEEE. The level 2 study takes as input the results of the level 1 system
analysis, in the form of grouped accident sequences leading to core damage, and their
frequencies, and evaluates the consequences of these severe accidents in terms of the plant's
(and particularly the containment's) response. The result of level 2 is a quantified plant specific
risk profile, describing the magnitude, frequency, and characteristics of fission product releases
to the environment which can result from the core damaging events.

Plant Models and Methods for Assessment of Physical Processes
The Krsko seismic level 2 IPEEE includes a detailed evaluation of the response of the Krsko
plant to severe accident conditions. These investigations take various forms:
a.

Phenomenological Evaluations: Nine phenomenological evaluations have been
performed. The purpose of phenomenological evaluations is to provide detailed
investigation of the plant specific response to important severe accident phenomena.
The results provide a primary source of information for the quantification of
phenomenological issues in the containment event tree, in particular in defining ranges
of possible behavior for uncertain phenomena. The phenomenological evaluations
presented are:
Hydrogen Generation
Hydrogen Behavior in Containment
Creep Failure of Primary System or SG Tubes
Reactor Vessel Failure Modes
Vessel Thrust at Vessel Failure
Direct Containment Heating
Debris Transport, Quench and Coolability
Steam Explosions
Containment Failure Mechanisms

The evaluations make extensive use of information on severe accident phenomenology
from numerous sources, including previous and ongoing experimental programs, previously
performed PSA/IPE and severe accident management studies for other plants and Krskospecific analyses. One advantage of investigating severe accident response in this way is that
it allows many different sources of information to be taken into consideration and does not rely
entirely on a single model or view.
b.

Plant specific severe accident analysis has been performed using the MAAP 3.0B
code. All the dominant accident sequences have been analyzed, providing many useful
insights into plant response, and also assisting in quantification of the containment
event tree.

Bins and Damage States - the Interface with Level 1
The level 1 study has identified the accident sequences, and their frequency, leading to core
damage. In addition, in the containment systems tree analysis, these accident sequences have
been assigned into "plant damage states". The plant damage state (PDS) groups accident
sequences leading to core damage which have similar containment response characteristics,
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and can therefore reasonably be represented in the subsequent level 2 analysis by a
representative accident sequence. The PDS contains the necessary containment system
information - in this way, the level 2 analysis concentrates on the phenomenological aspects of
containment response to each PDS. For the Krsko level 2 IPE, core damage sequences are
grouped into plant damage states for further consideration in the containment event tree.

Containment Failure Characterization
The level 2 study includes an analysis of the Krsko containment structural capability, which has
identified the dominant structural failure modes, the expected failure pressure as a function of
temperature, and the associated uncertainties. A composite containment fragility curve,
developed from these Krsko-specific results, is used in the level 2 study to calculate the
expected probability of containment failure for the many different potential loads (also
described using probability distributions) on containment during the severe accident
progression.

Containment Event Tree, Accident Progression and CET Quantification
The containment event tree (CET) approach is used to provide the framework for identifying,
displaying and quantifying severe accident sequences. The Krsko CET contains top events
related to the severe accident phenomenology. CET split fractions are developed using
detailed event decomposition and describing uncertainties in physical phenomena by means of
probability distributions. Containment failure probabilities are evaluated using "stress-strength
interference" combinations of the specific derived load distribution with the calculated
containment structural capacity distribution. In this way, the CET provides the mechanism for
the expression and consideration of phenomenological uncertainty in the level 2 study, and
also the structure for developing the overall plant risk profile.

Release Categories and Radionuclide Release Characterization
Release categories are defined which provide a means to group severe accident sequences
with similar fission product source terms. Accident analysis, using MAAP 3.0B, has been
performed to quantify the source term (the magnitude, timing and content of the fission product
release from the plant due to the severe accident) associated with each release category by
investigating a representative accident sequence.

Release Category Definitions
Each endpoint of the CET represents a single path through the tree, and therefore a unique
accident sequence progression. There are many thousands of possible accident progressions,
and in order to present and use the results of the seismic level 2 IPEEE in a manageable
fashion, the endpoints are grouped into bins termed release categories. A given release
category (RC) contains a number of possible accident sequences, which fission product
release characteristics (source terms) are similar enough that they can all be reasonably
characterized by a single representative accident sequence. The source term of all the
accidents within a given release category is then characterized by the source term of the
representative sequence.
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Ihe definition of release categories must then consider the Key sequence progression
^laracteristics which influence the release spectrum. The key characteristics chosen to define
-ihe Krsko release categories are:
a

jj

Containment status: intact, bypassed, isolation failure or failure in one of four time
frames;
whether molten core concrete attack (and associated increased fission product release)
occurs;

c

whether a release is scrubbed by overlying water (for bypass releases); and

d,

whether the core is recovered in-vessel.

Use of these key accident characteristics with the necessary consideration of dependencies,
leads to the release categories listed in table 1. The Krsko IPE and IPEEE considers 12 release
categories, of which three (1, 2 and 4) may be considered as representing very small releases,
four (3A, 3B, 5A, 5B) as representing small releases, and five (6, 7A, 7B, 8A, 8B) as
representing potentially large releases.

Quantification of Level 2 External Event Analysis
The external event analysis may be regarded as an extension of the main (internal event)
analysis to consider potential accident initiators resulting from external influences on the power
plant. Conceptually, the level 2 study covers the same scope as before, for an extended set of
initiators. In practice, the level 2 external events study makes use of evaluations and analogies
with the existing internal events information in order to assess likely containment performance
for the new set of initiators. The level 2 external events evaluations have the following
characteristics:
a.

The scheme used to define the plant damage states is maintained the same as for the
internal events.

b.

The general containment event, tree structure is maintained the same, as are the
definitions of the fission product release categories.

c

The source terms corresponding to each release category are maintained.

The inputs for the external event level 2 are the new set of damage states calculated in the
level 1 study for external events. The containment performance is assessed by evaluating, for
each plant damage state, the conditional probability that the damage state will result in each of
the fission product release categories. Where a damage state is present for external events
which is also present for internal events, then the conditional probabilities used are taken
directly from the internal event study. Where the damage state has not already been quantified
in the internal event study, it is quantified by analogy with other damage states, using the
knowledge gained during the internal event analysis.

Results of Level 2 Quantification for Seismic Events
Figures 1 and 2 show the results (the release categories and their associated frequencies) of
the seismic level 2 analysis. These figures show contributions to release category frequency
from both internal and seismic events. Figure 1 shows the frequency associated with each
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release category. A breakdown by initiator can be seen in figure 2. As can be seen from the
figure, the transient initiator which is dominated by the station blackout event is by far has the
largest initiator frequency.
Seismic events contribute 5.96x10"5 /year to the core damage frequency of Krsko. This value is
above that due to internal events (5.103x10"5/yr).
66% of seismic core damage frequency falls into release category 3B (long term
overpressurization with concrete attack). This relatively large contribution to RC3B is due to the
importance of station blackout type events resulting from a seismic initiator.
Seismic events with a peak ground acceleration greater than 1.1g were not quantified at level 1
(i.e., detailed systems analysis was not performed), and thus the consequences in terms of
accident sequence are not presented. This fraction of the contribution to core damage from
seismic events (about 2.3%) has been assigned to a new damage state labeled "UXXXXB".
The consequences of these events are unknown, but could in principle result in containment
bypass events. The UXXXXB damage state has therefore been assigned to release category
8B with conditional probability 1.0.

Conclusions
Examining the level 2 output for both the internal events and seismic events shows that:
1.

Approximately 80 % of the frequency of core damage events lead to a fission product
release which can be described as very small or small. This result demonstrates the
ruggedness of the Krsko plant and its resistance to severe accident challenges.

2.

Very small releases result from core damaging events where the containment is not
damaged (release categories 1 and 2) and where concrete attack occurs leading to
very long term (many days) basemat failure (release category 4). These events make
up approximately 25% of the core damage frequency.

3.

Small releases result from late containment overpressure failure events (release
categories 3 and 5), and these make up a further 59% of the core damage frequency.

4.

17% of core damage frequency represents "large releases". Large releases include
early containment failures (RC6), containment isolation failures (RC7A and RC7B) and
containment bypass events (RC8A and RC8B).

5.

However, early containment failure contributes a negligible 0.05 % (of CDF). This
demonstrates that the Krsko containment is very resistant to early failure challenges
including those due to high pressure melt ejection and that the frequency of such
challenges is low.

6.

Containment isolation failure events with approximately 9.5 % and bypass events with
approximately 7.1% both contribute significantly to the large release frequency, and are
important contributors to total risk.

7.

The dry reactor cavity design influences significantly the risk profile, leading to the
relatively large fraction of long term concrete attack and basemat penetration
sequences. A change to a wet cavity could decrease basemat penetration sequences
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and long term concrete attack cases (RC 4 and 3B), and increase the "no containment
failure" frequency correspondingly.
g

Formalized guidance for recovery actions after core damage has occurred, for example
in the form of Westinghouse Owners Group Severe Accident Management Guidelines,
but is not credited in the study since it is currently not implemented. Implementation of
such guidance could bring significant benefit in overall risk. For example, strategies
addressing the minimization of fission product releases, recovery of containment
isolation, and recovery of key equipment could significantly reduce the frequency and
consequences of all release categories 3 to 8.

g

The base case results indicate that the frequency of recovery of the damaged core in
vessel is very small. However, as noted above, the study does not credit accident
management strategies not currently implemented. A strategy to flood the outside of
the reactor vessel and thereby prevent vessel failure could lead to a significant risk
benefit. Such a strategy, being implemented at other plants, is addressed in the WOG
SAMG and would be investigated as part of the SAMG implementation.

10.

The impact of a typical severe accident filtered vent system in terms of its effect on
"" frequency of containment failure could also have a significant impact on the release
frequency. The system basically converts small release events (late overpressure
failures in RC3 and RC5) to very small releases (no containment failure, filtered
release). The most benefit can be obtained from the system if it is used in combination
with a wet cavity modification.

11.

The importance of station blackout events caused by seismic initiators is clear when the
internal and seismic event analysis results are considered together.

12.

The level 2 study has provided a valuable, plant-specific, severe accident analysis
database, which has contributed to a greatly improved understanding of the likely
response of the Krsko plant to a severe accident, and of the accident sequences which
dominate the risk profile.
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Table 1
Krsko Release Categories

Release Category Definition

RCno.

1

Core recovered in-vessel, no containment failure

2

No containment failure

3A

Late (time frame IV) containment failure, no molten core-concrete attack

3B

Late (time frame IV) containment failure, molten core-concrete attack

4

Basemat penetration (no overpressure failure)

5A

Intermediate (time frame III) containment failure, no molten core-concrete
attack

5B

Intermediate (time frame III) containment failure, molten core-concrete attack

6

Early (time frame I or II) containment failure

7A

Isolation failure, no molten core-concrete attack

7B

Isolation failure, molten core-concrete attack

8A

Bypass, scrubbed

8B

Bypass, unscrubbed

Release Category Frequencies

DSeis
• Int Ev

0.00E+00

Release Categories

Figure 1
Krsko Level 2: Release Category Frequencies
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Breakdown of Release Categories by Initiator
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PERSPECTIVES OF LIVING PSA IN NPP KRSKO
Ivan VrbaniC
Marin KaStelan
Nuklearna elektrarna Krsko
Vrbina 1 2, 8270 KrSko, Slovenia

Abstract: Nuclear power plant KrSko has completed the Level 1/Level 2 Probabilistic Safety Analysis
(PSA) for internal initiating events and is in the process of completing the same for the external
initiators. The analysis completed up to now has provided a valuable insight into a plant risk profile. In
NPP KrSko there is a plan to use the PSA model as a permanent tool for the risk based applications and
incorporate it into a decision making process. In order to achieve this there is a need to permanently
maintain the PSA model in a manner that it reflects both the plant configuration/design at a time point
and the operational experience up to the time point. All the activities aimed toward keeping the PSA
model up-to-dated in this sense are usually referred to as a Living PSA (LPSA) program. NPP KrSko is
in the process of defining and proceduralizing a LPSA program that would be plant specific and based
on known world practices. Further, in order to be suitable for risk based applications the PSA model
must be flexible in a sense that modifications to the base case model may be done easily and
requantifications performed quickly as to evaluate various conditions imposed by real or hypothetical
situations. NPP KrSko PSA model has been based on licensing type software. The requirements
specified above dictate the transfer of the overall model to an application oriented software of newer
generation with larger capabilities. The transfer becomes a part of a mentioned ongoing effort aimed
at establishing LPSA model and concept. The paper presents this effort and the perspectives of LPSA
concept and risk based applications in NPP KrSko.

1. Introduction
NPP Krsko (two loop Westinghouse type plant rated 664 Mwe with large dry containment)
has performed PSA study for internal and external initiators following the requirements of Slovene
Nuclear Safety Authority (SNSA). The primary objective was to perform an "individual plant
examination" (IPE) in accordance with US NRC Generic Letter 88-20. The study has provided a
valuable insight into the plant risk profile. This has lead NPP Krsko to decide to use the study and
the existing probabilistic model in the future as well, in order to carry on the risk based applications
by employing a Living PSA (LPSA) concept. In the forthcoming sections we discuss bases of a
LPSA concept as well as the overall process of transferring the Krsko "basic PSA" model to the
"living PSA" model.

2. Basic PSA Model
By the "Basic PSA Model" here we mean the original PSA model developed for the IPE
purposes. One characteristic of this model is that it is "static" by its nature. It is time-averaged
model and it deals with long term perception of risk. Krsko basic PSA includes analyses of internal
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events (IIEs), fires, flooding, seismic events and other external events. Detailed Level 1
af/ f l t tree models have been developed for IIEs, internal fires, internal floods and seismic

fl

e" For other external events, such as external floods, strong winds, airplane crashes, etc.,
-jive as well as quantitative boundary analyses were performed. As for the containment
jonse/ detailed event tree/fault tree models exist for IIEs and seismic events. For other groups of
ating events a qualitative analysis of containment performance was done. The approach used
•'in accordance with the US NRC Generic Letter 88-20 and its Supplements and references. The
«niiovvln9 c o r e damage frequencies, expressed per reactor year, were obtained:
Internal Initiating Events
Internal Floods
Internal Fires
Seismic Events
Other External Events

5.4E-05
1.0E-05
1 .OE-04
5.5E-05
1.3E-05

The overall Krsko PSA model development was supervised and coordinated by
Westinghouse which also provided the methodology and tools for all relevant tasks. The "fault tree
Unking" approach was used to develop the event tree/fault tree structure. The tool used for the
development and quantification of Krsko probabilistic model was Westinghouse's GRAFTER/WLINK
PSA software package.
Various aspects of results were evaluated and analyzed, such as the dominant minimal
cutsets and core damage sequences, calculated importance factors for components and operator
actions, etc. Appropriate compensatory measures have been proposed, which are under
consideration or have already been implemented. Also, some proposed plant modifications were
Bvaluated by the means of the existing PSA model. In summary, it may be said that the existing
Krsko PSA model as developed in GRAFTER/WLINK environment has fulfilled its original purpose,
which was to perform an "individual plant examination" in the spirit of GL 88-20 and, by this, to
Meet the requirements of License Amendment issued by SNSA. However, NPP Krsko plans rather
jxtensive use of this PSA model in the future, as well, and this one would be as a basic tool for
/arious risk based applications. This subject is further discussed in the sections to come.

}. Living PSA Concepts
In the following several sections we discuss the bases of Living PSA (LPSA) concept.
Senerally, it may be thought of as consisting of three elements:
I.
-•
'•

The definition of risk based applications which would be carried on, as well as of the extent
to which they will be used;
The LPSA model(s) which will represent the basic tool for carrying on these risk based
applications;
The maintenance of the LPSA model(s) which is represented by a formal structured program
that will ensure their validity, i.e. that LPSA model(s) reflects the plant and its operation in
an adequate manner.

ollowing are short discussions on each of these three elements.
•• Risk Based Applications
The first element of LPSA concept is actually an answer to the simple question: What do we
'ant to do with the PSA model? Which sort of PSA applications do we want to carry on, and in
'hich manner shall we use the results? Three major groups may be identified among the risk based
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applications that are currently carried on: 1) long term risk assessment, 2) risk control/risk
monitoring, and 3) risk based evaluation of operating experience. They are briefly discussed i
following paragraphs.
Long Term Risk Assessment
In this type of application an average risk (expressed typically per reactor year) caused |
operation of the plant in long term perspective is assessed. The plant is represented by its ave
configuration and components by their average unavailabilities. These applications in fact repre
the "normal" continuation of the use of basic PSA model and have the same purpose: to located
major risk contributors (in long term frame) by analyzing the dominant minimal cutsets, core damj
sequences, importance indexes, etc. Long term risk assessment may be applied to real plant
configuration as well as to hypothetical (e.g. proposed) one in order to compare the two. Thissja
of application is typically used for the assessment of long term risk impact of proposed changes)!
plant design, test or maintenance strategies, procedures changes. Technical Specifications changl
etc. As a such, it will be used in NPP Krsko for the long term planning and strategic decision
making.
Risk Control/Risk Monitoring
Here the risk (usually expressed per day or, even, per hour) is calculated for the given plantf
configuration and given equipment status. By integrating this risk over the time period AT one
obtains a probability of occurrence of specified undesirable event (for example, a core damage in
the frame of Level 1) within AT for considered configuration/status. By calculating these
probabilities for two or more different cases (such as different modes of operation, different
compensatory measures, etc.), the risks associated with each of them may be compared. This may
serve as an input into a making of decision on which alternative to choose in handling given
situation. It may be said that user, in a way, actively controls (manages) the risk, which is where
the name for this group of applications comes from. The group includes the following typical
applications:
1)
The subgroup of applications where continued operation is considered versus going into
shutdown (such as evaluation of allowed outage times, justification for continued operation,
etc);
2)
Evaluation of various compensatory measures (such as performing tests of various
equipment, changing systems configuration/lineup, starting up the systems, etc.);
3)
Evaluation of test intervals (comparisons of different test strategies);
4)
Scheduling of preventive maintenance;
5)
On-line risk monitor (risk-meter).
The ultimate form of application 5) would be a risk-meter in main control room which reflects the
current status of plant's systems and components and provides the operators information on the
risk associated with it. NPP KrSko does not intend to explore an on-line monitoring in this sense for
a time being. However, the off-line applications from this group are considered. One thing should be
pointed out here. Although the time-averaged LPSA model (derived directly from basic model) may
be suitable enough for some of risk control applications, a transfer to time-dependent model is
generally required in order to carry these applications on to their full extent.
Risk Based Evaluation of Operating Experience
The purpose of this group of applications is not to directly control or manage the risk, as it
was the case with the second group. Instead, the risk experienced during the past operation of the
plant is calculated a posteriori with the aim of examining the "seriousness" of operational events
and determining the frequency of serious events in the past. With this knowledge certain strategies
may then be developed to improve the performance of the plant in the future. So, this sort of
applications represent a corrective risk management. The examples of the application are accident
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jfe programs carried on by US NRC ([8]) and EdF ([5]). NPP KrSko considers the use of this
of appli c a t l o n s ar)d< a s a P art °* '*< a development of PSA performance indicators. Generally, a
ife to time-dependent LPSA model is required for this sort of applications, as well (although
may be c a m e d o u t t 0 some extent by the time-averaged model also).
This first element of LPSA concept includes also the definition of two additional items. The
lr*t is a s e t °f s a f e t Y goals expressed in terms of (acceptable) risk. This means that certain risk
es (typically: average risk expressed per year, instantaneous risk expressed per day or per
SSftour, jntegrated risk expressed per event, etc.) must be defined as well as the criteria for their
acceptance. The majority of PSA users are very cautious and reluctant when it comes to define
numerical values for the acceptable risk level due to the uncertainties associated with the PSA
^results. However, the quantitative acceptance criteria are finding their way to risk based
^applications, although the attention is always paid to the uncertainties associated with the
application results ([5]). With respect to the quantitative risk based acceptance criteria, NPP Krsko
Intends to follow the existing practices in the world. The second item is the definition of the role of
LPSA in the decision making process. Here the standpoint used in NPP Krsko is that the LPSA
application results represent one of the inputs (and by no means the only one) into the decision
making.
5. LPSA Model

:

By the term "LPSA model" here we mean a computerized event tree/fault tree structure
.(together with the supporting documentation) which is used as a tool for carrying out the risk based
applications described above. As mentioned in the previous section, there are two types of LPSA
model: 1) time-averaged, and 2) time-dependent. The first one reflects the plant average
configuration and components average unavailabilities. Each standby component is modeled in the
manner that there is a certain probability that it would be unavailable at the moment of challenge.
There is no reflection of the potential knowledge on the real status of the equipment. This is the
way in which a basic PSA model (such as, an "IPE PSA" model) is developed. This type of LPSA
model is used for the applications of the first group. It may also be used to some extent for some of
the applications of other two groups.
The second type of LPSA model represent a specified plant configuration (either real or
hypothetical) as well as a knowledge on specific equipment status. If a component is known to be
unavailable, then a basic event representing its unavailability or its failures is declared logical unity
(or its probability is set to 1, depending on the approach used). On the other hand, for a component
which status is "hidden" (unknown), the probability that it >s unavailable (i.e. failed) will depend on
the time passed since it has last been demonstrated operable. The time-dependent type of a LPSA
model is used to carry out the second and the third group of applications.
Nature of all the risk based applications described above is such that they require a number
of modifications to be made to the LPSA model in order to reflect various postulated situations
(such as various configurations, designs, boundary conditions etc.) and, consequentially, a number
of requantifications in order to assess the risk associated with each case. So, whichever type a
LPSA model is, it is required to have two basic features: 1) it should be flexible enough to allow
easy and quickly to be done changes to referential event tree/fault tree structure, and 2)
quantification run times should be reasonably short. These depend on the performances of the
software tool used to build the model.
From the discussion provided above it is clear that the Krsko basic PSA model might have
been used to carry on the LPSA applications of the first group. Moreover, it has really been used for
several such applications (specifically, proposed design change evaluations). However, as it
appears, the code package used to develop it is the software which has originally been developed
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for the use with traditional PSA approaches. Its primary purpose was to be used for the
development of basic PSA models such as "IPE" PSAs, which are a design based. For this purp,
it has proved efficient. However, when measuring its performances with respect to LPSA
applications, the following should be noticed.
The code does not employ any logical switches, such as house events, in order to enable!
the changes of existing event tree/fault tree structure so that it fits into various boundary
conditions. The effect is that one portion of logical structure (e.g. fault tree) instead of being
changed "on line" (by actuation of appropriate logical switch) in accordance to the set of boundary!
conditions currently valid, has to be reproduced as many times as there are sets of boundary -•"*
conditions relevant to this structure. Each "copy" of this structure is then physically rearranged in
order to reflect particular set of boundary conditions. Further effect may be (and it, actually, is) thai
there is a number of models (i.e. fault trees) of the same plant's system with only minor difference^
between them, including no more than one or two basic events. (Refer to the example shown on
Figure 2 in section 7.) This causes the overall PSA model to grow very large, which, further, has
two undesirable implications: 1) modifications of the model can not be done easily and quickly
enough, and 2) it takes a long time to make any requantification. To illustrate the first point, one can imagine a situation where the model of particular component needs to be changed to reflect the
design change. If this component model appears at, say, 15 different spots in the overall event
tree/fault tree structure (due to the reasons given above), then special care must be taken that
neither of them is skipped.
Due to the facts explained above and, in addition, due to the rather slow process of minimal
cutset generation, the run times for the quantification of core damage and, especially, for the
quantification of plant damage states were very long. Based on this considerations, as well as some
others, it was found that the existing PSA model is not suitable enough for the LPSA purposes. This
lead NPP KrSko to decide to transfer the existing model into Risk Spectrum code environment,
which is further discussed in section 7.
6. Maintenance of the LPSA Model
Whichever sort of applications is carried on, a referent/a/ LPSA model of the plant must
always exist. This one needs to be maintained in a way that it reflects the plant and its operation in
an adequate manner. The set of activities aimed toward ensuring this represents the third element
of LPSA concept. The referential plant model (be it time-averaged or time-dependent) must be
periodically updated in order to be kept in accordance with three major aspects of plant and its
operation, which are:
1)
plant design,
2)
operational practice (procedures, Technical Specifications, training, etc.), and
3)
operational experience (operational events).
These three aspects influence the model in a way that they may affect its logical structure
or the probability values associated with the basic events. Changes of plant design such as
permanent modifications in plant's systems may directly reflect themselves in a fault tree structure.
Changes within the second aspect may influence probabilities associated with human errors (e.g.
changes in EOPs, changes of training program, etc), as well as component unavailabilities (e.g.
changes in technical specifications). Finally, monitoring the operational experience provides raw
data for the plant specific quantification of component failures.
Maintenance of LPSA model is a formal structured program which basically consists of the
following:
1)
permanent observation of the three aspects of the plant and its operation,
2)
recognition of the need to update the model,
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implementation of the updates, and
pclocumentation of the process.
N P KrSko develops procedures that will cover the process. Some of the activities are
k>''going on {for example, monitoring the plant operational experience and processing the raw
The overall LPSA concept with its three major elements is illustrated by Figure 1.
OTHER INPUT (Le. not risk based)
PLANT DESIGN
AND
OPERATION

I

SAFETY GOALS,
ACCEPTANCE
CRITERIA

MONITORING

OBTAIN RESULTS

NEED TO CHANGE
THE MODEL?

USE THE MODEL
IN RISK BASED
APPLICATIONS

SAVE CURRENT
VERSION OF THE
MODEL

IMPLEMENT
CHANGES

DOCUMENT
CHANGES

DECLARE NEW
VERRSION OF
THE MODEL

Figure 1: Living PSA Concept

7. Transfer from "Basic PSA" to "Living PSA"
In the light of the above provided considerations, it will be possible to divide the overall
transfer of the Krsko "basic PSA" model to "living PSA" model into three major steps. They are:
!•
Direct conversion from the old to the new software environment,
2.
Optimization of the model obtained by the direct conversion, and
3Adaptation of the model according to the risk based applications to be carried on (as
needed).
The first step consists of the direct conversion of an existing event tree/fault tree structure
into the new software environment. The approach used will be "one gate for one gate" and "one
basic event for one basic event". The purpose is to enable the verification and validation of the
conversion process itself by direct comparison of the results obtained by the old model to the ones
obtained by the new, converted, model.
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The directly converted
B
tNTTIATOR
A
model obtained by the first
SBQUBNCH*
step will not make use of the
advanced features of the new
software (except for the much
faster process of generation of
minimal cutsets and
quantification). For example,
the model will still be very
FAULT TREE
FAULT TRB8
large, containing multiple fault
Bl
trees modeling the same
SYSTEM B
SYSTEM B
FAILS
FAILS
system within different
boundary conditions, as
discussed in section 5. As an
illustration of this one may
consider a simple example
OPERATOR
ERROR
r
FAULT TREE STRUCTURE
FAULT TREE STRUCTUHa
shown in Figure 2. Here a
RBPRESBNTWO VARIOUS
REPRESENTING VAJUOW
HARDWARE FAILURES
HARDWARB FAILURE] .
failure of system B is an event
THE SAME AS IN FAULT
TR£BB1
which is a part of event tree
H£BI
HEB2
sequences 2 and 4. The event
Figure 2: Modeling of two different boundary conditions with no
may in both sequences be
logical switches available
modeled by the same logical
structure: operator fails to
establish the system (represented by the basic event) or system is unavailable due to hardware
failures (represented by the complex logical structure). Logical structure representing the hardware
failures is the same in both cases. However, the human error probability is dependent on the status
of the system A (e.g. due to the different level of stress or complexity of action). With the original
software this situation can be modeled only in the following way (since there are no any logical
switches): two fault trees modeling system B have to be created (fault trees B1 and B2 in Fig. 2),
which are completely identical except for the basic event representing the human error (events
HEB1 and HEB2). When running sequence 2, the fault tree B1 is linked into the sequence, while
when running sequence 4 the fault tree B2 is used. So, there are two fault trees which are
practically identical, but each of them have to be kept, documented, maintained, etc. separately. In
this manner the original model grew very large. With logical switches available this situation may be
modeled by creating only one fault tree and defining two basic events (HEB1 and HEB2) which
would represent human error and which would be exchanged "on line" depending on which
sequence (i.e. 2 or 4) is analyzed. The exchange is normally accomplished by activating the
appropriate logical switch. It is the second step where the overall model will be optimized using the
logical switches (house events, exchange events), as well as the other advanced features offered by
the new software such as, for example, treatment of common cause events. The resulting model
will generally be suitable for performing the applications with average risk assessment.
Finally, any further adaptation of the model that may be associated with the particular LPSA
application will be performed in the third step. One example of such an adaptation may be transfer
to time-dependent model.

8. Conclusions
The traditional PSA tool which has been used to develop KrSko basic PSA model and have
proved efficient for this purpose, was found not to be suitable enough for the living PSA concept.
The main reason for this is the "inertness" of the model, which has two aspects: 1) model is not
flexible enough in a way to allow various changes to be done quickly and easily enough to its
logical structure, and 2) quantification run times are not short enough. While this inertness is not

17R

Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

much a matter with basic PSA concept which is a design based, it does matter with living PSA
icept where many*changes to the referential model structure and many requantifications are
, be them off-line or on-line. This has lead NPP KrSko to a decision to transfer the existing
^ model to another, more "application oriented" software in order to be able to carry on a living
concept which bases were described above. By this transfer the PSA model will be obtained
ich will enable performing of the risk based applications to their full extent.
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VERIFICATION OF THE PRIMARY SYSTEM BREAK SIZE GROUPING AS USED
IN THE NUCLEAR POWER PLANT KRSKO (NEK) INDIVIDUAL PLANT
EXAMINATION (IPE)
Bajs Tomislav Faculty of Electrical Engineering and Computing, Unska 3, 10000 Zagreb, Croatia
Basic Ivica
Nuclear Power Plant Krsko, Vrbina 12, 8270 Krsko, Slovenia

ABSTRACT
Definition of the small break loss of coolant accident window directly influences probabilistic safety analysis
results, since auxiliary feedwater is required as additional system for the successful sequence path. In this report
best-estimate thermohydraulic code RELAP5/mod2 has been used to define threshold break size between
medium and small break loss of coolant accident according to the NEK IPE definition. Significant
thermohydraulic aspects were reasonably well predicted in RELAP5/mod2 calculations. The comparison of
RELAP5/mod2 results with comparable MAAP results has shown that this threshold is lower than in the case of
NEK IPE MAAP analysis. Since both codes predicted qualitatively comparable plant response for similar initial
and boundary conditions, the definition of the threshold in the NEK IPE MAAP calculations is consistent with
the mathematical model used in the NEK IPE analysis. The difference in the reactor coolant pump trip criteria at
present with the criteria utilized in the NEK PSA level 1 MAAP calculations was investigated, and it was found
that the threshold break size could be shifted by the effect of this/such a change.
INTRODUCTION
LOCA (Loss of Coolant Accident) is defined as the leakage from the RCS (Reactor Coolant System), that is
large enough, so that CVCS (Chemical and Control Volume System) is unable to maintain the RCS inventory.
Traditionally, in the deterministic safety analysis LOCAs were classified into two groups: Large Break LOCA
(LBLOCA) and Small Break LOCA (SBLOCA). In PSA (Probabilistic Safety Analysis), it is usual to categorize
LOCAs into three groups: SBLOCA, Medium Break LOCA (MBLOCA) and LBLOCA. The range of each group
break sizes depends on the power rating and equipped safety systems.
NEK has implemented PSA logic for the IPE level 1 work and thus, for the engineers performing this task,
first step was to categorize LOCAs by specifying the establishment of the functional requirements for each group:
•

•
•

LBLOCA is defined as loss of coolant that is large enough to remove decay heat through the break,
but the HPIS (High Pressure Injection System) is not sufficient to maintain the core inventory, so
the LPIS (Low Pressure Injection System) is required for the cooling of the core.
MBLOCA is defined as loss of coolant that is large enough to remove decay heat through the
break, but the HPIS is sufficient to maintain the core inventory.
SBLOCA is defined as loss of coolant that is small enough for the HPIS to maintain RCS
inventory, but not large enough to remove decay heat without additional heat sink.

Deterministic tool used for the IPE level 1 analysis was MAAP 3.0B Rev. 18 code. MAAP is essentially
severe accident code tuned for the "real time" calculations of the long lasting transients. However, for the above
classification of the LOCAs, it is clear that threshold that defines boundary between the groups can be also
analyzed with the so called "best estimate" codes, thus providing helpful information about the "uncertainty
window" that defines border between the LOCA groups. Since each of the groups requires different systems for
the success path, it is clear that this "threshold" definition also influences PSA results.
This article discusses the SBLOCA/MBLOCA threshold analysis using RELAP5/mod2 computer code.

- Background Information
ijaticaUModel
3e£t estimate" code used for the analysis of the threshold between SBLOCA/MBLOCA was RELAP5/mod2
f!:36.05, adopted for the PC by the Faculty of Electrical Engineering and Computing in Zagreb.
fAP5/mod2 ' s c °de developed at the Idaho National Laboratory, USA, for the modeling of complex
ohydraulic systems and is primarily intended to be used for the prediction of nuclear power plant behavior
Wfhe case of transients/accidents, Ref. 1.
3"? For the purpose of NEK transient/accident analyses such model has been developed in compliance with Ref. 1
«nd qualified on the steady-state level, Ref. 2. The model of the plant has been established with the predefined
fidelity of the plant physical parameters (geometry, thermohydraulic parameters, control and protection system
iet points, etc.). Detailed description of the NEK mathematical model and the criteria employed can be found in
Ref. 2.
jftnsient Phenomenology
;

i . Transient has been evaluated by the RELAP5 analysts and compared to the evaluation from Ref. 3. Basic
difference between the SBLOCA and MBLOCA successful criteria is that secondary heat sink is necessary for
(he successful path in the case of SBLOCA, thus meaning availability of the AFW to at least one SG. Assuming
(his, border between SBLOCA and MBLOCA can be defined as the largest cold leg break that cannot be cooled
by only one HPIS pump and without AFW.
Following the break occurrence, depending on the size of the break, primary coolant is lost to the
containment, causing pressure decrease, leading to the reactor scram and turbine trip. Continued loss of coolant
initiates SI signal and FW isolation. Since the steam dump system is assumed to be unavailable, SG secondary
pressure rises to the SG PORV/SV setpoints value, and produced steam is released through the valves. If the
break flow is not sufficient enough to remove decay heat, SGs remove part of the decay heat by the production of
steam, emptying steam generators through SG PORV/SV valves. Eventually, depending on the break size, power
removed through the break will become sufficient to remove decay heat (which will decrease with time also), so
that heat transfer to the SGs will practically disappear, or even reverse, resulting in the cooling of the SGs,
condensation of the SGs steam, and decrease of the SGs secondary side pressure. On the other side, if the break
flow is not sufficient enough to remove the decay heat before SGs deplete, once secondary heat sink is lost
(because all the liquid has been evaporated), primary system will start to heat up and repressurize to the PRZ
PORV/SV setpoint. Since this pressure is above NEK HPIS shutoff head, no makeup flow will be available, and
together with the break flow, PRZ PORV/SV discharge will cause continuous primary inventory loss and core
uncovery.
Discussed scenario reveals also the most important phenomena for the success criteria:
•
•
•

decay heat
break flow rate
SG heat removal.

As far as the RELAP5/mod2 calculations are considered, decay heat and SG heat removal can be predicted
within acceptable uncertainty. Situation is different with the break flow model because it is known that RELAP5
; critical flow model carries significant uncertainty. However, since the SBLOCA break flow is expected to be
single phase for the most of the transient, this uncertainty can be covered with parametric study of the different
break sizes.
Insight in the transient theoretical evaluation and assumptions from the Ref. 3 revealed the question of the
RCP (Reactor Coolant Pump) trip criteria. As long as the RCP recirculate primary coolant, SG heat transfer is
more efficient. Analysis from Ref. 3 were performed according to the status of the NEK EOP procedures in 1991,
assuming that once primary pressure falls bellow 9,9 MPa, RCP trip criteria shall be reached. In the case of upto-date NEK EOPs, Ref. 5, RCPs will be tripped by operator action following primary loop subcooling signal.
Pressure criteria from Ref. 3 is firmly coupled to the primary pressure decrease, which is in turn dependent on the
break critical flow model.

ANALYSIS, EVALUATION, CALCULATION
SBLOCA/1V1BLOCA Threshold Analysis
Approach to the transient analysis has been inherently defined by the definition of the SBLOCA/MBLOCA
groups. Easiest way to define the threshold between these two groups is to define initial equivalent break
diameter, and than perform parametric study by decreasing the break size in steps, until the criteria for SBLOCA
is not reached, that is, following loss of SGs as heat sink, PRZ PORV deplete core to the dryout.
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Influence of the RCP trip criteria on the outcomes of the calculations has been studied for the break size i
to the threshold break size. Analysis has been performed according to the Ref. 4, and transient has been assi^
ID:SCLC (for Small Cold Leg LOCA), while for the each calculations additional characters were used:
character has been used for the break loop location (A for loop with pressurizer and B for the other loop);
character was used for the numbering of the decreasing steps from the initial break size and 7th character
utilized RCP trip criteria.
Initial and Boundary Conditions
For this specific task, initial conditions as defined in Ref. 2, have been found acceptable, and boundary
conditions from Ref. 3 were taken into account, primarily the availability of the systems, as defined for NEK Ipg ;
level 1 success criteria. Initial conditions for the calculations can be found in the Table 1.
Based on the definition of the SBLOCA from Ref. 3., and the availability of the systems as assumed for the1
MAAP runs, following assumptions for the boundary conditions were introduced and following instructions from
the Ref. 4, RELAP5 NEK model compliance interventions to the Base Input Deck, Refs. 2 and 6, have been
identified:
Initial break size, to start parametric calculations with, has been defined as 1.905 cm (0,75 inches) and was
stepwise decreased by 0,127 cm (0,05 in). In order to investigate RCP trip criteria, it was assumed, Ref. 2, that
present RCP criteria at NEK (manual trip on primary system subcooling) will become true when setpoint from
Ref. 5 is calculated with 30s credit for operator action. Trip on low pressurizer pressure, used in MAAP
calulations, has been kept active, but as it turned out, it became true only in first case (SCLCB1), and in neither
of cases that followed. Therefore, in the case SCLCB5 subcooling trip was intentionally turned off in order lo
investigate transient with continued RCP operation.
Analysis and Results of RELAP5/mod2 calculations
Table 3 summarizes main differences between cases that have been analyzed according to the assumptions for
parametric study and the sequences of the main events for the SBLOCA/MBLOCA treshold calculations.Main
results from the performed parametric study are presented in Ref.6
The effect of the break capability to remove decay heat was clearly visible: larger the break size is, pressure is
lower, and cycling of SG PORVs stops earlier. Only for the case SCLCB6A pressure rises to the PRZ PORV
setpoint, identifying that break size as border between SBLOCA and MBLOCA. Importance of the SG as
additional heat sink, as assumed before the calculations, is greater for the smaller break sizes, while in the
SCLCB6A case SGs are completely dried. Integral of break mass flows shows that, except for the SCLCB6A
case, break flow is practically constant after initial phase, which is also the case with ECCS flow indicating
pseudo steady-state condition. Discussed phenomena clearly define case SCLCB6A as the threshold break size
between SBLOCA and MBLOCA. Influence of the RCP trip criteria on the threshold break size was also
analyzed. First, initial case SCLCB1A has been analyzed. From the PRZ pressure and SG level, it is clear that
time of both RCP trip criteria was practically overlapping.
Case SCLCB5A with break size slightly larger than deduced threshold size, has been recalculated with only
MAAP RCP trip criteria enabled.. Primary system pressure actually never reached RCP trip criteria when
subcooling trip was not credited. What happened, was that PRZ pressure, stabilized on approximately 12 MPa
during SGs PORVs cycling that lasted until the SGs were not emptied around 12000 sec. In the case when RCP
subcooling trip criteria was employed, case SCLCB5A, SGs were close to depletion, but not depleted. Total
injected ECCS flow is naturally smaller for the SCLCB5 case because primary pressure was calculated slightly
higher. The effect of prolonged forced circulation was visible from calculations: forced circulation caused more
efficient heat transfer in the SGs, leading to the SG depletion before break flow itself was able to remove decay
heat and since the coolant has been cooled more efficiently in the SGs, the power removed through the break has
been actually lower.
It must be stated that RELAP5 model is rather rough approximation, since the subcooling margin is
dependent on the status of the containment, Ref. 5, and the time operator will need to trip the RCPs, once
subcooling monitoring system has issued an alarm. Subcooling margin is much more restrictive once adverse
containment is identified (on high containment pressure or high radiation in the containment). In the case of
RELAP5/mod2 calculations this means that, practically, once adverse containment is calculated, RCP trip criteria
is reached. However, one must take into account that containment model is only simple approximation compared
to the rest of the model and that high radiation is not possible to mode! in RELAP5/mod2. Nevertheless, it is
analysts opinion that even this approximation is better than none. Limiting case has been also recalculated with
the break location in the other loop, but the results showed practically no difference. The most significant
parameters for all the runs are presented in Ref. 6.
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of the RELAP5/mod2 Analysis
i^gL/ l P5/mod2 analysis of SBLOCA threshold analysis has shown that, according to this code, and present
|C model, border is somewhere between DC(,=0,5 in and 0,55 in. This values shouldn't be understood as exact
Jjjc areas, but rather representation of plant response, since critical flow phenomena, calculated by
««er/VP5/mod2 carries relatively large uncertainty compared to the model of other phenomena. This uncertainty
^iias''Been covered by parametric study of break area, so it can be stated that rate of coolant loss that was
fe-jjl^jated in the case of 0,5 in break represents threshold between SBLOCA and MBLOCA. Study of RCP trip
criteria, indicated that prolonged RCP operation can influence final result.
C O M P A R I S O N O F R E L A P 5 / m o d 2 AND M A A P R E S U L T S
Although the analysis in this reports have been inspired by NEK IPE results obtained by MAAP 3.0 computer
code, direct comparison was not possible, mainly because initial NEK IPE calculations were performed with 0%
SGTP (Steam Generator Tube Plugging). This fact could introduce uncertainty in such a comparison. However,
at the moment, in NEK exists update of MAAP parameter file that has taken into consideration 18 % SGTP. Still
some of the parameters do not fully comply with the current plant status:
•initial SG pressure is 6.4 MPa (this is nominal value for 0% SGTP)
•RCP trip is actuated when PRZ pressure falls bellow 9.9 MPa
For comparison purposes, three break sizes that were calculated with RELAP5/mod2 have been recalculated
with updated MAAP model: D cq = 0,75 in, 0,55 in and 0,5 in.
It must be noted that comparison has been taken between two quite different codes: RELAP5/mod2 is
thermohydraulic "best-estimate" code and MAAP is "fast-running" severe accident code. It is quite clear that
mathematical models are significantly different, not to mention numerical scheme, for example, MAAP has
calculated with time step (At) equal to 5 s, while in the case of RELAP5/mod2 depends strongly whether RCPs
were tripped of not. In first case At was, after RCP trip, equal to I s, while without RCP trip average At was 0,05
s. First, some of the boundary conditions that can influence this comparison effort were checked. Figure I
presents comparison between RELAP5/mod2 and MAAP for integrals of decay power (time 0 is time of reactor
scram). Figure 2 is comparison of HPIS injection model between same codes. Decay power is slightly larger in
the case of MAAP calculations, and HPIS curve indicates that in the range of interest for this type of accident,
MAAP model will use slightly larger flow. Figures 3 to 5, represent comparison between most important
parameters for the 0,75 in equivalent break size. Most significant contributor to the discrepancy, is as assumed
break flow, which is larger in the case of RELAP5/mod2 calculation, Figure 3. Since the break flow was smaller
in the case of MAAP calculation, primary pressure has reached pseudo steady-state value above RCP trip
setpoint in the case of MAAP calculation, while in (he case of RELAP5/mod2 it fell below RCP trip setpoint.
Due to a smaller break flow, and slightly higher decay heat model, SGs had to remove more heat, releasing
more mass through the SG PORVs, as it can be seen from Figure 5. One can note from all three figures initial
disturbance in the case of MAAP calculations, that was caused by rough mathematical model and possible
numerical disturbance due to a large calculation time step.
In the case of RELAP5/mod2 calculations, when MAAP RCP trip criteria was used, break size with Dcq= 0,55
in has been identified as limiting case for SBLOCA. Hereafter comparison between two codes with this break
size is briefly discussed.
Figure 6 shows break flow, which, as seen in previous comparison, is lower in the case of MAAP calculation.
Primary pressure, Figure 7, indicates earlier actuation of PRZ PORVs in the case of MAAP calculation, and
in turn, unsuccessful transient scenario outcome. Since the break flow was smaller, more of decay heat had to be
removed in the SGs in the case of MAAP calculations, causing earlier SG depletion, Figure 8, that caused earlier
opening of PRZ PORVs, and core dryout.
Conclusion of the RELAP5/mod2 and MAAP comparison results
Comparison between RELAP5/mod2 and MAAP calculations for same break sizes and same reference
conditions, revealed that some discrepancy still exist in MAAP parameter file for 18 % SGTP, but as concluded,
they were not important for this type of analysis. Also, differences in important initial and boundary conditions
for this two codes, were not, as shown, significant when compared to the build-in mathematical models in the
codes, especially critical flow model that directly influences calculated break mass flow calculation. For the same
break size and RCP trip criteria, break flow calculated in the case of MAAP was lower, causing earlier SG
depletion, PRZ PORV actuation and core dryout. Both codes predicted qualitatively similar response of the plant.
This fact verifies that main thermohydraulic aspects were also predicted in MAAP calculations, and that
defiinition of threshold break size is correct for the mathematical model used in NEK IPE analysis.
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CONCLUSION
RELAP5/mod2 analysis of the boundary between SBLOCA and MBLOCA has been performed according to*
the NEK IPE definition. Outcomes of the analysis show this threshold to be somewhat lower in the case of
RELAP5/mod2 analysis than assumed after the IPE MAAP analysis. As seen from the RELAP5/mod2 vs. MAAP
comparison, mathematical models are quite different in this codes, especially critical flow model which strongly
influences rate of predicted break flow. However, since both codes predicted qualitatively comparable pl an t
response for the similar initial and boundary conditions, it is resonable to assume that all significant
thermohydraulic aspects were predicted in the NEK IPE MAAP calculations, and that defined •
SBLOCA/MBLOCA threshold is consistent with the mathematical model used in the NEK IPE analysis
RELAP5/mod2 analysis have shown that up-to-date RCP trip criteria simulation influences outcomes of the
analysis compared to the criteria used in MAAP analysis, and that is advisable to update this criteria for future
MAAP calculations, although this influence is favourable to the IPE boundary between SBLOCA and MBLOCA.
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Table 1
Parameter
1. Pressure
pressurizer
steam generator
accumulator
2. Fluid Temperature
cold leg
hot leg
FW
RWST
3. Mass Flow
core
cold leg
main steam line
lower bypass
DC-UH bypass
buffle-barrel bypass
RCCA guide tubes
4. Liquid level
pressurizer
steam generator narrow range
5. Fluid Mass
primary system
steam generator (secondary)
6. Power
core
steam generator
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Initial conditions for the RELAP5/mod2 calculations
Unit
MPa

BE plant data

RELAP5

15,-5135,6
5,27

15,513
5,7
5,27

560,3
597,8
494,3
310,0

560,3
597,7
494,3
310,0

8499,5
4450,0
512,0
356,0
44,5
425,0
170,0

8428,5
4408,8
510,6
345,9
43,3
420,9
171,6

62,3
60,0

62,3
60,0

39418

113482
40414

1876,0
941,0

1876,0
938,8

K

kg/s

%

kg

MW
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Table 2
System

Boundary conditions for the RELAP5/mod2 calculations
Availability

Component
706, 806, 834

1/2
0/2
0/2
0/2

HPIS

[TPIS
ACC
AFW

MSIV
RCP

"PRZPORV/SV
|~SGPORV/SV

832

701,801
406, 506
498, 598
265 (365)
72, 74, 76, 78

Auto
Semi-auto"
Auto
Auto

729

Trip No.
556, 557
558, 559
541,542
561, 562
565, 566
535* (536*)
727-739
741-797

Input modification
none, disable*
disable
disable
disable
none
enable (conditionally)
none
none

Table 3

Time sequence of the main events for the SBLOCA/MBLOCA threshold calculations
Run ID
Event
SCLCB1 SCLCB1A SCLCB2A SCLCB3A SCLCB4A SCLCB5 SCLCB5AJSCLCB6A ^CLCAGA
1.905
1.905
1.778(0.7) 1.651
1.524(0.6) 1.397
1.397
1.27(0.5) 1.27(0.5)
Jreak diameter cm (in)
(0.75)
(0.55)
(0.55)
(0.75)
(0.65)
vol.375
vol.375
vol.375 vol.375
vol.375
vol.375
vol.375
vol.275"
teak Location
vol.375
MAAP
both
both
both
MAAP
both
both
botli
vol.375
ICP l"P criteria
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
ireak
213,9
403,2
213,9
246,3
286,5
337,4
403,3
491,0
491.0
gram
213,9
213,9
246,3
286,5
337,4
403,3
403,3
491,0
491,0
urbinc trip
224,1
224,1
501,4
501,4
253,2
413,7
413,7
296,8
347,8
51 sicnal
r
220,8
220,8
293,4
410,2
410,2
697,9
W isolation
256,5
344,3
697,9
1232,7
579,9
545,3
621,2
847,2
1014,6
1232,7
720,7
tCP trip
SG PORV stops cycling 4020,0
3900,0
5640,0
17190,0 ^ 17190,0
8250,0
11270,0 12600,0
16400,0
limcofmin. SG level
4040,0 3940,0
5880,0
8350,0
11960,0 12570,0
18250,0 10020(0,0; 9990,0
;min. SG level - % WR) (43,9)
(44,1)
(39,9)
(23,6)
(0,0)
(3,8)
(0,0)
(33,0)
'RZ PORV op.
17680,0
19000,0
17760,0
-

Figure

+
•
*

'

•

•

Integral of decay power - Comparison
between MAAP and RELAP5/mod2

Figure 2 HPIS flow vs. primary pressure Comparison between MAAP and
RELAP5/mod2

Set trip constant erroneously large, e.g. 1 .E6
NEK does not provide automatic RCP trip function
Enable trip for MAAP setpoint - PRZ pressure < 9.9 MPa
Enable trip on subcooling

Loop with pressurizer

Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

185

-R5 break flow
"MAAP break flow
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SG secondary mass (Deq=0,75 in) - Comparison between MAAP and RELAP5/mod2
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Abstract
The paper presents the case study on probabilistic and deterministic safety analysis of
Engineered Safety Features Actuation System. The Fault Tree as a Probabilistic Safety
Assessment tool is developed and analysed. The same Fault Tree is specified in a formal way.
When formalized, it has a possibility to include (he time requirements of the analysed system,
which can not be included in a probabilistic approach to Fault Tree Analysis. The feature of
inclusion of lime is the main advantage of formalized Fault Tree, which extends it to a dynamic
tool. Its results are Minimal Cut Sets with time relations, which are the base for the definition
of safety requirements. Definition of safely requirements is one of early phases of software
lifecycle and it is of special importance designing safety-related computer systems.
1. Introduction
The role of computer based instrumentation and control systems in nuclear power plants
is increasing. The first general criteria which is to be followed introducing new technologies is
that their reliability and safety must be, at least, of the same level as conventional technologies.
Hence these systems must be subjected to safety analyses.
The paper presents a small case study of integrated approach to safety analysis of
Engineered Safety Features Actuation System (ESFAS). The objective of ESFAS is to sense
abnormal situations and initiate the operation of necessary Engineered Safety Features in order
to prevent core damage and insure containment integrity '' 2 .
Figure 1 shows the small case study block diagram with 4 analog channels, which are
measuring pressure in pressurizer and compare its value with predefined setpoint, two trains,
which conduct the logic 2/4 and transfer the actuation signal and two manual actions, which
allows the operator to actuate the actuation signal. For the analog channels the logic 2/4 (two
out of four) is defined for the success of the system (at least two of the analog channels have to
actuate the signal). For the trains the logic is 1/2 (one out of two). It is assumed, that the
actuation signal has to be generated before the time To + TA, if To is the time when pressure is
exceeding the setpoint.
Small case study is defined similarly as for the research on safety analysis using the
Object Modelling Technique3. This will enable future methods comparison.
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E Figure 2 shows the Fault Tree named: ESFAS_SMALL_SI developed for ESFAS small
Itudy. All events contributing to the top event are defined in the Fault Tree. The Fault Tree
b d in a probabilistic and deterministic way.
ESFAS SI Small
Train A
CH1

Vian Act A

Train_Logic_
\

CH2
CH3

frain_Logic_
3

CH4
Vtan Act B

Train B

Figure 1: Block Diagram for Small Case Study ESFAS_SMALL_SI

FAILURE TO ACTUATE
SI SIGNAL N TIME

El ESFAS SMALL SI

FAIURE TO ACTUATE

FAIURE TO ACTUATE

TRAM A SI SIGNAL

TRA« 6 SI SIGNAL

E2 SMALL SI A

E3 SMALL. SI. 8

NO TRAIN A MANUAL

NO AUTOMATIC SIGNAL

NO TRAIN B MANUAL

SIACTUATIONOUETO

TRANA

SI ACTUATION OUE TO

OPERATOR ERROR
F4 MAM ArT fAH

OPERATOR ERROR
S HO AUTO SI(V< A

J_

NO AUTO. TRAIN A SI

in ANALOG CHANNELS

•M ANALOG CHANNELS

NO AUTO. TRAN B SI

SIGNAI.WHEN RECEW.

FAILURES

FAIURES

SIGNAI.WHEN RECEW.

FHAN CH FA»IIRF<;

FB AN CM F A I I

SI FROM 7* ANAL.CH.

SI FROM 2» ANAl.CH.

F 1HTRAIN_B_EAJLL

ESFAS.SUALl_SI

JL
ANALOG CHANNEL 1

ANALOG CHANNEL 2

ANALOG CHANNEL 3

FA1S TO ACTUATE

FAtS TO ACTUATE

FAILS TO ACTUATE

WHFHPPFSS FX<! P

WHFHPRFSS

E t l CH I FAtURE

E1?CH 1 FAILURE

FX«; P
E H C H 3 FAtURE

ANALOG CHANNEL 4
F A I S TO ACTUATE
WHFNPPF'i': F y s P
E14 CH t FAIURE

Figure 2: Fault Tree for Small Case Study ESFAS_SMALL_SI
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2. Probabilistic Safety Assessment
Fault Tree as a Probabilistic Safety Assessment tool is a static tool 4 . Its analysis is:
- qualitative: (minimal cut sets) and/or
- quantitative: (system unavailability, minimal cut set unavailability and fractional contribtitfll
importance factors, sensitivity analysis, uncertainty analysis, time dependent analysis).
While for qualitative analysis only the Fault Tree has to be developed, for probabili
quantitative analysis the probabilistic data must be obtained in addition.
For the purpose of comparing and integrating the probabilistic and deterministic anal
based on Fault Tree, we have concentrated to the minimal cut set sets as quantitative part
time dependent analysis as quantitative part of the Fault Tree analysis. Actually, the inclusion of
time dependent Fault Tree analysis upgrades a static Fault Tree towards a dynamic one.
1
Minimal cut sets are the smallest combinations of basic events in a Fault Tree, which, jf
occur, cause the top event to occur.
Time dependent Fault Tree analysis is calculation of the system time dependent
unavailability based on time dependent basic event failure probability functions.
Introducing the time dependent Fault Tree analysis each basic event in a Fault Tret:
should be represented with the time dependent failure probability function. The calculated
system unavailability is then time dependent.
Probabilistic models are equations which determine the basic event failure probability
function which is time dependent. Regarding the behaviour of each component, its appropriate
probabilistic model has to be used. For example: the probabilistic model for running components
is different than the probabilistic model for components functioning on demand. Besides existing
probabilistic models, new probabilistic model for tested standby components was developed 5 .
2. 1. Results Interpretation and Application
Minimal cut sets results confirm that the system do or does not meet the single failure
criterion (single component failure must not cause the system to fail - single minimal cut sets
must not be present in the list of minimal cut sets). Further, system design changes are analysed
and evaluated. Table 1 shows the minimal cut sets for ESFAS small case study without any
single minimal cut set. Basic events in minimal cut sets are described in detailed report 6 .
Table 1: Minimal Cut Sets for ESFAS_SMALL_SI Case Study
1. E4 MAN_ACT_FAIL_A, E6 MAN_ACT_FAII._B, F.9 TRA1N_A_FATLURE, EIO TRAtN_B_FAlLURE
2. El 1 CH_1_FA1LURE, EI2 CII_2_FAILURE, E l 3 CH_3_FAILURE, E4 MAN_ACT_FAIL_A, E6 MAN_ACT_FAIL_D
3. El 1 CH_1_FAILURE, E l 3 CH_3_FAILURE, EI4 CH_4_FAILURE, E4 MAN_ACT_FAIL_A, E6 MAN_ACT_FAIL_B
4. E12 CH_2_FAILURE, E l 3 CII_3_FAILURE, E14 CH_4_FAIHJRE, E4 MAN_ACT_FAEL_A, E6 MAN_ACT_FAIL_B
5. El 1 CH_l_FAILURE, E12 CH_2_FAIUJRE, E14 CH_4_FAIUJRE, E4 MAN_ACT_FATL_A, E6 MAN_ACT_FAIL_B

Time Dependent analysis results may primarly serve as an input to an optimal
surveillance test interval determinaton and testing strategy consideration at the system level ' •
Further, the time dependent analysis results enable us to plan and to schedule the times for
systems test and maintenance activities at the plant level by introducing system
interdependencies in the plant safety analysis by linking Fault Trees of particular systems to the
Event Trees 9 (to avoid peaks in unavailability curve at the system level and to avoid peaks in
core damage frequency curve at the plant level).
Figure 3 shows the time dependent Fault Tree analysis results for the ESFAS small case
study. By variation of probabilistic parameters (surveillance test interval 7 for example) the
optimal value of this parameter is get by calculation of minimal average system unavailability •
For single component that can be done analiticaly by deriving the probabilistic model (equation
for calculation time dependent component unavailability) over observed parameter. For complex
systems in nuclear power plant it is not possible to calculate minimal average unavailability
analiticaly, so we calculate it numericaly by time dependent Fault Tree analysis.
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3. Deterministic Safety Analysis
The deterministic approach to analysis is based on evidence in a form of axioms, where
inference mechanism is based on logic and the argument takes a form of a proof that the result
of the analysis is the logical consequence of the axioms. Logic allows for reasoning about
properties of the system (e.g. safety) on the basis of its behaviour description.
Development of Programmable Electronic Systems (PES) in safety-critical applications
is regulated by the IEC 1508 standard '". The standard defines the safety life-cycle of the
systems and a set of requirements for each its stage. One of the requirements for 'Hazard and
Risk Analysis' is that the stage results should be used for system safety requirements definition.
To achieve this goal one has to cany out deterministic analysis.
3.1. The Process of Deterministic Fault Tree Analysis
The objective of the deterministic safety analysis is to define safety system requirements
based on the Fault Tree. The method extends Fault Tree Analysis with a formal model in a way
which is more common to the software community. The approach consists of 4 steps:
STEP 1. Fault Tree Development
STEP 2. Fault Tree Formalisation
STEP 3. Minimal Cut Sets with Time Analysis
STEP 4. Safety Requirements Definition
The first step is a traditional system-level Fault Tree development conducted with help of
an expert in the application domain. The result of this step is a set of Fault Trees.The objective
of the second step is to define a Fault Tree in a formal way. The formalisation is based on the
formal method Common Safety Description Model (CSDM) given in u ' I 2 . The formalisation is
a systematic task described in 13. The third step is to develop minimal cut sets with time relations
between events that can be derived from the Fault Tree definition. The minimal cut sets obtained
in step 3 define conditions under which the basic events contribute to the occurrence of the top
event. If the cut set contains PES-related events then the hazard can be prevented if PES
maintains the negation of the whole condition. In step 4 safety requirements for PES are derived
from minimal cut sets.
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3.2. ESFAS Case Study
The presented method has been applied to analyse ESFAS. The result of the
was the Fault Tree presented in Fig. 2. The objective of the second step was to define events^
gates of the Fault Tree in a formal way. The procedure of formalization is presented in I3
first requirement of the procedure are three sources if input:
- Fault Tree and its technical documentation,
- system definition (e.g. block diagram and description in natural language),
- domain expert whose task is to solve interpretation problems.
The first step of event formalisation is to describe the event. For example, the top
"El. ESFAS_SMALL_SI" is described in a following way:
failure to actuate SI signal in lime T,\_ when pressure exceeds the setpoint
The next step is to identify all the state elements in the event definition. They ail
underlined in the description above. Each of them is then defined:
1
SI signal
pressure
setpoint
time TA

- Safety Injection signal,
- state of the pressurizer,
- constant value of pressure,
- constant value of time interval.

Then, all possible states of element are identified:
SI_signal
Pressure
SetPoint..
tiine_TA

- 2 states:

SIGNAL - Safety Injection signal
NO_S1GNAL - no SI signal
- real number (from 0 to oo [bar])
- real number = 1.59 [bar]
- real number = 2 [seconds]

The conditions of elements initalisation are investigated:
when the system is initiated
Pressure < SetPoint
and SI_signal is in state NO_SIGNAL
The next step is to express the information presented above in a formal way. The Vienna!
Development Method (VDM) notation 14 is used to define the state:
values SetPoint = 1.59,
time_TA = 2
state ESFAS_SMALL_SI of
Sr_signal
: { SIGNAL, NO_SIGNAL },
Pressure
: Real
invariant w£-ESFAS_SMALL_SI( SI_signal, Pressure ) =
0 < Pressure < oo
ink w*-ESFAS_SMALL_SI( SI_signaI, Pressure ) =
Pressure < SetPoint A
SI_signa1 = NO_SIGNAL
When the state is defined, it can be used for formal event specification. First, simple
predicates are identified in the event description and then each of them is defined in a formal
way. Expression "SI signal is not sent" refers to the condition, when SI_signal element is in state
NO_SIGNAL. The following CSDM definition states, that event El_l occurs at those moments
of time when SI_signal is in state NO_SIGNAL.
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£1_1( Time , t ) s ( SI_signal = NO_SIGNAL)/( Time, t )
The second condition is described as "pressure exceeds the setpoint". The word exceeds
Interpreted as bigger or equal to.
if"-

El_2( Time , t ) s (Pressure > SetPoint)/( Time, t )

When the simple predicates are specified, then the El event can be defined as a relation
^between El_l and El_2. From the event description we can say:
£;;

El_l

"in lime" time_TA "when"

EI_2

;.
The interpretation of the relation is that if the overpressure (event El_2) occurs then
within time_TA from its start the safety injection should be actuated. If it is not then the top
event occurs. This relation is shown on the time diagram in Figure 4.
El.ESFAS_SMALL_SI
pressure exceeds the setpoint
SI signal is not scut
lime

timc_TA

Figure 4: Time diagram for event El. ESFAS_SMALL_SI
This allows to define the top event El in CSDM:
El(Time, t ) =

3 el l e(J>(EI_l ), el_2 e<|>(EI_2)overlap^ e 1 _ 1, e 1 _2 ) A
end{ e l l ) > s(ari( el_2 ) + time_TA A
t > max( .v/a//(el_l), .v/a/7(el_2)) + time_TA

where predicate overlap means that the occurences of E l l and El_2 overlap in time,
functions start and end return the time when the occurrence starts or ends. Function <{) gives the
set of occurrences of a given event (in CSDM any event can occur more than once).
In that way all events of the Fault Tree are defined. The procedure of gates formalisation
is simpler as it does not require state definition - gates are defined as relations between events.
The formal Fault Tree specification creates a partial model of the system. It describes the
system behaviour which has influence on top event. It can be analysed with methods based on
logic.
The main objective of Fault Tree analysis is to identify the causes of top event. The
minimal cut sets method is used to identify which sets of events cause the top event to occur.
However it does not say when they cause the top event. One does not know if they have to last
for some period of time, if there is any particular order of events nor if the top event will occur
immediately or after some time? This information is present in the formal definition of the Fault
Tree and can be used for analysis. That means that the main objective of the analysis is to
identify:
- system states which are the causes of the top event,
- relations between system components which cause the top event,
- scenarios leading from causes to top event.
The minimal cut sets analysis can be extended in a way that for each cut set additional
condition is defined. For example one of the cut sets for the ESFAS Fault Tree is {E9? E10, E4,
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E6}. Using formal reasoning we can say that" the condition for this cut set is that all event*1
should occur together for a period of time_TA. This condition is defined in a formal way:
{ e9, elO, e4, e6 | e9 e (j)(E9), elO e <|>(E10), e4 e <j)(E4), e6
overlap^ e9, e 10, e4, e6 ) A
duration^ e9 A elO A e4 A e6 ) > time_TA }
This allows to investigate how those events relate in time and if there exist any
mechanism which prevents such time relation between events. To make the evaluation of the
minimal cut sets easier, they can be transformed into safety requirements. The objective of the
step is to replace all events symbols with their definitions. For the minimal cut set given abovp
the requirement is as follows:
-i 3 e e (|>( E ) • occur(e) A duration^ e ) > time_TA
where:
E( Time, t ) = (
automatic_TRATN_A = NO_SIGNAL A
automatic_TRAIN_B = NO_SIGNAL A
( ( channelj = ANALOG_SIGNAL A channel_2
( channelj = ANALOG_SIGNAL A channelj
( channelj = ANALOG_SIGNAL A channelj
( channel_2 - ANALOG_SIGNAL A channelj
( channel_2 = ANALOG_SIGNAL A channelj
( channelj - ANALOG_SIGNAL A channelj
OperatorerrorA = ERROR A
Operator_error_B = ERROR
)/(Time, t )

= ANALOG_SIGNAL
= ANALOG_SIGNAL
= ANALOG_SIGNAL
- ANALOG_SIGNAL
= ANALOG_SIGNAL
= ANALOG_SIGNAL

)
)
)
)
)
)

v
v
v
v
v
)A

The meaning of the requirement is that the state defined as event E should not occur for
time TA. If the requirement is fulfilled then events of that particular minimal cut set will not
cause the top event to occur. The complete formal analysis is described in e. These results of
analysis can be evaluated, for example to find out:
- if a single component can cause the top event,
- dependencies between components failures,
- design properties of the system which influence safety.
•
For Programmable Electronic Systems the results of the analysis are used for definition
of safety requirements.
4. Conclusions
The objective of the research is to integrate probabilistic and deterministic approach of
safety analysis based on a Fault Tree in order to identify their strength and possibility of
integrated use. Both approaches use the Fault Tree as the first part of analysis. Probabilistic
approach to Fault Tree has an option for quantitative analysis which requires the probabilistic
data to be obtained. With time dependent analysis the Fault Tree, as a static tool, is moved a step
towards a dynamic tool. Formalized Fault Tree includes a specification of the system behaviour
which allows to analyse time requirements. Such Fault Tree is a dynamic and qualitative tool.
Minimal cut sets are the outcome of both approaches: probabilistic approach to Fault
Tree analysis and Fault Tree formalization for safety requirements. The list of minimal cut sets
may not necessary be the same for both approaches. The number of minimal cut sets got by
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nalized Fault Tree analysis may be equal or smaller than the list got by probabilistic Fault
^analysis.
The reason for the difference is that the formalized Fault Tree includes time
Srwirernents. It may happen that some minimal cut sets generated by probabilistic approach are
ot Generated in the deterministic one due to certain time restrictions, which exist and can be
modeled in formalized Fault Tree, but can not be modeled in probabilistic approach.
Nevertheless the case study is small, the formalized model may become complex if
introducing time requirements, while the Fault Tree complexity is not growing up with the
number of time dependencies of the case study. That leads to the conclusion that the use the
method in practice has to be supported by automatic tools.
The comparison of both approaches is based on the Fault Tree Analysis. Not all of the
features of formalized Fault Tree were shown due to a small case study. The deterministic
approach showed to be able to describe and analyse the Fault Tree and time dependencies. The
next step of the work is to carry out a bigger case study that will allow to investigate the
problem of complexity of the method.
One of the conclusions is that the deterministic approach seams to be useful! for Event
Tree Analysis. Comparison of probabilistic event tree and its formalization would express the
strength of the formalization approach. This is one of the fields of our future work.
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Abstract
The proposed risk comparison methodology facilitates quantitative
evaluation of allowed outage time for equipment in a nuclear installation. The
risk of plant shutdown due to failure of certain equipment is compared to the
risk of continued plant operation with the specified equipment down. The core
damage frequency serves as a risk measure.
1.

Introduction

Limiting Conditions for Operation specify requirements on the number
of subsystems operable at different operational states and Allowed Outage
Times for the equipment. These operational rules shall assure that safety
systems are either ready for use or functioning on real demands, i.e. plant
transients and accidents. The action statements require the plant to be
brought into a safer operational state, often cold shutdown, if faulty
equipment cannot be restored with its Allowed Outage Time. The Allowed
Outage Time is the maximum allowed time during specified operational mode
of the plant when the specified equipment may be down e.g. under repair or
maintenance.
Besides optimization of Surveillance Requirements [1], [2], [3]
which is the first part, the Analysis of Limiting Conditions for Operation [4],
[5], [6] is the second part in the process of Improvement of Technical
Specifications, which leads to a risk based Technical Specifications.
Proposed is the risk comparison model for evaluation of allowed outage
time. The risk of shutting the plant down due to failure of certain equipment
is compared to the risk of continued plant operation with the specified
equipment down. The core damage frequency serves as a risk measure. In the
case of plant shutdown it is assumed that the shutdown occurs immediately
after certain component fails (equipment becomes unavailable).
2.

Risk Comparison Model

Calculation of the core damage frequency assuming continued plant
operation CDFCO(T) and core damage frequency assuming plant shutdown
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|v?Qpgh(T) is the prerequisite for the calculation of CDFCO and CDFBh which are
Itheir mean values calculated by equations:
Te*Ta

±

r±

f CDFJTjdT

d)

/ CDFJ7)dT
Ja

T,

where Ta is the examined time interval.
Abbreviations:
allowed outage time of component i (or equipment i)
Touti
CDFn

...
...

CDFPi

...

CDFU

...
:

CDF maxi

...

FT
F2 = l m i

...
...

F3
To
T csh

...
...
...

T st

...

T oc

...

CDF
T

...
...

outage time of component i (or equipment i}
core damage f r e q u e n c y - n o m i n a l value of the plant power
operation (result of Probabilistic Safety Assessment (PSA)
Level 1)
core damage frequency - if the specified component i is
d o w n (result of PSA Level 1)
core damage frequency - nominal value of the plant at
s h u t d o w n (result of S h u t d o w n PSA)
(CDF maxi = CDF n -F 1 -F 2 ) core damage frequency at transient
e.g. s h u t d o w n (with component/equipment i down)
risk increase factor due t o s h u t d o w n o f t h e plant
importance factor of c o m p o n e n t / e q u i p m e n t i (result o f
PSA Level 1)
risk increase factor due t o startup of t h e plant
time of t h e failure of the c o m p o n e n t i o n the t i m e scale
(time of s h u t d o w n transient) time from power operation t o
cold s h u t d o w n
(time of startup transient) time from cold s h u t d o w n t o
power operation
minimum time for the plant to stay in a s h u t d o w n after
the s h u t d o w n has occurred
core damage frequency
time

F, ... ratio between the average value of failure rates of components w i t h
failure mode: failure to run and average value of failure rates of components
w i t h failure mode: failure to start. Or, ratio between the average value of
failure rates of components w i t h failure mode: failure to remain in position and
average value of failure rates of components w i t h failure mode: failure to
change position.
F3 ... ratio between the number of failures resulted in plant trip during startup
over certain time period and number of failures resulted in plant trip during
power operation over the same time period.
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For those Touti which result in CDFC0 < CDFsh the risk of continued plant
operation is less than the risk of plant shutdown. The limiting Touti where both
risks are equal, is the outage time which is proposed optimal allowed outage
time (AOTiopt) for the equipment i.
CDF

CDFmax i =
=COFn*F1*

CDFn*F3
CDF pi
Tout i
CDFn

CDFu

Toe

Tcsh
To*Tc5h

CDFco(T)
CDFsh(T)

Continued
s n u t clown

Tst

To»Tcsl\<Toc

To»Touti

T o <• T o u t I » T s t

T i m e

Operation

Figure 1: Function CDF(T) (first case: T 0Uti >T 0C + Tcsh)

Figure 1, Figure 2 and Figure 3 show the core damage frequency as a
function of time. CDF0O(T) is initially at the CDFn level which is CDF with the
equipment up. At the time To certain component fails and it becomes
unavailable. It is possible that due of the failure of this component some other
equipment is unavailable too. So after the certain failure of component all the
unavailable equipment due to this failure must be considered as equipment
down. For the time the equipment is down the CDF increases from its nominal
value of CDFn to CDFpi, which is actual core damage frequency with the
equipment i down. After the failure is repaired (Touti ... outage duration) at the
time point To + Touti and the equipment is brought to operation, the core
damage frequency decreases to its nominal value CDFn.
The function of CDFsh(T) follows the CDFn until the failure occurs. Then
the plant shutdown is initiated. The core damage frequency at the time of
shutdown increases from its nominal value CDFn to CDFmaxi, where:
R*F.

(3)

The CDFsh(T) for the time duration of shutdown (Tcsh) decreases to the
value of CDFU, the core damage frequency at the cold shutdown, which is
usually lower than the CDFn. After, the failure is repaired and the equipment
is brought back into the operation, for the time during the startup of the plant
(T8t), the core damage frequency increases because of the startup transient
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CDF

COFmaxt=
:CDFn*F1*F2

CDFn*F3

__

CDFpi
Tout i
CDFn

CDFu

Tcsh
To
CDFco(T)
CDFsh(T)

To*Tcsh
Continued
Shutdown

Toe

Tst

To*1csh«Toc

To»Tcstn-Toc*Tst

T I me

Operation

Figure 2: Function CDF(T) (second case: Tcsh < Touti < Toc + Tcsh)

CDF

CDFmax i =
=CDFn*F1*F2

CDFn*F3

__

CDFpi

CDFn

Tout i

CDFu

Tcsh
To
CDFco(T)
CDFshfT)

To*Tcsh
Continued
Shutdown

Toc

Tst

To«Tcsh*Toc

To*Tcsh*Toc*Tst

T I me

Operation

Figure 3: Function CDF(T) (third case: T csh >T 0Uti )

(F3-CDFn).
Due to relationship between the Touti and other input parameters such
as: Tcsh, T, t , T oc , the equation for calculation of CDFsh follow one of three
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cases:

1.
2.
3.

' outi

^*

T

outi

' a

' csh

T^.
'csh < "T,outi

T,csh
ch + T r

~

' outi "T* I st

= T csh
T

csh

a

~

csh

Figure 1 shows the first case where the Touti>Tcsh + T0C. Outage time is
greater than the time of plant shutdown Tcsh and minimum time for the plant
to stay in a shutdown after the shutdown has occurred Toc (which may be for
certain equipment required in Limiting Conditions for Operation in Technical
Specifications).
If the T outi <T csh + Toc but Tcsh<T0Uti, the CDFJT) is slightly different.
Figure 2 shows the second case, where the plant startup is delayed after the
repair of the failed equipment because of the time when the plant has to stay
in shutdown even if the equipment is already repaired (Toc).
The third case covers the shortest T0Uti<Tcsh, where the failed
equipment is repaired even before the shutdown has ended. Figure 3 shows
the time plot of both CDF curves for the third case.
Equations covering all three cases for the CDFsh(T) are presented on
flowchart on Figure 4 and Figure 5.
3.

Results of an Example

0.001

g 0.0001

CDFsh

CDFcumsh

CDFco

CDFcumco

1E-05

0

20

40
60
T(h)

Figure 6: CDF Function

80

100

40

60

80

100

T(h)

Figure 7: Cumulative CDF function

Figure 6 shows both functions of CDFC0 and CDF6h dependent on time.
Figure 7 shows cumulative CDF functions. Both figures show, that in the
selected example it is in accordance with risk decrease (lower cumulative core
damage frequency) if the plant continues operation instead of plant shutdown

m.
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plant
shutdown

no

no

continue
A1

CDF=CDFn

CDF=(CDFu-CDFmaxi)*(T-To)/Tcsh+CDFmaxi

CDF=CDFu

no

no

f T<To+Tcsh+Toc+Tsn>—•

CDF=CDFn

no

CDF=CDFu
CDF=CDFn*F3

Figure 4 : Core Damage Frequency Chart for Plant Shutdown
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continue
A1

CDF=(CDFu-CDFmaxi)*(T-To)/Tcsh+CDFmaxi

if T<To+Tcsh+Toc+Tst

COF=CDFu
CDF=CDFi

CDF=CDFn*F3

CDF=((CDFu-CDFmaxi)*Touti/(Tcsh*F2)+CDFmaxi/F2-CDFu)*(T-To-Tcsh)/(Touti-Tcsh)+CDFu

Figure 5 : Core Damage Frequency Chart for Plant Shutdown
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Conclusions
Proposed model based on comparison of risk at plant continued
E Operation and plant shutdown may serve as one of criteria when determining
i gjjovved outage times for the safety related equipment at NPP.
The benefit of the model is that directly compares both possible
scenarios on basis of risk and enables their evaluation.
At the time only two modes of plant operation are assumed: normal
operation, when the heat is removed by the power conversion system and
cold shutdown, when the heat is removed by shutdown cooling (Residual Heat
Removal System).
Conducted probabilistic safety assessment for the plant operation and
for plant shutdown are the prerequisites for the proposed model, therefore the
application of this model extends the usefulness of the PSA results in a new
way.
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ABSTRACT
The economic impact of imposing countermeasures in case of a nuclear emergency is a very
important aspect in both the Probabilistic Risk Assessment code COSYMA and the Real-lime
On-line Decision Support system RODOS. Therefore, these codes make use of the economic
model ECONOM.
In this paper, we will show that -this economic model is not very well suited, nor designed, to
predict the economic impact of evacuating a highly industrialised area in case of a nuclear
emergency. Furthermore, we will indicate how recent economic investment theories can be
used to deal with this decision problem in a more elaborate way.

1. INTRODUCTION
In this paper we are dealing with the decision problem whether or not to evacuate an industrial
region in case of a nuclear incident from an economic point of view. For simplicity's sake, an
industrial region is assumed to be a set of factories without residential population and
agricultural production. An incident refers to an emergency situation in which there is a
possibility of a release actually taking place in the near future. However, it is possible as well
that the incident does not escalate into an accident and that hence, there will be no release at
all.
Section two demonstrates the ineffectiveness of the economic model ECONOM, integrated in
both the Probabilistic Risk Assessment (PRA) code COSYMA [4] and the Real-time On-line
DecisiOn Support system RODOS [8, 11], to assess the economic impact of evacuating an
industrial area. Strongly related to this problem, we show in the third section that the
traditional Net Present Value decision criterion will give rise to wrong decisions in our
specific settings. Recent economic investment theories, however, offer large opportunities to
deal with our evacuation problem in a more elaborate way. The fourth section summarises the
major conclusions.
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DMIC IMPACT OF EVACUATING AN INDUSTRIAL AREA
J

model calculates both the cost of countermeasures (evacuation, relocation,
food restrictions and decontamination) and the cost of health effects in the exposed
As far as the countermeasures are concerned, we focus our discussion on the
,n cost. This countermeasure has to be decided on in the early phase of an accident;
• it may cause large distortions in industrial production [12]. The assessment of the
health effects has already been the subject of a large number of papers; we refer to [16,
an interesting overview of possible evaluation methods.

sessment of the evacuation cost using ECONOM
h
model [9, 14] three types of evacuation costs are considered: transport costs,
gccommodation costs and loss-of-income costs.
Transport costs include the direct expenditures that are necessary to move people away from,
gnd back to the evacuation area, either by private cars or by public transport means. In case of
evacuating an industrial area, workers will return to their own houses. As they would have
done so in normal circumstances as well, transport costs must not be taken into account.
Evacuation will generally cause accommodation costs as people cannot use their own houses
in the evacuated zone and additional accommodation will have to be provided elsewhere.
Again, costs will be zero in industrial areas as no inhabitants are assumed in these regions.
The workers will return to their own houses outside the evacuated area.
If the evacuated people are unable to reach their respective workplaces, the contribution they
would have made to the economy will be lost. The calculation of this loss-of-income cost was
originally based on the number of inhabitants of the affected area and the mean Gross
Domestic Product (GDP) per inhabitant. This approach largely underestimates loss-of-income
costs in industrial regions where generally a lot of added value is created in a thinly populated
area. Therefore, the extended version of ECONOM [10] makes it possible to use the number
of employees evacuated and the sectoral added value per employee, which certainly is a much
better approach to reality.
2.2 Major shortcomings of this approach
In the previous part we indicated that the only cost that ECONOM will take into account in
case of evacuating an industrial area is the added value that will be foregone in this area
during the evacuation. However, reality is more complicated.
First, ECONOM assumes that the evacuated area is economically independent. In reality,
however, this will rarely be the case and the evacuation of a certain region may cause large
indirect effects outside this area [19, 21], Due to the shut-down of factories in industrial
regions, there will not only be temporarily no raw materials for customers, no sales potential
for suppliers, but also new opportunities for competitors and substitute products, ... A similar
situation may occur if important transport facilities (airport, harbour) are situated in the
affected zone. The economic technique of input-output modelling has recently been used
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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successfully as a supplement to the ECONOM model, in order to take into acco
indirect implications as well [15].
Secondly, the abrupt shut-down of certain industries may involve severe secondary
(explosions, toxic releases, ...) and losses (product-in-process, ...) [12], which are not
with in ECONOM. Clearly these costs are highly time-dependent, as they can be reduced
large extent by notifying the factories as soon as possible of the eventuality of a n
accident. In this way they can start preparing for a possible emergency stop.
As far as the effective implementation of evacuation is concerned, the situation is nio
ambiguous. On the one hand, high costs caused by radiation induced health effects may re
when this countermeasure is not taken in time. On the other hand, carrying out too hastily J
countermeasure which proves to be unjustified afterwards, may cause high losses as well,
could raise the objection that this is also the case in residential areas. Although this is true to i
certain extent, it has to be stressed that the irreversibility of the decision to evacuate will be!
much larger in industrial areas. Once a production process has been stopped, it can take days!
before the factory will be fully operational again. The cost of this production distortion itj
sunk, once the initial decision to evacuate has been taken. In the case of a residential j
population, the decision maker (DM) can revoke quite easily his decision to evacuate, with i
only small sunk costs.
The last two shortcomings are closely related to the problem of determining the optimal point
in time to take the evacuation decision. We will explore this issue in more detail in the
following section.

3. POSSIBLE CONTRIBUTION OF ECONOMIC INVESTMENT THEORIES
The decision to evacuate an industrial region is very similar to the decision to invest in
financial markets. We show that the use of the traditional Net Present Value (NPV)-rule,
however, is not appropriate in our specific decision context. Therefore, the option approach to
investment decisions is introduced as a possible way of dealing with our evacuation problem
more elaborately.
3.1 The NPV-decision rule
Suppose an investment project requires initially spending an amount of money Co in order to
obtain a cash flow CF, at time /, during n periods of time. If r is the opportunity cost of
money, the NPV of this investment can be calculated as:

i ^ C

/=/(/ + r)

0

0

(1)

The NPV-rule then says that you should invest in this project only if its NPV is stiictly
positive [2].
The striking correspondence between the decision to evacuate an industrial region in case of a
nuclear accident and the decision to invest in government bonds is shown in table 1.
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Decision tempest in government bonds

Decision to evacuate in case of an accident
Evacuation cost, C
Avoided health effects, AH

Issue price
Periodic interests
Mominal (par, face) value at maturity
I. Analogy between the decision to invest in bonds and the decision to evacuate in case of an

llfehce, the emergency manager will decide to evacuate the industrial region if this decision
F||aS a strict positive NPV, i.e., if the present value of the cash flows (avoided health effects) is
strictly larger than the initial evacuation cost.

Mote that the use of equation (2) requires the determination of the monetary value of the
.avoided health effects, so that they can be compared directly with the initial evacuation cost.
This can be side-stepped by using Multi-Attribute Utility Theories (MAUT) in which a
general utility is assigned to the combination of a number of health effects and an evacuation
cost. This utility thinking, furthermore, allows to distinguish a health cost of 1 million BEF
from an evacuation cost of 1 million BEF, by assigning them a different utility. For reasons of
clarity, we restrict ourselves here to the first approach. We refer the reader for a description of
MAUT and some interesting examples, to [1, 17].
In case of a nuclear incident, the pay-offs of the decision to evacuate an industrial area will
depend on the further course of the alarm, which, however, is unknown at the time of the
decision. This situation can be compared with the uncertainty faced when investing in shares.
Table 2 explains what is meant.
Decision to invest in shares
Decision to evacuate in case of an incident
Issue price
Evacuation cost, C
Uncertain pay-offs
Avoided health effects depend on evolution of
CF,
due to: - uncertainty in dividends
the incident: - escalation into accident: AH > 0
- fluctuations on stock-market
- no accident: AH = 0
Table 2. Analogy between the decision to invest in shares and the decision to evacuate in case of an incident

The problem of our DM is represented by the decision tree in figure 1. In this tree, decision
nodes, where the DM is in control, are indicated by squares; chance nodes, where chance is in
control, by circles [22]. Given the information / of a nuclear emergency, the DM assesses that
the incident will escalate to an accident (event s;) with probability p(s, \ i). In this case, it may
be optimal to evacuate the industrial region, i.e., when AH>C. In the same way, the DM
assumes that, with a complementary probability l-p(st \ i), the incident will not escalate (event
$2)- Then, it would be better of course not to evacuate.
The probability of occurrence of event sf, given information i is denoted by p(s, \ i). It is the
probability that an accident will take place, given the information that there has been a nuclear
alarm. By applying Bayes' Theorem, p(st \ i) can be calculated as [18]:
(3)
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s 1 = accident
al = evacuation

s-

\ s2 = no accident
/

^ 1 AH>0

/ P(st|i)

1^\ AH=O

1-P(sl|i)

Alarm:
into l
\ .

— no evacuation

Figure 1. Graphical representation of the basic decision problem

The decision problem can now be solved by what Raiffa [22] calls "averaging out and folding^
back". The expected NPV of every chance node is determined by "averaging out" the possible'
outcomes of this node. In the 'evacuation' branch we get:
E[NPV(al)]=-C

O = -C+p(s,\ i) • AH

(4)

At every decision node, the DM chooses that action that will lead to the chance node with the
highest E[NPV]. This process starts from the decision nodes at the right-hand side of the
figure, and therefore, it is called "folding back".
By following this procedure of averaging out and folding back, the optimal decision can be
identified, i.e., the decision with the highest expected return, taking into account the
uncertainty about the actual state (accident versus no accident) that will occur. The DM will
opt for action «/ and evacuate the industrial region, if and only if:
E[NPV(a,J\> 0 <=> p(s,\ -AH>C

(5)

3.2 Option theory
As was stated in the introduction of this section, the decision to evacuate is very similar to the
decision to invest in an uncertain project. Pindyck [20] and Dixit and Pindyck [6, 7], however,
state that the traditional NPV-rule for investment decisions is incorrect, when investments are
irreversible and decisions to invest can be postponed.
As we have already said in section 2, the decision to evacuate an industrial area will produce
irreversible effects. Furthermore, there will generally be a certain course of time between the
initial nuclear alarm and the actual radioactive release [13], allowing to postpone the decision
for a certain time. As both conditions of irreversibility and the possibility to delay are
fulfilled, the traditional NPV-decision criterion expressed by inequality (5) is not appropriate
according to Pindyck and Dixit. In the following, we will explain what is meant, and how this
affects our basic decision problem from figure 1.
The possibility of a DM to postpone an evacuation decision, is very much like the privilege
that belongs to the holder of a financial call option. A call option is a contract giving its owner
the right to buy a fixed number of shares at a fixed price before a given date [5]. Clearly, such
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| option has a certain value as it gives the investor the flexibility to wait and observe the
of stock prices. When the holder of the option finally decides to buy the shares, he
an irreversible investment expenditure. He "kills" the option and gives up the
sibility of waiting for new information to arrive that might affect the desirability or timing
gf jhe expenditures. The value of the option that is lost, has to be taken into account.
Uierefore, the traditional NPV-rule has to be changed from E[NPV]>0 to E[NPV]>K, where
ICis the opportunity cost of killing the option.
flowing this, the problem of the DM is no longer whether he should evacuate the industrial
region or not, but rather, whether he should decide immediately to evacuate, or whether he
should wait for further information on the course of the alarm and preserve the flexibility to
evacuate, when the obtained information points in the direction of a real accident. This
situation is shown in figure 2.
si =accident
I")

al = evacuation
-C(-Cad.eO)

eO - decide immediately

s2 — no accident
1-P(sl|il)

a2 «• no evacuation

al = evacuation
-C(-Cad.el)

AH.eO

si —accident
P(s)|il.i2+)
s2 — no accident

0

<1

a2 »• no evacuation
el = wait for further info

al = evacuation
-C(-Cad.el)

si — accident
p(sl|il.i2-)
s2 — no accident

a2 — no evacuation

<]

0
AH.el
0
0

End of the alarm
e2 =• wait for perfect info

in near future
p(fulure|il,sl)
l-p(future|il,sl)

AH.e2
-C(-Cad,e2)
AH.e2'
-C(-Cad,e2')

Figure 2. Graphical representation of a more elaborate decision problem

Branch e0 represents our basic decision problem, i.e., the situation in which the DM decides to
evacuate (or not), as soon as he receives the information // of a nuclear alarm. The initial
evacuation cost C0(e0al) depends on both the time that is available to evacuate the industrial
region, tav, and the time that is necessary to do so, tn. The available time tav is defined as the
time course between the decision to evacuate and the arrival of the release at the industrial
region. The necessary time t,, can be further diversified in tnh the time necessary to evacuate
with minimal economic losses, t,,2, the time necessary to evacuate with loss of product-inprocess, etc.
When the available time exceeds or equals the necessary time, the total cost of evacuation will
be C. However, when the available time is not sufficient, i.e., smaller than the necessary
time, an additional cost Cad e0 will occur. Hence, we get:

'

u,a

iftav>t,,
iftm.<in

Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996

(6)
211

As we have stated already in the previous section, these time aspects are partic
important in industrial regions, where certain processes can not be stopped immediately!
safe and economic manner, and hence produce large tn values.
In branch eh the DM decides to wait for further information on the course of the alarm.'
new information may either reinforce the initial information of the emergency (i2+) or
it (i2.). It is obvious that by using this additional information (i2+ or i2), the DM will be able]
better assess the probability of the accident actually taking place. Note that:
\h ) ^ P(?I \'i' hHence, the chance grows that the DM takes the right decision. On the other hand, the availabl<
time to evacuate will be smaller, possibly resulting in higher additional costs C^ :
Moreover, tav may be no longer sufficient to evacuate all people. If this is the case, the vain
of the health effects avoided by evacuation in case of an accident will be lower than in the et
branch, i.e., AHe/ < AHe0.
The extreme case, in which the DM waits until he receives perfect information is shown M
branch e2. This information can either indicate the end of the alarm, or the true release o|
radioactive material to the atmosphere, now or in the very near future. Mind that, in order tff
be consistent, the probabilities assigned to these possible states (end of alarm versus accident),have to be the same as those in the eo-branch. By receiving perfect information, the chance of]
taking the wrong decision, is reduced to zero. However, there may be large additional costs]
^w. c2a n d Cad e2< (^Cad e2) in case of a release starting in,the near future or now, respectively.]
Moreover, the health effects that still can be avoided by this 'late' evacuation may be
substantially smaller than in the e0- and c^-branch, i.e., AHe2-< AHe2< AHel.
In this more elaborate decision problem, the DM will immediately decide to evacuate, if and
only if:

E[NPV(el),at)]>MAx{0,E[NPV(el)],E[NPV(e2)]}

(8)

Note that (8) implies:

E[NPV(e0,a!)]>0,
i.e., condition (5).
Influence diagrams (ID) [3] can be used to clarify the decision branches from figure 2. In such
diagrams, rectangles represent decision nodes, ovals represent chance nodes and rounded
rectangles represent consequence nodes. These nodes are connected by arrows, either
indicating sequence when they end in a decision node, or relevance in all other cases.
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ID representation

Meaning

Accident ?

I
Economic
implications

Evacuate
the Industrial region

/
(
\

Further info
on course of
the alarm ?

Evacuate
the industrial tegion

Economic
implications

Economic
implications

Evacuate
the industrial region

V

Branch e,,: no information
Both arrows represent relevance: the economic
implications depend on the decision (evacuation
or not) that is taken and the event (accident or
not) that finally occurs.
There is no arrow from the chance node to the
decision node: the decision is made without the
DM knowing whether there is going to be an
actual release or not.

Branch e,: imperfect information
The DM receives further (but imperfect)
information on the course of the alarm before he
decides (sequence arrow) whether to evacuate
or not. The information he receives, depends on
the chance that an accident will actually occur
or not (relevance arrow). The more an accident
is likely, the more likely will the received
information point in the direction of an accident
(and vice versa). The decision is made without
the DM exactly knowing whether there is going
to be an actual release or not.
Branch e2: perfect information
As in branch e0, the arrows from the chance
node and the decision node to the consequence
node represent relevance: the economic
implications depend on the decision (evacuation
or not) that is taken and the event (accident or
not) that finally occurs. There is, however, a
sequence arrow from the chance node to the
decision node: the decision is only made when
the DM has perfect information on the outcome
of the chance node, i.e., end of the alarm or
actual release.

Table 3. ID for branches e0, e, and e2 of figure 2.

CONCLUSION
In this paper, we have shown that the ECONOM model is not very well suited to determine
the cost of evacuating an industrial area in case of a nuclear emergency as time aspects of the
decision are ignored. The decision to evacuate an industrial region can produce large
irreversible effects. Hence, it is important not to carry out countermeasures too hastily, which
prove to be unjustified afterwards. On the other hand, it is evident that talcing countermeasures
too late is not optimal either, as the abrupt shut-down of certain industries may involve severe
secondary risks (explosions, toxic releases,...) and losses (product-in-process,...),
Recent economic investment theories can be used to deal with this decision problem in a more
elaborate way. The options approach to the evacuation decision indicated that the "real"
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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problem of the DM is not whether to evacuate the industrial region in case of a ni
emergency or not, but rather, whether he should decide immediately to evacuate or whethal
should wait for further information on the course of the alarm.
We considered the decision to evacuate as an "all or nothing" decision, i.e., evacuate
complete area, or not evacuate at all. However, the DM could proceed in steps and ma
sequence of smaller decisions: evacuate certain factories, but wait on further information
other firms; let certain factories prepare themselves for a possible emergency stop; evacuate]
number of workers that are not necessary to keep production going ... Every such action
not only affect the set of possible future actions, but will also change their respective pay-of£l
Further research will focus on these problems.
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Abstract
Three subnetworks: EIS NEK, RAMS, and ROS form the basis of the Slovenian early warning network,
named ROSS, which is under construction. Its aim is to detect any domestic or foreign incident where
radioactive material was spread into environment. The system is planned to be completed in five years.

1. Introduction
Recognizing that a radiological accident may have a widespread effect, the
Slovenian government has decided to establish an early warning system. Its aim is
to detect as soon as possible any domestic or foreign incident where radioactive
material is spread into environment, to warn responsible organizations for initiate
appropriate measures that higher radiation is detected on some areas.
2. Radiation early warning system of Slovenia (ROSS)
The primary objective of the project is to establish a reliable system for continuous
monitoring of radioactivity in the environment. Local stations are on-line connected
to the central computer, where the measured data are collected and processed.
From there, the data are provided to the government authorities and to the public
information systems. In case of an abnormal situation (accident) it would
automatically and immediately give a notification to the emergency center of Slovenia
and competent authorities.
The radiation early warning system of Slovenia is based on three subnetworks:
- Krsko NPP Ecological Information System (EIS NEK)
- Radiation Alarm Monitoring System (RAMS)
- Radiation Early Warning System (ROS)
Only EIS NEK has been completed, other two are under construction.
2.1 Krsko NPP Ecological Information System (EIS NEK)
EIS NEK (1) is designed to monitor the impact of the Krsko nuclear power plant
(NPP) into environment and to provide the adequate statistical and emergency data
in case of radiological pollution. It belongs to the Krsko NPP and was established in
1987 after the Chernobyl accident. In 1995 it was upgraded and renewed.
The central unit of the system collects data from four automatic meteorological
stations (AMS), hydrological station on the river Sava, fourteen continuous dose rate
Nuclear Energy in Central Europe, PortoroS, Slovenia, 16-19 September 1996
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measuring devices located in the vicinity of the Krsko NPP in different directions,
also data from plant radiation monitoring system. The data are collect
automatically every 30 minutes.
A gamma dose rate is measured by Multi functional Gamma Monitor MFM-202'
AMES(2). It is a portable instrument with two energy compensated GM probes of
different ranges. Detected range is from 50 nSv/h to 100 mSv/h. A microprocessor
controlled digital instrument comprises a double line digital-analog LCD and a small
printer. It autonomously displays, processes and prints out all information and
triggers alarm on the place. At the same time it sends the data to the central unit of
the network. The sensors can automatically call the center if a defined threshold is
reached.
All probes are installed 1.2 m high above ground in the open air, usually on
meadows, far from trees and buildings in the near vicinity.
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The dose rate rise caused by precipitation
a. detected by RD-02
b. detected by MFM-202

At the site of the Krsko NPP AMS Tower is located. Parameters are measured at four
elevations: air temperature and humidity at 2,10,40, and 70 m, wind speed and wind
direction at 10,40, and 70 m, solar radiation and air pressure at 2 m, dose rate and
precipitation at 1.2 m high.
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fri surroundings of the Krsko tJPP are located AMS Krsko, AMS Brezice and AMS
Cerklje- The measured parameters are: wind speed and wind direction at 10 m,
emperature, humidity at 2 m, a precipitations and dose rate at 1.2 m high.
»

!

•

I'An important part of EIS is a dose calculation programme with graphical presentation
^>f data for a support of dose assessment.
The design of EIS and maintenance is being done by AMES, Ljubljana, Slovenian
company, according to the Krsko NPP specific requirements.
The collected data are distributed to Main Control Room, Technical Support Center,
Operative Support Center and to some outside institutions: Slovenian Nuclear Safety
Administration, Republican Civilian Protection Administration, Hydrometeorological
Institute, and Community Notification Center of Krsko.
2.2 Radiological Alarm Monitoring System (RAMS)
RAMS is designed for continuous radiation monitoring after an accident in the
Slovenian nuclear facilities (the Krsko NPP and the research reactor TRIGA) and in
Mine Zirovski vrh. It is established for support of the Slovenian Nuclear Safety
Administration (SNSA) at evaluation and decision making during accident situations.
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The dose rate rise was caused by a radiographic gamma source. It
was used in a distance about 100 m far away from a probe.

It is planned to comprise 10 continuous dose rate measuring stations in the vicinity
of the nuclear facilities and at places where potential radioactive contamination
exists. RAMS is under construction. Four stations are in operation: TRIGA, Mine
Zirovski vrh, Ljubljana-ZVD ( at Health institute), Ljubljana-URSJV (at SNSA).
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The stations are equipped with intelligent radiation detection probe RD-02, ALNOF
Probe RD-02 has two energy compensated GM tubes of different ranges (fro
natural background to 10 Sv/h). ALNOR Area Radiation Monitoring System AAM-&
with five probes RD-02 is in a testing stage. The PC-program AAM-95 calls probes!
stores the measured data, shows radiation levels and trends, and triggers preset!
alarms. The user may alter programme parameters if needed.
The stations are connected on-line to the two central data collecting computers. Data
are collected every 30 minutes. Besides radiological, meteorological data are
planned to be collected.
The four stations in the vicinity of the Krsko NPP are planned to be a part of EIS NEK
and a part of RAMS at the same time.
Other planned automatic stations for continuous measuring are:
- alpha/beta airborne activity of aerosols (Krsko and Ljubljana)
- gamma spectrometry of aerosols (Krsko and Ljubljana)
- iodine airborne activity (Krsko)
- activity of noble gases (Krsko)
- in-situ gama spectrometry (Krsko)
- radon daughters (Mine Zirovski vrh)
The main role of RAMS would be to provide the SNSA with the independent data in
all situations, also during the black out of an electricity "network or troubles in
telephone lines. The main difference compared to ROS would be in high priority for
maintenance and they would have different redundant connections with the central
computers (leased telephone lines, radio lines, mobile telephone lines or satellite
communications).
2.3 Radiological Early Warning System (ROS)
ROS is designed for radiation monitoring all over Slovenia. It will consist of 21
continuous dose rate measuring stations which will be located at the existing
meteorological stations. Places are shown on the map of fig. 3. Advantage of this
solution is that indication of possible correlation between local dose rates and
'meteorological parameters became available and the meteorological network could
be used for transmission of the data. Data will be automatically collected every half
an hour through the public switched telephone network at the central computer at the
Hydrometeorological Institute, Ljubljana. The needed software is homemade.
ROS programme was started in 1991. For the time being there are independent
gamma monitors (MFM-202) on 12 meteorological stations: Ljubljana-Bezigrad,
Maribor, Celje, Novo mesto, Nova Gorica, Portoroz, Murska Sobota, Slovenj Gradec,
Lesce, Postojna, Sostanj, Kredarica. They are operating in automatic mode providing
data and on-site triggering alarms. Data are locally numerically and graphically
recorded on a small printer and collected at Hydrometeorological Institute, Ljubljana,
once a day by operator phone callings to the sites. From the beginning of 1996 six
radiation probes are connected on-line to the central data collecting computers at the
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f-jydrometeorological Institute: Sostanj, Murska Sobota, Ljubljana, Novo mesto, Nova
Gorica. During this year three new probes will be installed: Krvavec, Velenje,
Koceyje.
Two probes: Ljubljana-Vic, and Ljubljana-Bezigrad are on-line connected to the
central collecting computer at the SNSA.

Figure 3.

ROS gamma monitors on meteorological stations. Sign O marks
monitors in operation. All others are planned

3. Data distribution
All data of the subsystems are planned to be collected on the two computers at the
SNSA where they would be checked, analyzed, processed, stored, interpreted and
presented to users in the requested form. Data users such as Civilian Protection
Administration, Health Inspectorate, will be directly connected to the computers at
the SNSA through telephone lines. A part of the data would be published daily in
TELETEX (Slovenian TV).
Some of the collected data are already shown on the Internet connection:
http://www.sigov.si/cgi-bin/spl/ursjv/dose.html?language=winee - RAMS
http://www.sigov.si/cgi-bin/spl/ursjv/5_1 .html?language=winee - EIS
The ROSS system will be compatible with early warning systems in the neighboring
countries and the international exchanging of data is planned.
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4. Conclusion
The radiological early warning system of Slovenia is consisted of three subnetwoi
EIS NEK, RAMS and ROS. The subsystems are in different stages of develop
and testing. The ROSS system is planed to be completed in five years.
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PHENOMENA DURING A LB LOCA ACCIDENT
PREDICTED BY MELCOR CODE
Iztok Parzer
Institut "Jozef Stefan"
Jamova 39, 1111 Ljubljana, Slovenia

Abstract
The work presents the comparison of MELCOR 1.8.2 and MELCOR 1.8.3 predictions
-6f a LB LOCA accident scenario for Krsko NPP. A simple model of KrSko NPP has been
•developed at US, consisting of 17 hydrodynamic volumes, 22 flow paths and 38 heat
Structures. SGI and SG2 secondary side, containment and environment are modelled each
with only 1 volume. Reactor core is modelled with 13 axial segments in 3 radial rings,
initially occupying upper 10 axial layers witli later possibility to relocate into 3 lower axial
segments, before penetrating through the reactor vessel wall.
The basic purpose of the work was to organize the data base, create and validate the
KrSko NPP model for MELCOR calculations, which could later be extended and upgraded.
The simulation of a LB LOCA accident course should show all the stages and phenomena
from the core dryout and meltdown up to the containment failure. The usability of the input
model is demonstrated, showing the main phenomena during the severe accident progression.
Some NPA masks for animation of the main described processes have been created. Besides,
the comparison of the basic phenomena was made between MELCOR 1.8.2 and MELCOR
1.8.3 version predictions was performed.
Introduction
MELCOR is a modular, fully integrated engineering-level computer code for modelling
progression of severe accidents in light water reactor nuclear power plants [1, 2]. It was
developed at Sandia National Laboratories as the successor to the Source Term Code
Package. The phenomena treated by MELCOR code are the following: Control Volume
Hydrodynamics (CVH) and Flow Path (FL) packages deal with thermal-hydraulic response
of the reactor coolant system. The Heat Structure (HS) package calculates heat conduction
within intact, solid structure and energy transfer across its boundaries into control volumes.
Core and lower plenum structures relocation during melting, slumping and debris formation,
including failure of the reactor vessel and debris ejection into the cavity is treated by Core
(COR) package. The thermal response of the core and lower plenum internal structures
including the lower portion of the reactor vessel is taken into account. Hydrogen production
is assumed during the fuel cladding interaction with coolant. Cavity (CAV) package models
the attack of the basemat concrete by hot or usually molten core materials. The effects of heat
transfer, concrete ablation, cavity shape change and gas production are included. Radionuclide
release and transport behaviour of fission products vapours and aerosols are calculated by
Radionuclide (RN) package.
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NPP KrSko Model Development
A simple model of KrSko NPP has been developed at US [3, 4] to simulate
accident progression with MELCOR code. The hydrodynamic part of the model cor
17 volumes, where secondary side of the two steam generators, containment and environn
are modelled each by only 1 volume. There are 22 flow paths defined to con
hydrodynamic volumes and 38 heat structures attached. The core is divided into 13
segments in 3 radial rings. Core cells are numbered 101 to 313 (101 is axial cell
radial ring no.l and 313 is axial cell no. 11 in radial ring 3). Core support plate is mode
in third axial segment. The core model also includes 3 penetrations (1 in each radial
where the vessel is supposed to fail and the molten debris is ejected into the cavity voluii
In parallel with the MELCOR model development, the graphical interface has
developed, using NPA (Nuclear Plant Analyzer) software, developed at Idaho Natic
Engineering Laboratory [5]. In the beginning phase some masks have been developed fa
observing main phenomena during the severe accident progression. The NPP
nodalization for MELCOR analyses can be seen from the main NPA mask in Figure 1.

NPP Krsko
Figure 1: NPP Krsko nodalization for MELCOR simulation
The model has been first developed for MELCOR 1.8.2 and later upgraded for version
1.8.3. In the present analysis both models have been kept identical. This required disabling
dT/dz model in MELCOR 1.8.3, setting the second switch on card COR00006 to 1.
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Scenario
|e scenario was assumed with the only purpose to encounter the main phenomena
the severe accident progression as soon as possible after the initiation. The accident
decay heat power of about 120 MW. Double-ended 100% break was assumed
old leg no - ^ (LB LOCA DECL 100), this is the loop away from the pressurizer. No
safety injection system or accumulators was delivered to the primary system (SI
_^>flfc pumps were not modelled). Since the primary system emptied into the containment
lewa-first few seconds, secondary side remained inactive till the end of the simulation.

its
i-The main phenomena and the sequence of the events are listed in Table 1. Time values
, in seconds.

core support
failure

Rl
2188 s
2043 s

R2
935 s
993 s

R3
2183 s
2043 s

ring

Rl

R2

R3

ring

start/end
2188/2204 s 935/963 s 2183/2199 s
2043/2059 s 993/1023 s 2043/2059 s

debris
quench

•lower head
failure

Rl
2414 s
2403 s

debris to
cavity

2408 s
4138 s

cavity
growth •
start

R2
2408 s
2320 s

R3
2567 s
2754 s

axial

4300 s

2410(4300)s
•
5250 s

5250 s

M-1.8.3
M-1.8.2
ring
M-1.8.3
M-1.8.2
M-1.8.3
M-1.8.2

debris ejected
to the cavity

radial

CODE
M-1.8.3
M-1.8.2

maxrad
3.2 m

maxax
2.464 m

3.85 m

2.88 m

M-1.8.3

4.07 m

2.86 m

M-1.8.2

containment
failure

15400 s
15750 s

M-1.8.3
M-1.8.2

H 2 in
containment

263 kg
265 kg

M-1.8.3

M-1.8.2

CO in
containment

4410 kg
4600 kg

M-1.8.3
M-1.8.2

Table 1: Phenomena during a LB LOCA initiated severe accident
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Core melt and relocation started first in the middle radial ring (ring 2) about 500{
the accident initiation. Soon after that, at about 600 seconds, this was proceeded in the i
radialring (ring 1), and lastly, at around 770 seconds the core relocation started in the<
radial ring (ring 3). Figure 2 shows the core melt process in radial ring no.l in the first 1(
seconds. The molten fuel started slumping from upper 3 axial cells. Candling effect can jj
observed in the lower 4 axial cells. The molten fuel was temporarily refrozen, till about'
seconds, when the upper part of radial ring 1 collapsed down towards the core support pfe
The continuation of the process can be observed in Figure 3. The material, piled upj
cells 106 and 105 relocated down to cell 104 at about 1000 seconds. Most of it has fallen in
the bottom head after 950 seconds, but some has stopped at the core support plate. Wheni
failed at around 2200 seconds, the rest of the material relocated to the two lower cells. Lov
head penetrations have failed in both calculations in all the three radial rings roughly aroun
2500 seconds. Only some small amount of debris has been ejected to the cavity at the tin
of penetrations failure in version 1.8.3 calculation and no ejection happened in version I.8.2]
calculation. The debris have refrozen in the penetrations and plugged them, so it staye
within the reactor vessel till the time of vessel creep rupture. This happened at 4300 secondj]
in 1.8.3 calculation and at 5250 in 1.8.2 calculation.
The described processes are also detectable by some gas production within the reactor1
vessel or containment. The production of hydrogen started early in the transient, when the
fuel cladding started to interact with steam (Figure 4). Hydrogen production reaches a
plateau, before debris is ejected to the cavity. Later hydrogen, as well as carbon monoxide
production is reestablished (Figure 5) due to the debris contact and reaction with concrete in
the cavity. In the CORCON model -surface of the concrete is ablated and molten oxides and
molten steel from reinforcing bars in the concrete are added to the debris pool, allowing
further chemical reactions and gas release.
The cavity shape has been modelled by 13 mesh points on radial beams, from whichj
5 mesh points describe cavity bottom, 2 of them are situated in the radially shaped corner and;
the rest are at the vertical wall. The outer radius of the cavity concrete is 4.7 in and there has
been 6 m of concrete modelled below the cavity floor. The SHAPEPLOT option has not been
switched on in the cavity model, so only maximum radial and axial cavity ablation appears
in the MELCOR output. It can be seen that cavity dimensions have grown in version 1.8.2
calculation, especially in axial direction, while radially both code versions predictions are
similar at 17000 seconds, when the calculation has been stopped (Figure 6).
An overview of the processes in the containment is given by containment pressure in
Figure 7. Instantaneous pressure rise has been observed in the beginning, when the majority ;
of the primary inventory has been released through the break. The pressure has reached the
design value of around 3 bars in the first seconds, while it has relatively stabilized till the
moment, when the molten core has started to be released into the cavity. During the whole
transient no burning or detonations of combustible gases has been observed, although burning
in the BURN package has been enabled by activating the model in the beginning of the
calculations. No pressure spikes were observed in the containment, but just steady pressure
rise due to release of hydrogen and carbon monoxide and growing of the steam partial
pressure. The assumed containment failure pressure of around 7.6 bar was then reached
around 15500 seconds (less than 4 h 20 min from the initiating event).
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Discussion and Conclusions
The NPP KrSko model for MELCOR simulations of severe accident progression]
been developed at US. Presently, the model is relatively simple, but gives physic
consistent results in the case of a LB LOCA initiated accident. It is capable of describing!
the major phenomena during the severe accident sequence, which includes core melt
relocation to bottom head and penetration through the reactor vessel bottom, following |
cavity concrete attack by molten fuel. This processes are accompanied by certain
production. Finally, the released energy to the containment inventory causes
pressure rise for the containment failure.
The accident scenario has been chosen rather unrealistic to drain the primary coolant!
out of the system as soon as possible with no addition of any emergency core cooling water f
just to reach the conditions for core melt progression as soon as possible. Thus the results ofl
the present work are not directly comparable to any previous analysis of severe accident |f
progression in Krsko NPP, done by other groups with MELCOR or MAAP code.
It has been proved that both MELCOR versions, 1.8.2 and 1.8.3 give very similar |
results, especially the final values, with some variation in the dynamics of processes in the |
cavity.
MELCOR was successfully linked to NPA. Software for linking MELCOR 1.8.1 to
NPA was provided by INEL and modified at US for the use with 1.8.2 and 1.8.3 versions.
Since this was the first documented analysis of severe accident sequence for Kr§ko NPP
at US, future work should focus on the QA/QC of the present model and the development of
the existing data base for KrSko NPP at US. This should be done in parallel and consistently
with the data base for RELAP5 simulations of thermal-hydraulic phenomena.
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MODELLING OF KRSKO NPP USING MELCOR
Jure Marn and Marjan Delic
University of Maribor
Faculty of Mechanical Engineering
Smetanova 17
2000 Maribor

Abstract

MELCOR, severe accident analysis tool has been used to form a base for
nodalization of Krskq Nuclear Power Plant. There have been number of analysis
using other integral computer packages performed in the past including MAAP,
and STCP programs as well as mechanistic computer packages such as RELAP5.
MELCOR is state of the art program maintained by United States Nuclear
Regulatory Commission and is currently used at University of Maribor to assess
some of the accident sequences.
This contribution presents the database development and its main characteristics,
including some of the aspects unused by current analysis and foreseen in the
future. Advantages and shortcomings of the database are discussed and future
plans including proposed improvements are presented.
In addition to the database few test results are presented to show the general
behavior of Krsko NPP simulation.

Introduction
In recent years the focus of simulations of nuclear power station operation has
moved from design basis accidents into new area, beyond design basis, or severe
accidents. There are several computer codes used for this purpose, starting from
now almost obsolete Source Term Code Package to industry standards such as
MAAP and MELCOR.

Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

229

At the University of Maribor new database^ was developed to be used with
MELCOR 1-8-3 computer code. The database was developed using mainly
Safety Analysis Report, and other available documentation collected both thr
Slovenian Nuclear Safety Administration and Krsko nuclear power plant.
As the database is under development the developers have foreseen its modi
There are number of tasks ahead including the nodalization study to determj^
the most suitable cost (number of nodes) vs. benefit (accuracy of the results)
ratio. Also, the database is currently modified for loss of off site power scenj
used as benchmark as it has been studied previously using both mechanistic
(RELAP5) and integral codes (MAAP and STCP) so the assumptions imbedded!
therein must be contemplated.

Division into nodes
Figure 1 shows the primary and secondary loops. The model consists of mainly
two "types of elements: control volumes and flow paths. Continuity equations are
solved in the former while the momentum transfer is dealt with in the latter.
containment and the environment are also modeled albeit at this stage rather
simplistically.

CV900

FL901

FL495

FL395
FL375
FL701
j-

FL103
FL108

FL102

FL346

FL356

FL101
'CV1O6J—i PUMP
FL107

FL157

CV50J.
FL601
CV502
FL502
CV503
FL554

FL1O6

FL504

Figure 1. The nodalization
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^energy transfer through the boundaries is handled using heat structures, the
j known from number of other codes, particularly STCP. Together, there are
inite volumes, 65 flow paths, and 30 heat structures modeled.
core is shown in Figure 2. It consists of three main segments: a reactor
wall, a lower plenum and a lower head, and an active core. The
Fjiodalization displays 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 three control volumes and ten heat structures, in accordance with MELCOR
requirements for dT/dz model.
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Figure 2. The core nodalization.
Among engineered safety features, only accumulators are modeled. Neither
pressurizer sprays nor low/high pressure injection are used during loss of off site
power sequence thus omitted in current version.

Scenario
As stated previously, loss of off site power was chosen as the benchmark, with
rather simple scenario consisting of the following assumptions:
0-20s
full power, normal operating conditions
20s
loss of off site power
20s
reactor scram, all pumps start the coastdown
1820s
. seal leak developed, 125 gpm
There are no other assumptions, the plant is left to simulation.
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Results
There were roughly 75 thousand seconds simulated with the following
important events:
steam generators dry
core uncovering
core starts to relocate
debris refreezes in lower third of active core
reactor vessel fails
containment fails

1
3
5
7
9

50 min
hr 50 min
hr 05 min
hr 50 min
hr 35 min
hr 13 min

Particular variables are shown on the figures below.
Figure 3 shows the containment pressure. In particular, vessel breach is shown as
the change in pressure rate. Figure 4 shows primary and secondary pressure. Both
the effects of steam generator boil-off and accumulator discharge are shown.
Figure 5 shows the temperatures of the liquid and vapor in the reactor vessel an<
hot legs displaying the increase of temperature after the core uncovers.
Figure 6 shows the volume in both generators. One observes some amount of
liquid left in the generators after the "dryout" has occurred, and lack of liquid
some time after the pressure in secondary side exceeds that of the primary. Figure
7 shows the' discharge through the seal leak.
Figures 8, 9, and 10 show the temperatures of the cladding on the top, middle,
and bottom of the core, respectively. An interesting phenomena is shown. In the
bottom of the core the refreezing takes place. Figure 11 shows the temperature of
the particulate debris on the bottom of the lower head with nicely shown step
function after the debris has actually been formed.

Discussion
There a/e several points worth addressing, both;-connected to verification of the
model and the behavior as predicted by the code.
It is not known whether the resolution of this model was the most suitable. The
number of control volumes and flow paths seems rather high, the number of heat
structures low. The first parameter that needs additional investigation is therefore
number of nodes prompting the nodalization analysis.
The secondary loops are modeled rather simplistically and do show some odd
behavior in the steam generators. As long as the pressure in the primary system
remains higher than the pressure in the steam generators mandated by safety
valves less than 10% liquid remains in the generators. It is not until after the
pressure in primary system has been reduced below setpoint that it evaporates.
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nieeds to be investigated further, thus pointing out the second set of
meters.
effect of core relocation and refreezing is also interesting. The core starts to
,p in the center of the bundle in the upper third of the active core, however
pouter layers of the core are first melted in the middle third of the active
After the debris has been relocated to the support plate the melt refreezes,
reheats. It is not until several hours later that the lower vessel wall fails and
melt is ejected into the cavity. The important parameter seems the melting
of Zirconium, and needs to be parameterized and investigated further.

Conclusions
The MELCOR 1.8.3 computer code is used for beyond design analysis of nuclear
power plant Krsko. The model and a particular scenario are investigated.
The accident proceeded as envisioned. Three sets of parameters were found to be
particularly worth further investigation: resolution of the model (number of nodes)
the behavior of steam generators, and relocation of the core after meltdown.
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Abstract
Melting ultimately requires the heat production rate to exceed the removal rate. In a
nuclear reactor this situation is initiated by either overpower or undercooling conditions. The
latter is related to reduced cooling through loss of coolant flow or loss of coolant itself and
may lead to general meltdown of the reactor core.
Molten material is accumulated in the lower plenum of the reactor pressure vessel.
Vie separation of phases results from different components densities of molten material. High
temperature molten UO2 will slowly melt through the wall ofRPV lower plenum. To avoid
disruption ofRPV, an instantaneous heat transfer is needed.
To simulate the situation described above, general multiphase flow equations were
developed. In order to describe the multiphase flow fully, the continuity, momentum and
energy equations were derived using ensemble averaging rather then time or spatial
averaging. Because of geometry of the lower plenum a spherical coordinate system was used,
to enhance the accuracy of the calculation on the border.

Introduction
In the case of prolonged and complete failure of normal and emergency coolant
system of nuclear reactor, the fission material decay heat causes overheat conditions. The rise
in temperature brings steel material of the reactor core and zircaloy cladding to exothermic
oxidation at 1300 K [1]. If cooling is not restored, the general meltdown of the reactor core
takes place. Melting scoops the steel equipment at 1700 K [2], then the zirconium oxide at
2990 K [3] and finally the uranium oxide at 3113 K [4]. Such conditions produce jets of
melt, which accumulate in the lower plenum of the reactor core.
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Because of different melting
points of materials in the reactor core,
the meltdown process may be divided
in two stages: melting of steel/zircaloy
components and melting of uranium and
zirconium oxides. The large amount of
steel component in reactor core
(29500kg [5]) and its low melting point
make the contribution of other
components in the first stage of melting
negligible. The same can be stated for
molten uranium oxide in the second
stage of melting. This are the reasons
why such complex problem may be
simplified to the mixing of two phases.
The third phase represents the RPV
wall that contacts high temperature
uranium oxide melt, which results in
gradual melting and erosion.

1B3O.<

Figure 1: Lower plenum of RPV

Our intention is to evaluate cooling required to avoid disruption of RPV and release
of core material. Secondly we intend to proof usefulness and reliability of the probabilistic
calculation method which was developed for steam explosion multiphase flow simulation [6].

Mathematical Description
Every multiphase flow can be described with basic hydrodynamic equations for single
phase flow. These are
continuity equation
dt

V(pv) = 0

(1)

* momentum equation

at

+ V(pv®?) = -

(2)

energy equation
dt

238

dt

-(X VT) +q

(3)
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uations of state
p - p{Kt,T)
v = »(f,t,T)
cp = cp(f,t,T)

,

(4)

X - X(f,t,T)
q = q(r,t)

In order to treat a multiphase flow, the above equations (1,2,3) have to be written for every
single phase of multiphase flow separately, together with interfacial equations on the phase
boarders.
:
Such a system of equations with appropriate interfacial conditions is unsolvable even
for single phase flow with a high value of Re number. Solving them for multiphase flow
where the separate set of equations (1,2,3,4) together with their boundary conditions is valid
only in a region, which is confined to moving phase borders in a specific period of time, is
only harder. Therefore the equations (1,2,3,4) with instantaneous local values have to be
replaced with averaged equations. Most commonly time or spatial averaging are used, which
have some disadvantages because the accuracy is very much dependent on the size of
reference time or spatial interval respectively. To avoid this weakness and enhance accuracy
we used the statistical averaging.
Using statistical averaging, the physical quantities from equations (1,2,3,4) are
averaged over an ensemble of imaginary samples. The indication of a separate phase is
marked with a characteristic function Xk, If the sample is taken from phase k, the
characteristic function Xk obtains logical value 1 or logical value 0 in opposite situations:
X (ft) = [Phase k samPle
k
^ ' ' \ not phase k sample

(5)

This imaginary sampling is repeated. In the limit, when the number of imaginary samples
tends to infinity, the probability of presence for a separate phase k is obtained.

«*M 'ffit) = Xk -f(r,t) = Vwi^XJKt)

-f(r,t)

.

W

In order to get probabilistic equations (7,8,9) the equations (1,2,3) have to be multiplied with
the characteristic function Xk and then averaged over the ensemble. Instead of instantaneous
local quantities the averaging quantities are set in the equations together with presence phase
probability <xk for a separate phase:
* continuity equation
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• momentum equation
dvt
*

.

(8)

* energy equation

The disadvantage of described procedure is the formation of cofluctuation tensors where
deviations from averaged physical quantities are collected. In this case they are denoted under
the terms Ck, Mk and Ek, whereas I \ describes the interfacial mass transport. The real art of
presented method is determination of cofluctuation tensors. Because it is impossible to
calculate them analytically, they have to be evaluated with a suitable probability distribution
[8].
To complete set of equations, one considers the fact that sum of all presence phase
probabilities is always 1
£

ak(fjt) = 1

,

(10)

and the pressure is equal in all phases
Pi = Pi =

=Pn = P

<n)

•

The system of equations in now completed. Boundary and initial conditions will be shown
later in the text.

Methods of Solution
The geometry of RPV lower plenum required the use of spherical coordinates.
Because of the axysymmetry we were able to reduce the mathematical description to two
dimensions. Fully developed equations in spherical coordinate system have now acquired a
much more exacting form:
* continuity equation
* dt
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dt

r1 3 r l

*

'r}

rsineae^

* * *'e;

*

*

Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996

iinentum equation in r direction

i momentum equation in 0 direction

^

dr

r

d\3

r

)

(14)

* energy equation
dhk

.E.
k

k

To perform calculation of all physical quantities in the equations (12,13,14,15) one needs to
developed corresponding algorithm. For this purpose the continuity equation has to be
transformed to a different form. When continuity equation is rewritten for all present phases
together as a sum of the particular continuity equations (7) and equation (10) is considered,
the time derivative of phase probabilities is :

dt

=±Ya
dth

k

=0

.

(16)

Moreover, the continuity equations can be simplified if we estimate the size of total density
derivative realistically.

Eh = 0

(17)

Dt

The derived form of the continuity equation:

E VK**) - °

(18)

is now coupled to momentum equation (7) and fully developed. This equation (19) conform
pressure field to an already calculated velocity field so that both satisfy continuity equation.
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Initial and boundary conditions
Initial and boundary conditions complete the above hydrodynamic equations (12,13,
14, 15 and 19) into a fully defined mathematical problem. Geometry that was chosen for
numerical simulation is a simplification of realistic arrangement of RPV lower plenum
equipment.
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In a round basin of RPV
plenum there are already
melt steel
layers of.5 m3 of molten
3
TJO2 and 5 m of molten steel.
of much greater density
IJ0960 kg/m3 [4]) of the fuel, it
•foyers at the bottom and molten steel
(5180 kg/m3 [2]) at the top.
Initial temperature of molten
steel is 2000 K and the temperature
of molten fuel is 3200 K. Because of
axysymmetry, the problem is
simplified to two dimensions. The
numerical mesh has to cover only a
.
1
'
.,
, .
,
Figure 2: Initial conditions of multiphase mixture
c
6
K
half of the containment cross
section.
To solve successfully the equations (12,13,14,15 and 19), the boundary conditions are
also important. The figure 3 shows how they are defined around whole calculating area.

Conclusions
This paper presents a mathematical
model with derivation of multiphase
probabilistic equations together with initial
and boundary conditions for a specific
problem.
The method was used before
successfully to simulate behavior of a
multiphase mixture during the premixing
phase of steam explosion [9]. The
mathematical problem was solved using
Alternating Direction Implicit scheme in the
sase of elliptic pressure equation (19) and
Lax-Wendroff scheme in case of time
depended continuity (12), momentum
[13,14) and energy (15) equation.
=o
In the presented problem, we seek
toe numerical solution in same direction,
although the strong convective movement of
multiphase mixture is dominant. Successful
simulation of the cooling problem would
infirm the developed probabilistic method Figure 3: Boundary conditions of numerical
'or multiphase treatment and numerical mesh
ools for its successful solving.
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Symbols
Latin
C

P

c

E
g
h

M
P
q

r
t
T
V

X

Greek
heat capacity
cofluctuation tensor
cofluctuation tensor
gravity
enthalpy
cofluctuation tensor
pressure
heat generation
radial coordinate
time
temperature
velocity
characteristic function

or
F
9
\
v
r

presence probability
mass generation
cylindrical coordinate
thermal conductivity
kinematic viscosity
shear tensor

Subscript
k
i
r
9

phase index
interface index
vector component
vector component
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Application of qualitative analysis to IAEA-SPE-4 calculations
Andrej Prosek, Borut Mavko
"Jozef Stefan" Institute, Jamova 39, 1000 Ljubljana, Slovenia

ABSTRACT - Quantitative evaluation of thermal-hydraulic code uncertainties is a necessary step in the c
assessment process, above all if best-estimate codes are utilized for licensing purposes. In this study the qualitai
analysis of the IAEA-SPE-4 pre- and post-test code calculations was performed to show ifquantitativeanalysisfoi
IAEA-SPE-4 could be performed. Four system codes (ATHLET, CATHARE, MELCOR and RELAP5) H
evaluated. IAEA-SPE-4 experiment was performed on PMK2 facility which simulated cold leg break,
qualitative assessment first part of a methodology based on the Fast Fourier Transform (FFT) was used, consistim
from qualitative and quantitative code assessment. Qualitative analysis of considered calculations showed that FF\
method could be used for quantitative analysis. However, some codes were not able in all cases to correctly predict
core dryoul occurrence. For these calculations, full application of quantitative part of FFT method is therefort
limited.

INTRODUCTION
The assessment process of large thermalhydraulic computer codes aims principally at?
verifying the quality by comparing code predictions against experimental data gained mainly by
tests performed on scaled plant experimental facilities. The value of these predictions, adopted
for safety analysis of nuclear power plants, depends on many factors involving code features and
user experience.
BE thermalhydraulic system codes predict reactor transient scenarios as realistic as
possible, approximating the physical behaviour with some accuracy. Information on inaccuracy
comes from the code assessment and validation process. Experimental programs have been
developed in order to support the development and validation activities of BE thermalhydraulic
codes. A methodology suitable to quantify code accuracy (i.e. the code capability to correctly
predict the scenario observed during the test performed on a scaled facility), has been developed
at the University of Pisa. It is an integral method using the Fast Fourier Transform (FFT) in
order to represent tne code discrepancies in the frequency domain. The FFT method consists
from qualitative and quantitative code assessment. Previous applications of this method have
been carried out to the calculation analyses of other tests (i.e. ISP 21 [1], ISP 22 [2], ISP 27 [3],
ISP 33 [4] and IAEA-SPE-4 (International Atomic Energy Agency - Standard Problem
Exercise) [5,6]).
The purpose of this study was to qualitatively assess and compare different thermalhydraulic code accuracy in calculating IAEA-SPE-4 experiment. The qualitative analysis was
applied to the pre-test and post-test calculations of the IAEA-SPE-4 experiment, representing
7.4% small break LOCA with the break located at the top of the external vessel downcomer,
when no HPIS is available and the secondary feed and bleed procedure is initiated. The test was
performed in the PMK facility, which simulates a VVER-440 plant.
Both, pre-test and post-test, calculations were performed with the ATHLET,
CATHARE, MELCOR and RELAP5 computer codes. In addition following four different
246
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RELAP5 code were used: MOD2, MOD"2.5, M0D3 and M0D3.1. Qualitative
was performed to show if western codes are suitable for eastern type reactors
itand if quantitative analysis could be used.
[PTION OF THE QUALITATIVE METHOD
v ins part of FFT methodology for qualitative analysis [3] includes:
Subdivision into "phenomenological windows" (i.e. time spans in which a unique relevant
.':. ijiysical process mostly occurs, whereas a limited set of parameters controls the scenario);
1 each phenomenological window requires:
2.1 specification of key phenomena that are distinctive for this class of transients;
2.2 identification of the Relevant Thermalhydraulic Aspects (RTA); (events or phenomena
consequent to the physical process, peculiar of each transient);
2.3 selection of parameters characterizing the RTA; (SVP - Single Valued Parameters, NDP
- Non Dimensional Parameters, TSE - parameters belonging to the Time Sequence of
Events and IP A - Integral PArameters);
3, qualitative analysis of obtained results by evaluating and ranking the comparison between
measured and calculated trends.
The qualitative analysis is based on four subjective judgment points:
•Excellent (E): code predicts the parameter qualitatively and quantitatively;
•Reasonable (R): code predicts the parameter qualitatively but not quantitatively;
• Minimal (M): code does not predict the parameter, but the reason is understood and
predictable;
• Unqualified (N.A.): code does not predict the parameter, and the reason is not understood.
This analysis gives the first indications about the quality of predictions. The qualitative
assessment phase is a necessary prerequisite for the subsequent quantitative analysis. It is
meaningless performing this last one trough the FFT based method if any RTA is not predicted.
RESULTS OF QUALITATIVE ANALYSIS
Forty calculations of IAEA-SPE-4 have been submitted (18 pre-test from 12 countries
and 22 post-test [7] from 14 countries) and seven different computer codes were used (see Table
I). Description of the PMK2 facility and IAEA-SPE-4 experiment can be found in ref. [6]. In
order to perform qualitative analysis it is necessary to identify parameters characterizing relevant
thermalhydraulic aspects among the available experimental variables. The previous applications
of the methodology showed that it is important to select a proper set of variables and that
choosing too few parameters can result in an incorrect global code accuracy evaluation [3].
In this case, only 12 variables for most of the participants, both for pre-test and post-test,
were provided by the KFKI under permission of IAEA [8]. The analysis was consequently
restricted to these available variables.
Table 2 shows subdivision into 5 phenomenological windows and selection of 25
Parameters characterizing RTA (13 TSE, 10 SVP and 2IPA).
The qualitative analysis by visual observation was done in the year 1995 [6]. The main
>bserved time trends were primary and secondary pressure, coolant temperatures, reactor vessel
, loop seal levels, differential pressures, safety injection and break flow. All time trends
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were qualitatively assessed. For full qualitative analysis which is described in this paper the <
needed were extracted from data files of calculated trends.
As can be seen from Table! in the pre-test calculations core dry out was predicted]
seven participants and in post-test calculations by thirteen participants. They all predicted p(
at different time. In all cases but UKRP when PCT was predicted, the minimum reactor ve
level was underpredicted. According to the qualitative method [3] judgment of pre-test and p
test calculation performances on the basis of RTA was done and is shown in Table 3. For all
test and post-test calculations subjective judgement points were determined for each parameter;
characterizing RTA. We can see for primary pressure at 50. s that 9 predictions were excellent ;
10 reasonable and 21 minimal. The best predicted event was bleed and feed start.
Table 1: Participants and adopted codes
Organization
Country

China
Croatia
Finland
France
Germany

Hungary
Italy

Poland
Russia
Slovakia
Slovenia

Spain
UK
Ukraine
USA

Label (No. of
para tneters)
Pre test Post test
CHI (12) CHIP(12)
China Institute of Atomic Energy
Un i vers i ty of Zagreb
PZ1*(12) PZ1P(12)
PZ3'(12) PZ3P(11)
Lappeenranta University of Technology FIN*(12) FINP(12)
Institute de Protection et de Surete FRA(ll) FRAP(12)
Nucleaire
Siemens AG
SIE(12) SIEP(12)
ROSP*(12)
ForschungszentrumRossendorf
GRS
GRS (12) GRSP(12)
Electric Power Research Institute
HUV(IO) H(12)
Universityof Pisa
PZ2*(12)
PZ4*(12) PZ4P(11)
ANPA/DISP
IT1P(12)
IT2P(12)
Institute for Atomic Energy
IEA'(12)
IEAP'(12)
Kurchatov Institute
KOB'(12) KOBP*(12)
NIK(ll)
Nuclear Power Plants Research Institute VUJ'(12)
VUJE(12)
"Jozef Stefan" Institute
SL4*(12) JT1P*(12)
SL5'(12) JT2P*(12)
SL6(12) JT3P'(12)
Tecnatom,S.A.
SPAP' (9)
AEA Technology
UK1*(12) Ukrainian Scientific and Technical Centre UKRP (11)
Texas A&M University
USA'(12) USAP*(12)

Code

Relap5/M2
Relap5/M2
Relap5/M3
Relap5/M3.1
Cathare2V1.3E
Relap5/M2.5
Athlet
Athlet
MELCOR
Relap5/M2.5
Cathare2V1.3E
Relap5/M3.1
Relap5/M3.1
Relap5/M2
Relap5/M2
Relap5/M3
Athlet
Relap5/M2.5
Relap5/M3
Relap5/M2
Relap5/M3
Relap5/M3.1
TRAC-PWR
Relap5/M2
Relap5/M3.1
Relap5/M3.1

* no core dryout
heater rod surface parameter not provided

+
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iTable 2: Selection of the parameters characterizing RTAs for selected time windows
" RTA
parameters characterizingRTA
type experiment
value
Blowdown (phase 1: 0 - 50 s)
Pressurizeremptying
pressurizer em pry
TSE 23 s
primary pressure 7.8 MPa
Primary side pressure behaviour
TSE 14s
primary pressure at 50 s
SVP 5.2 MPa
Secondary side pressure behaviour
maximum secondary pressure
SVP 5.08 MPa
Pumps behaviour
not available
N.A.
Subcooled blowdown
average break flow - phase 1
IPA 0.53 kg/s
Accumulator discharge (phase 2: 50 s - 350 s)
Accumulators behaviour
time of SIT-1 intervention
TSE 26 s
period of S1T-1 discharge
TSE 286 s
SVP 8.29 m
SIT-1 level at 300 s
Saturated blowdown
primary-secondary pressure reversal
TSE 250 s
average break flow - phase 2
IPA
0.34 kg/s
Secondary side pressure behaviour
B&F start
TSE 160s
Primary side temperature
coolant at core inlet at 300 s
SVP 508.4 K
distribution
SVP 500.8 K
coolant at core outlet at 300s
Loop seal behaviour
occurrence of HL loop seal clearing
TSE 165 s
occurrence of CL loop seal clearing
TSE 250 s
Primary mass distribution
not available
N.A.
Reactor vessel emptying (phase 3: 350 s- 1120 s)
Primary mass distribution*
reactor vessel level at 1000 s
SVP 2.78 m
average break flow - phase 3
IPA 0.01 kg/s
Loop seal behaviour
N.A.
not evaluated**
Core heatup (phase 4: 1120 s -1420 s)
Second dryout occurrence
SVP 73 IK
PCT
minimum reactorvessel level
SVP 1.52 m
time of PCT
TSE 1380s
reactor vessel level at PCT
SVP 1.9 m
nd
start of 2 dryout
TSE 1120s
nd
end'ot 2 dryout
TSE 1420 s
Rewet, primary inventory restoration (phase 5:1420 s - 1790 s)
Secondary side pressure behaviour
LPIS start
TSE 1380 s
Reweting
secondary pressure < 0.8 MPa
TSE
740 s
[
primary mass not measured parameter; ** loop seals already cleared (from visual observation)
Qualitative analysis pointed out some discrepancies mostly concerning the differential
pressure across the core, some levels and the core dry-out occurrence. However, it has been
observed [9] that a small error in predicting pressurizer pressure, even within the measurement
error band, may lead to late actuaction of the LPIS and subsequently to prediction of the core
dryout occurrence.
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Table 3: Statistics of subjective judgment for pre-test, post-test and all calciulatii»ns
pre
post
ill ———i
parameter characterizingRTA
E R M N.A. E R M N.A. E R
1

pressurizer empty
primary pressure 7.8MPa
primary pressure at 50s
maximum secondary pressure
average break flow - phase 1
time of SIT-1 intervention
period of SIT-1 discharge
SIT-1 level at 3 00 s
primary-secondary pressure
reversal
average break flow - phase 2
bleed and feed start
coolant at core inlet at 300 s
coolant at core outlet at 300 s
occurrence of HL loop seal
clearing
occurrence of CL loop seal
clearing

Blowdown
1 4
7
7
7
7 4 0
5
3 11 0
2
3 15 0
6
3 0
9
Accumulator discharge
1 10
7
1
9
1 3
3 11 3
1
1
2 12 3
1 2 14 1 3

3
7
4
0
6

9
12
7
9
12

6
3
10
11
4

3
0
0
0
0

7 16 13
14 19 7
9 10 21
2 12 26
12 21 7

11
12
12
4

0
6
8
14

1
1
1
1

19 18
6 23
3 24
4
6

4
0

0
0
0

1
9
11
28

2
2
2
2

3
38
5
2
14

16 21
2
0
6 29
16 21
18 4

0
0
0
0
0

2
16
2
2
6

5
2
2
5
8

11
0
14
11
3

0
0
0
0
1

1
22
3
1
8

11
0
4
11
10

10
0
15
10
1

0
0
0
0
3

1

5

8

4

1

9

9

3

2

14

17

0

0
0

1
1

29
6

10
33

0
0

9
0
9
9
9
9

8
0
1
0
4
3

12 1
4 36
13 6
2 19
8
8
9
7

19
0
20
19
20
21

0
1

0
2

15 25
7 29

0
2

Reactor vessel emptying
0 15 7
reactor vessel level at 1000 s
1 14 3 0
1 4 17
average break flow - phase 2
0 2 16 0
Core heatup
PCT
3 4
1 10 5 8
0
0 2 20
minimum reactor vessel level
0 2 16 0
4 11 1 10 2
time of PCT
0 3
reactor vessel level at PCT
0 0 •8 10 0. 2 11
1 0 6 • B
start of 2nd dryout
• 8
2
1 5 12 3 8
end of 2nd dryout
0
2
Rewet, primary inventory restoration
LPIS start
0 10 12
0
5 13 0
secondary pressure < 0.8 MPa
0
1 16 1 2
6 13

In general, the first two phases were well predicted, the phases three and four were not so
well predicted and in the last phase the predictions were again better (cooling of the system).
More details of the subjective judgement for each participant can be found in ref. [8].
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R

M

N.A.

Fig. 1: Comparison between pre-test and post-test results of qualitative analysis

S.

R5/M2

R5/M3

R5/M3.1

ATHLET

CATHARE

MELCOR

Code

Fig. 2: Pre-test subjective judgement for chosen thermalhydrauliccodes
Comparison of pre-test and post-test results is shown in Fig. 1. On Fig. 1 the average
numbers (from all parameters characterizing RTA) of subjective judgement points are presented
for pre-test, post-test and all calculations. In the average for one calculation four parameters
characterizing RTA were predicted excellent. The subjective judgement is better for post-test
than for pre-test.
Figures 2 and 3 present subjective judgement (average number of parameters for which
subjective judgement point is reached) dependent on code for pre-test and post-test calculations,
respectively. RELAP5/MOD2 code seems to be the best code in pre-test calculations and
MELCOR code seems to be the best in the post-test calculations.
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•E
QR

•N.A.

RS/M2

TRAC-PWR

Fig. 3: Post-test subjective judgement for chosen thermalhydraulic codes
Qualitative analysis discussion
The first thing to be considered is that due to insufficient number of parameters detailed
qualitative analysis cannot be performed and thus general conclusions are partly limited. Post-'
test results for MELCOR were the best but this could be attributed to good primary pressure and
core heatup prediction from which many parameters characterizing RTA were selected.
Comparing pre- and post-test results improvement of the results can be observed looking
primary pressure, coolant temperatures, core heatup and primary inventory restoration
phenomena. One of the main drawbacks for the use of quantitative analysis is the fact that
almost half of the calculations did not predict core heatup phenomena.

CONCLUSIONS
A qualitative analysis has been performed on pre-test and post-test predictions of the
experiment IAEA-SPE-4 (small break LOCA) calculated with ATHLET, CATHARE,
MELCOR and RELAP5 computer codes. Obtained results can give an indication about the
capability of addressed codes in predicting relevant variables characterizing the transient. In
almost half of the calculations core dryout was not predicted and for these calculations further
full application of quantitative part of FFT method is limited.
Qualitative analysis of considered calculations highlighted that codes were not able in all
cases to correctly predict core dryout occurrence. However, the dryout in the experiment
constitutes a typical bifurcation phenomenon controlled by minor variations of boundary
conditions whose prediction is beyond the capabilities of the present generation codes, and the
overall transient scenario is not affected by the phenomena.
The subjective judgment for post-test calculation was characterized by a better accuracy
than for the pre-test.
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ABSTRACT - This paper is assessing the first, premixing stage of a steam explosion, which may occur during
a sever reactor accident following core meltdown when the molten fuel comes into contact with the coolant water.
A general 2D multiphase flow code ESE based on probabilistic multiphase flow equations was developed. Each
phase was described using probabilistic mass, momentum and energy equations. The interfacial friction and the
interfacial heat transfer were treated probabilistically. That means that they take a probabilistic value of a given
probabilistic distribution at each time step of the calculation.
To examine the accuracy of the code ESE the premixing experiment "MIXA06" with corresponding
geometry and initial conditions was simulated. The results of the simulation are compared with experimental data
and presented in form of graphs, depicting the velocity, temperature and phase presence probability fields for
all three phases, the steaming rate and the depth of melt penetration.

1. Introduction
During a severe reactor accident following core meltdown the molten fuel may come into
contact with the coolant water. Under certain conditions it is postulated that the ensuing violent
interaction between the melt and water may evolve into shock propagation through the
mixture, fragmenting and mixing both fluids even more and becoming a self sustained
explosion-like phenomenon.
In general, four stages of the so called steam explosion have been identified in the past.
During the first stage the melt mixes with the coolant and exists together separated by a vapor
film. The occurrence of a trigger destabilises the interface between the melt and the water and
leads to some locally enhanced heat transfer, pressurization and fragmentation. The trigger
front then propagates through the premixed region. The resulting high pressure behind the
propagating front which undergoes expansion performs work on its environment. The
expansion is important in determining the damage potential of the steam explosion.
This paper is assessing the first, premixing stage of a steam explosion. The mixing
process associated with the melt penetration into the water gives the initial conditions of the
possible steam explosion and determines the maximum quantity of melt which might be then
involved into the explosion. To examine the accuracy of the code ESE the premixing
experiment "MIXA06" [1] with corresponding geometry and initial conditions was simulated.
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mt Equations
Ifgach phase in the multiphase flow was described using probabilistic mass, momentum and
^energy equations obtained by ensemble averaging [2-6]. Special attention was paid to the
I Probabilistic treatment of interfacial friction M and interfacial heat transfer E. Ishii and
^
[7] have suggested the following expression for interfacial friction
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The Reynolds numbers for both velocity components are defined as
apD\vr
Re

=BD1*

c c

f

fr

'

-v

cr

'

|,, Ref

=BD1*

a p D \v
c c f f2
'

c

-v
e
''

I
.

(3)

cc

It should be noted that a random generator was utilized to account for variance in melt
fragment size using Weibull distribution [8] with the shape parameter a = 1 and the scalar
parameter equal to the characteristic fragment diameter b =Dfchar

F

(D\=\
Weib\

-

(4)

p]

The characteristic melt fragment diameter was chosen to be 5 mm, the actual diameter defined
by
(5)

Similarly, the following expression for interfacial heat transfer is obtained

/

/

c

c f

where X represents the thermal conductivity.
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The radiative -heat transfer from the melt to water was calculated by
E

= — ae,e
m rad

jy

w m\ w

IT4-TA),
mj

ft\

where subscript m refers to melt and subscript w to water. The Stefan-Boltzmann constant is
denoted by a and e represents the emissivity.

3. Solution and results
The time dependant continuity, momentum and energy equations were solved using LaxWendroff scheme, while the pressure equation was solved using Alternating Direction Implicit
scheme. Both methods ensure second order accuracy in space and time.
To examine the accuracy of the code ESE the
premixing experiment "MIXA06" [1], with corresponding
geometry and initial conditions, was simulated. The solution
domain is axisymmetric; so the equations were applied in two
dimensions in cylindrical coordinate system. The initial
conditions are shown in Figure 1. The molten jet consisting
of only 0.35 volumetric percent of matter is penetrating the
body of liquid water with initial velocity 5 m/s. The
composition of melt is comprised of 81% uranium dioxide
and 19% molybdenum metal at a temperature of 3500 K. The
mixing vessel has a diameter of 0.37 m and a pool depth of
0.6 m. The liquid water is saturated at temperature 373 K and
pressure 1 bar. The mesh size is 99 by 30 with the pressure
field calculated on a staggered grid.
o o
o
o
The results of the simulation are presented in Figures Figure 1: Initial conditions
2 through 11. Figure 2 shows the molten fuel phase
probability field after 0.0, 0.2, 0.4 and 0.6 s of the simulation, with contours showing 1E-4,
1E-3 and 1E-2 value for the melt phase presence probability. One can see the well developed
"inverted mushroom" structure immediately following the penetration through the surface with
the bulk of melt penetrating straight to the bottom of the tank.
Figure 3 presents the vapor phase presence probability field with contours showing 0.1,
0.5 and 0.9 value. The figure nicely shows the developing vapor front travelling with the melt
fragments and sweeping upward around the jet.
Figures 4 and 5 show the development of the melt and vapor temperature field with a
colour scheme, where darker the colour, colder the fluid. The contour levels correspond to
temperature 500 K, 1750 K and 3000 K. The heat is transferred from the hot melt to saturated
water and also directly to the superheated steam.
Figures 6, 7 and 8 present the water, melt and vapor velocity fields. The arrows show
the flow direction and the shadowing of the surrounding field present the flow speed in the
range of zero flow (white) to maximum speed flow 5 m/s (black). For enhancing the
presentation clarity two cells in each direction are lumped into a single cell. The vapour phase
behaves far more erratically than both melt and liquid water as the vapour is generated and
propelled at various locations throughout the jet. At the end of the simulation some numerical
instabilities occurred in the upper outer region of the solution domain which will have to be
corrected in the next version of the code ESE.
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Figure 4: The predicted melt temperature field for different times. The contour levels correspond to tem perature
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Figure 9 shows the comparison of the calculated steam flow rate with the measured one in
experiment MIXA06. The measured steaming rate is a smooth curved line and does not behave
so stirred as the calculated one since the measured steaming rate is a kind of average steam
flow rate over a short time period and therefore does not represent the instantaneous steaming
rate. As seen in Figure 10, the calculated integrated steam flow rate, where the stochastic
nature of the steaming rate vanishes, agrees much better with the experimentally measured
values. The code under-predicts slightly the formation of steam for at least one reason. The
calculation of the steam rate is not the exact reproduction of MIXA06 steam rate
measurements. Figure 9 shows that MIXA06 did not start with steam rate production of 0;
rather it shows the flow of both air and water vapor.
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Figure 9: Comparison of calculated steaming rate
with experimental data
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Figure 10: Comparison of integrated steaming rate
between ESE and MIXA06
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Figure 11: Comparison of penetration depth between MIXA06and ESE

4. Conclusions
A general 2D code ESE for the treatment of multiphase flow was developed and applied for
the simulation of the first, premixing stage of a steam explosion. To examine the accuracy of
the code ESE the premixing experiment "MIXA06" with corresponding geometry and initial
conditions was simulated. Inspite of some numerical instabilities, which appeared at the end
of the simulation and will have to be corrected in the future, the macroscopical results of the
simulation, like, the depth of melt penetration and the integrated steam flow rate, agree
reasonably well with the experimental data.
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ABSTRACT
In this paper, an attempt will be made to qualify UMAE-SETF uncertainty
methodology that uses a non-homogeneous set of experimental data for a selected
phenomenon from separate effects and integral facility tests, for obtaining the uncertainty in the
code prediction of a single phenomenon. The critical heat flux (CHF) phenomenon from the
validation matrices has been chosen as the example case.
The qualification process of the methodology is developed taking as reference plant the
LSTF facility. The comparison between the uncertainty calculated and the real error given by
the code calculation permit to judge the capabilities of the methodology in the prediction of a
behaviour of the code in the representation of the CHF phenomenon, and can give a useful
indication in the suitability of the methodology in the uncertainty calculation of the same
phenomenon during an accident scenario in a nuclear power plant.
The results obtained show that the error done by the code in the representation of CHF
phenomenon is included in the range of the uncertainty predicted by the methodology, that is
estimated in plus or minus 216 K.
1. INTRODUCTION
Evaluations of the accuracy of large thermalhydraulic codes and of the safety margins
of light water reactors are among the objectives of international research programs such as
those organised by the Committee on the Safety of Nuclear Installations (CSNI) and the
International Code Assessment and Application Program (ICAP, CAMP, at present).
However, quantification of code uncertainties is an extremely complex task, and it has
become evident that there will always be an element of subjective judgement involved. In
Europe (England, France, Germany, Italy) and in USA, different methodologies have been
developed or under development to obtain uncertainties by the thermalhydraulic codes.
In the next section, one of the previously mentioned methodologies, i.e. the UMAE
(Uncertainty Methodology based on Accuracy Extrapolation), which has been developed at the
DCMN of University of Pisa, will be briefly analysed.
In particular, the qualification process of the UMAE-SETFl2/, which is an extension ol
the UMAE and providing to the UMAE a characteristics not implemented in any othei
uncertainty methodology, will be discussed.
(*) UMAE-SETF: Uncertainty Methodology based on Accuracy
Extrapolation-Separate Effect Test Facilities
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OUTLINE OF THE UMAE

The use of calculated and measured data related to counterpart and similar tests,
ially with the help of the code, directly led to the achievement of quantities connected
ith the uncertainty. "Dispersion bands" and "extrapolated" plant behaviour were previously
•fined and evaluated'3'.
The UMAE procedure aims at calculating the uncertainty and, although making use of the
Fsarne above-mentioned data base, involves the rationalisation of the various steps including the
use of statistics in order to avoid or minimise the expert judgement at the various levels.
The extrapolation of accuracy is achieved with reference to the a number of select
paiarneters (representing the hole system) through the use of the statistics . In this way 'mean
, accuracy1 and '95th percentile accuracy' are derived that are applicable to the plant calculation.
The measurement errors, the unavoidable scaling distortions and the dimensions of the facility
are directly considered.
3. EXTENSIONS OF UMAE: DESCRIPTION OF UMAE-SETF
A recent effort to develop and improve the UMAE has been to include in the
methodology the capability to use the SETF"5' for obtaining accuracy in the prediction of a
single phenomena.
In this frame, the UMAE-SETF was developed and it consists of following main steps:
- the first step of the activity consists of evaluating an experimental data base'6', including
comparisons among the hardware data and initial conditions of the facilities and tests
involved. This essentially leads to the identification of the relevant events and parameters of
phenomenon considered;
- the subsequent steps consisted in applying the RELAP5/MOD3 code simulation of the
experiments.
- by adopting the methodology based on the extrapolation of the code accuracy (e.g. refs. /8/191), the purpose of the present study is to establish uncertainty ranges that characterise the
calculation of the considered CHF phenomenon in the plant. In order to achieve this, a special
method'10' was applied to identify and to group the different ways in which the CHF
phenomena can occur, in order to be able to apply a statistical method of extrapolation of
accuracy to a homogeneous set of experimental data. In the following section, this last part of
the UMAE-SETF will be summarised.
3.1 Generalities of the methodology developed
Two quantities will be used below: accuracy and uncertainty. Accuracy is related to the
comparison between calculated and experimental data, and is a measurement of the difference
between experimental and calculated data. Uncertainty is related to the prediction of incidental
scenarios in the nuclear power plant. It is an indication of the error in the evaluation of the
different parameters during the transient. Our methodology, aiming at the evaluation of
uncertainty, is based on the extrapolation of accuracy. The following steps summarise the main
aspects of the methodology/10'1
1) characterisation of the assigned phenomenon through significant parameters;
2) organisation of the experimental data in a phenomena plane, in order to find "homogeneous
points";
3) identification of bands of similitude (Fig. 1) to group the different tests results, taking into
account:
-the differences in the scale of the facilities;
-the differences in the initial conditions of the tests;
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-the differences in the boundary conditions ;
The result, atthis stage, is the identification of "phenomenological areas" (Fig. 2);
4)application of a statistical method (ref. /10/) on each phenomenological areas to calculate thU
uncertainty of the parameters chosen for describing the phenomenon considered;
|
The methodology adopted to extrapolate the data makes use of single quantities W Q ,
identify the phenomenon. These quantities were selected with reference to a physical analysjJ
of phenomenon itself and are described in Ref. /6/. The value of these quantities are suitable to fully characterise the selected phenomenon.
3 3 Accuracy extrapolation
The "average accuracy" was calculated^/ as the average difference from unity of the

(1)
where NPA is the number of points in each phenomenological area already defined. The
standard deviation of this parameter was calculated as:
(2)

Furthermore, assuming a Gaussian distribution for the difference of Y e /Y c from unity, the
"95th percentile accuracy" was calculated:
(A)95 = A+20

\J)

In some cases both Y e and Y c are affected by important intrinsic dispersions; so in
order to make the procedure objective, the reference value of the dispersion was used (see also
below). The next step was to identify the uncertainty bands directly applicable to the plant
calculations of physical values which represent the single valued parameters. It was necessary
to define a reference value of the parameter representative of the plant scenario to which
"average accuracy" and the "95th percentile accuracy" could be applied. In the case of
counterpart tests discussed in Ref. / l l / , the average of the experimental values of the
parameters was used, and from this value the "average uncertainty" and the "95th percentile
uncertainty" were calculated:
U=AY

(4)

This methodology of extrapolating accuracy can be refined by using weights which take
into account the intrinsic dispersion of the experimental and the calculated data for the same
quantity. An additional weight was introduced to take into account the large facilities that are
more suitable for simulating plant behaviour. The weights are derived from an analysis of the
main scaling distortions (see also ref. /10/) between the facilities and the plant.
Combining the weights derived as previously mentioned and normalising the final
weights so that their sum is NPA (number of points in the phenomenological area considered),
it is obtained the final weight for the phenomenological area i. Thus, the average accuracy is:
(6)
This theory can be further improved by assuming that the uncertainty about the
extrapolated value must increase when increasing the dimensions of the reference plant for the
extrapolation^.
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; Finally the uncertainty can be calculated as:

[X-K R +2a.y i , + 2a J ? J](l+£)
(8)
This expression of the "95th percentile uncertainty" takes into account the dispersions
ihe ratios YJI/YQ and the dispersions of the experimental values used to calculate the
plant value.
$.4 Main results of UMAE-SETF
The results obtained by the UMAE-SETF methodology are fully commented in Ref.
/12A These results were obtained taking as reference a commercial Westinghouse PWR 2-loop
plant. Summary of the results are provided in Tab. 1.
The data related to quantities representing the sequence of events have been reported
notwithstanding that the large difference in duration of tests prevents a meaningful result by the
extrapolation of accuracy; so they must be considered as examples of data showing the
capabilities of the methodology.
The attention should be focused towards the results of accuracy and uncertainty
relative to the prediction of PCT; still the "refined methodology" should be retained the
reference/proposed methodology from this work. Looking at the 95% uncertainty results, it
seems that phenomenological areas have an important effect on the predicted values. The
minimum value for this quantity being as low as 269 K, calculated in the reference
phenomenological areas; on the other hand this value is 353 K, which is obtained considering
all the data base, without any consideration about the similarity among the different
experimental data.
4. PROPOSAL FOR METHODOLOGY QUALIFICATION
As already mentioned in Ref./10/, one of the important features of the discussed
methodology is the possibility to be qualified through the use of a large scale facility as
reference plant. This is possible because there is no limitations in the dimensions of the facilities
considered for having the experimental data base, thus it is possible to use the smallest, and the
largest facilities for the qualification process and the assessment of the methodology itself.
The qualification process consists of the followed steps:
a) choice of a larger facility than those considered in the experimental data base,
suitable to be considered as a "reference plant". The suitability is related to the design of the
core of the facility/13/t that can be able to represent each relevant parts of the nuclear power
plant core, which is considered as reference.
b) choice of an experiment in which the phenomenon considered for the accuracy
extrapolation is expected and occurred;
c) calculation of the scenario considered with the same code used for getting the data
base of the methodology;
d) extrapolation of accuracy calculation following the way indicated in Ref./12/; now
the results obtained from the selected facility will be referred as reference plant;
e) calculation of the position (in the phenomena plane) of the phenomenon detected in
we experimental scenario;
f) comparison between the uncertainty calculated for the phenomenological areas in
Which the point indicating the experimental phenomenon falls, and the error given by the code,
Which is obtained comparing calculated and experimental data.
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5. RESULTS OF QUALIFICATION
5.1 Reference facility
The LSTF facility is a scale model of a Westinghouse type PWR (3423 MWt, 4 \
with a volume scaling ratio equal to 1/48 / u / . In this facility the major components of
primary system of the reference reactor are simulated, e.g. pressure vessel, steam generati
pumps, pressurizer and reactor protection systems that affect system behaviour during
break LOCAs and operational transients.
The elevations of the main components or zones in the loop are preserved assuming •
1/1 scaling factor, and core power is only 14% of the volume scaled value but sufficient to
reproduce the nuclear heat decay transient.
5.2 Reference experiment
The test is essentially a small break LOCA originated by a rupture in the cold leg 11
between the pump and the vessel/12/. The break is "side oriented" in the pipe and has an area
roughly equivalent to 5% of the area of the main pipe in the prototype plant.
5.3 Results of calculation
The code resources utilised for the LSTF (volumes and hat structures) can be found in
Ref. /121. The calculated temperatures were compared with both the trend of the high power
bundle and the average power bundle. The predicted rod temperature trends follow
qualitatively the measured values in the case of average power bundle, even though there was
an underestimation of 200 s for the second dry out occurrence.
5.4 Results of accuracy extrapolation
Using the LSTF as a reference plant, it has been developed the methodology to
calculate the uncertainty in the code representation of the CHF phenomenon occurred in the
SB-CL-18 test.
In Tab. 2, the results for the 95% uncertainty using the overall of experimental points
and the phenomenological areas to which the points relative to the LSTF dry-out falls in, are
compared. In Tab. 3, the error given by the code calculations done with the uncertainty ranges
calculated by the UMAE-SETF are compared; so that it is easy to compare the predicted value
of uncertainty which is calculated by the methodology and the real error that is the value to
predict through the methodology developed.
Both for the first and the second dry-out, the error of the code is included in the range
predicted by the methodology, even though the range predicted is quite large: in fact the range
of uncertainty predicted is roughly 30% of the value of the PCT itself.
6. CONCLUSIONS
This paper discusses the results of an effort aiming at qualifying the methodology for
uncertainty of code predictions regarding a single phenomena by using a set of experiments
from different facilities including separate effect (SETF) and integral test facilities (ITF).
With reference to the methodology developed, the main conclusions already reported in
Ref. 121 and /10/ can be to summarised as follows:
a) it was investigated the possibility to analyse a single phenomenon using a set of experimental
data from SETF and ITF, and it was shown that is reliable only using a method for grouping
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ie data* to get a homogeneous group with which extrapolating the accuracy of code
jjalculation;
^'notwithstanding the complex phenomena such as the CHF, it was shown that it is possible to
reach good results on grouping the experimental data with simple physical assumptions, and
rWith the introduction of factors of uncertainty related to the different behaviour from the
K different facilities considered in the experimental data base;
re) the results obtained in calculating the accuracy and uncertainty values for the events that
;. describe the CHF showed that there is a clear improvement in the prediction of the
aforementioned quantities, when the method adopted to organise the data is used,
d) The use of SETF and ITF data led to the possibility to qualify the methodology using a
larger facility as a "reference plant". In fact, the large amount of data available from SETF
and small ITF can be used to improve the data base, and the large scale facilities can be used
for the qualification process, to validate the values of uncertainty obtained using a N.P.P as
reference.
The activity of qualification leads to the following conclusions:
a) the use of the LSTF facility as reference plant leads to have more narrow ranges of
uncertainty in the values that identify the CHF phenomenon; this improvement is given by
the rezoning of phenomenological area, given by the change of the dimension of grouping
bands, that lead to have a more accurate values of 95% accuracy and, as consequence, a
better values of uncertainty;
b) as in the calculation of a uncertainty bands referenced to the NPP, the results of accuracy
and uncertainty obtained by the use of phenomenological areas show an improvement with
respect to the calculation of the whole data base. The improvement is anyway lower than in
the case with a NPP as reference, and this is related to the dimensions of LSTF, that is
nearest to the facility used in the data base, and the dispersion of experimental data is lower,
compared to the reference plant;
c) the position of the experimental data of the LSTF shows that both points are included in the
main phenomenological area: this is an indication of the suitability of the definition of these
areas, and leads to a reasonable value of uncertainty, considering that there is the highest
number of experimental data in this area.
d) lastly, the comparison between the error given by the code and the uncertainty calculated by
the methodology shows that it includes the code error and the overestimation of the
uncertainty prediction can be modified with further optimisation of a statistical method used
here, even if the range of uncertainty is quite large.
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Averaae slope HU (K/s)

44%
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7
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5
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Tab. 1: Accuracy extrapolation results using a PWR as refence plant
WHOLE

DATA BASE

PHENOM.

AREAE

PARAMETERS

A
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U

U(95%)

A

A(95%)

U

U(95%)

Time of CHF (s)

32%
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16%

43%

72
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Time of SC (s)

21%

66%

103
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16%

44%

81
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Time of PCT (s)

10%

25%

63
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28%
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388

Rodtemp.atCHF(K)

2%
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4%

Rod temp.at PCT (K)

7%

13

43

3%

8%
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11%
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4%

11%
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78

10%

29%
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22%
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27%
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7
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21%
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1

4

23%
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1

5
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Tab. 2: Accuracy extrapolation results with the LSTF as reference plant
PARAMETERS

CODE CALC. 2° DRY-OUT

UNCERTAINTY RANGE

EXPERIMENTAL VALUE

Time of CHF (s)

269

0-677

438

Time of SC (s)

273

0-727

445

Time of PCT (s)

405

17-776

494

Rod temp.at CHF (K)

558

506-610

535

Rod temp.at SC (K)

567

489-645

550

Rod temp.at PCT (K)

712

496-928

608

Tab. 3: Comparison between experimental data and predicted data with UMAE-SETF
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values)
Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

MWNeANO

Q

SECONOAnrBAND

Fig. 2: Final definition of
phenomenological areas
269

Nuclear Society of Slovenia
3rd Regional Meeting: Nuclear Energy in Central Europe

SI0000036

Portoroz, SLOVENIA, 16 -19 September 1996

BETHSY Test 4.1a TC RELAP5 Simulation
I.Ravnikar, O.Gortnar
"Jozef Stefan" Institute
Ljubljana, Slovenia

Abstract
The results of the RELAP5/MOD3.1 simulation of the test 4.1a TC performed on
BETHSY facility are presented in this paper. This test has been performed to study the twophase phenomena following the withdrawal of primary coolant from the test facility. Our
simulation aimed to extend our experiences in calculations of long transients with two-phasenatural-circulation flows. In addition, the cause for some deviations of base calculation was
found analysing the prediction of pressurizer liquid inventory and the pressurizer isolation
valve opening scenario.
BETHSY facility and its RELAP5/MOD3.1 model
BETHSY facility is located at Centre D'Etudes Nucleaires de Grenoble (France). It is a
1/100 scaled down model of 2775 MWt Framatome PWR power plant with full plant
elevations and pressures preserved [1]. The facility is designed to simulate the most of PWR
accidents and to study the accident management procedures.
The RELAP5 input model of BETHSY facility (Figure 1) was developed and initialized
according to the test specific data. Each of the three coolant loops was modelled explicitly
without taking into account the small asymmetry between the loops. An especially dense
nodalization scheme was used to describe the core section, the reactor vessel downcomer, and
the reactor coolant system (RCS) piping. Thus, our RELAP5 model of BETHSY facility
contains 332 volumes, 343 junctions and 330 heat structures. 125 control variables and 13
trips are used to realise the test scenario and to observe the selected transient parameters. The
base BETHSY input deck was initialized to the natural circulation condition, what was the
declared initial steady-state of the facility before the test 4.1a TC (Table 1).
Test 4.1a TC (Part 1)
The test 4.1a TC [2] has been performed to study the heat and mass transfer during
different modes of RCS natural circulation. During the test the sequence of withdrawal of a
predetermined quantity of primary coolant was repeated 14 times. Corresponding to these 14
draining phases the test covers 15 stages from 100% to 38% of RCS mass inventory. It
should be noted, that the term "stage" characterizes the period between two "draining
phases". Corresponding to this terminology, the sequence of events in "Part 1" of the test
4.1a TC is: stage 1.1, draining phase No.l, stage 1.2, draining phase No.2, stage 1.3 etc.,
up to the draining phase No. 14 and the final stage 1.15.
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After "Part 1" of the test the steam generator levels were reduced to 1 m and the RCS waS
refilled. Therefore, at a reduced steam generator level, "Part 2" consisted of the u W l
draining stages from 100% to 43% of RCS mass inventory (stages 2.1 to 2.3).
Table 1: Initial condition of BETHSY facility for test 4.1a TC (Part 1)
measured

BETHSY model
(RELAP5/MOD3.1
initialization)

RCS pressure

155.0 bar

153.8 bar

core power

1430 kW

1430 kW

core DT

26.7 K

28.5 K

RCS mass (without pressurizer)

1824 kg

1840 kg

VAPR1 valve

open

open

reactor coolant pump speed

0 rpm

0 rpm

downcomer mass flow rate

9.48 kg/s

9.33 kg/s

core inlet temperature TCO|d

556.8 ± 1 K

556.8 K

core outlet temperature T ^

583.5 ± 1 K

585.3 K

67.6 ± 0 . 7 bar

66.7 bar !

steam generator level

13.5 + 1.0 m

13.5 m1"! '

feedwater temperature

524.0 ± 2.0 K

524.0 K

on

no heat losses considering
the trace heating system on

secondary pressure

trace heating

! averaged for all the three steam generators

RELAP5/MOD3.1 simulation of the test 4.1a TC
The simulation of the test 4.1a TC on BETHSY facility by RELAP5 computer code has
not yet been performed. There are two calculations of "Part 1" of this test presented in this
paper [3]: the base calculation and the calculation with corrected opening scenario of
pressurizer isolation valve - i.e. the surge line valve VAPR1. The first calculation is labelled
with "base", the second with "VAPR1". Figures 2 to 6 show some basic parameters
representing the phenomena in reactor coolant system.

Base calculation
The "base" calculation showed a general agreement of major transient trends, but the
accuracy of this simulation was not satisfactory. Some deficiencies were first observed
concerning the prediction of the very fast RCS depressurization following the first draining
phase (Figure 3). During this early transient period the core outlet saturation condition was
also reached at the temperature lower than measured (Figure 4).
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Wst The cause for this "base" calculation discrepancy was found analysing the prediction of
llressurizer liquid inventory. It was evident from the mass balance table given in test report
I f4] that the pressurizer inventory (variable MP) was stabilized after four RCS draining stages
knot before the stage 1.5. On the other hand, in our base RELAP5 simulation the pressurizer
isolation occurred immediately after the steady-state stage 1.1, since it was stated in test
report that the VAPR1 valve was closed during all the stages with the exception of the first
stage 1.1Because of this deviation in prediction of pressurizer inventory the closure of VAPR1 valve
immediately after the stage 1.1 seemed to be questionable. In our further contacts with the
test personnel [5] it was made clear that VAPR1 valve was actually closed during all the
stages (except 1.1), but open during the draining phases. That was the reason for pressure
discrepancies shown on Figure 3 ("base" curve).

Modification of the VAPR1 opening scenario
The correction of the VAPR1 opening logic resulted in an essentially improved simulation
of the test 4.1a TC (Figures 2 to 6, curves labelled with "VAPR1"). Most evident is the
improvement of the RCS pressure transient (Figure 3) which also influenced the calculations
of RCS flows and the distribution of liquid primary coolant.
Figure 2 depicting the RCS mass inventory is included in this paper to demonstrate the
basic phenomenon of the test 4.1a TC: the withdrawal of primary coolant. It is evident from
this figure that the simulated withdrawal scenario was correct. The time dependent junction
for withdrawal of reactor coolant in RELAP5 simulation was, corresponding to the connection
of draining system at BETHSY facility, connected to the lower reactor plenum. The small
deviation of simulated initial mass inventory (1840 kg instead of measured 1824 kg) was
estimated to be not of major importance; it will be analyzed in further initializations of
RELAP5 input deck to the initial condition of test 4.1a TC.
As mentioned, the essential improvement of corrected simulation can be seen on Figure
3 observing the RCS pressure curve labelled with "VAPR1", especially in the interval
between the 10000th and 20000th second of the transient. This deviation of RCS pressure in
base simulation was strongly connected with the inappropriate pressurizer isolation scenario.
Since in base simulation the pressurizer isolation valve was closed during all the draining
phases, RCS pressure decreased to fast. This deviation disappeared after the correction of
VAPR1 opening scenario. In second transient phase (after 20000 seconds) RCS pressure is
finally stabilised because of reaching the final saturation condition which is determined by
secondary side pressure and steam generator heat transfer.
A good agreement in prediction of core outlet temperature (Figure 4, "VAPRl" curve)
indicates that the simulation of two-phase RCS natural circulation flows and the distribution
of liquid primary coolant is suitable. In the second transient phase, the saturation condition
is reached at temperature, which is somewhat lower than measured, what also corresponds
to lower pressure shown on Figure 3. This difference might be caused by a small
disagreement of secondary side parameters which was not yet analyzed.
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The core heated length differential pressure (Figure 5) denotes the liquid level in this part
of reactor vessel. The "VAPR1" simulation of the reactor liquid inventory is obviously very
suitable. As a matter of fact, our final RELAP5/MOD3.1 simulation was interrupted due to
the code failure in the last transient period. This code failure might be connected with the
pressure or liquid column oscillation, which is evident from Figure 5, and which was
followed by an error in calculation of water properties. This problem has to be resolved in
the future.
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Figure 2: Test 4.1a TC (Part 1), Primary mass inventory
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Figure 3: Test 4.1a TC (Part 1), Upper plenum pressure
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TF0304: Core outlet temperature (K)
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Figure 4: Test 4.1a TC (Part 1), Core outlet temperature
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Figure 5: Test 4.1a TC (Part 1), Core differential pressure
DP426: SGI U-tube upflow s*ide diff. pressure
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Figure 6: Test 4.1a TC (Part 1), U-tube upflow side diff. pressure
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The emptying of steam generator U-tubes, which can be detected as the decrease of lia»
level in this RCS section, is faster than the decrease of liquid level in the reactor v
(Figure 6 compared to Figure 5). Although the draining system is connected to the
reactor plenum, the liquid primary coolant first leaves the upper RCS sections - liquid is
replaced by steam bubble in steam generator U-tubes and is longer retained in reactor
downcomer. The influence of the loop seal clearance phenomenon on the RCS
distribution has not yet been studied for presented simulation of the test 4.1a TC.
Conclusion
In addition to the quality of mathematical models, the accuracy of each RELAP5 simulation
also depends on the quality of input deck and its initialization to the required initial condition.
It is very important, that the transient scenario, which is modelled in restart input deck,
corresponds to the actual operator actions. Normally, an initialization error can be detected
already analysing the contradictories of the achieved initial model parameters. On the other
hand, the detection of the deficiency in the modelled transient scenario usually requires an
extensive analysis of several possible influences, in which the consequences of incorrect
scenario have to be isolated from the deviations caused by limitations of input deck and code
used.
In our simulation of the test 4. la TC, an error in the realized transient scenario was found,
which has been caused by lack of data in test report. This error was corrected contacting the
test personnel at BETHSY facility. Since a small discrepancy still exists in the prediction of
the very first transient stage, we will further contact the test personnel to examine if there is
any additional unknown operator action to be taken into account. We will also perform a
special sensitivity study to determine the correlation between the initial model parameters and
the accuracy of the simulation - we are especially interested in potential influences of initial
RCS mass inventory and initial natural circulation flow rates. Our further calculations will
be realized by the RELAP5/MOD3.2 code.
The participation in BETHSY program provides us additional knowledge which is needed
to improve the understanding of RCS phenomena during loss of coolant accidents. Further
comparison of available experimental data with simulation results will also lead to the
modifications and improvements of developed input models of experimental facilities and real
nuclear power plants.

References
1. BETHSY, General Description, Note SETh/LES/90-97, April 1990.
2. P. Bazin: BETHSY Test 4.1.a TC, Two-Phase Natural Circulation, Test Analysis
Report, Note SETh/LES/90-103, May 1990.
3. S. Petelin, B. Mavko, 0 . Gortnar: RELAP5 Simulation of Various BETHSY
Experiments, Report IJS-DP-7207, Rev.O, April 1995.
4. P. Bazin: Two-Phase Natural Circulation Test Analysis Report, Centre D'Etudes
Nucleaires de Grenoble, Note SETh/LES/90-103, May 1990.
5. Correspondence with Dr. R. Deruaz, C.E.A., Laboratoire d'Etudes Thermohydrauliques
des Systemes, Grenoble, January 1996.
276

Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

Nuclear Society of Slovenia

3rd Regional Meeting: Nuclear Energy in Central Europe

SI0000037

Portoroz, SLOVENIA, 16 - 19 September 1996

- POST TEST ANALYSIS OF COUNTERPART TESTS IN LOBI, SPES,
BETHSY, LSTF FACILITIES PERFORMED WITH THE CATHARE2 CODE
S. Belsito, F. D'Auria, M. Ingegneri (*)
Universita' di Pisa - Facolta' di Ingegneria - DCMN
Via Diotisalvi, 2 -1-56123 Pisa
(*) on leave at Cadarache
E. Chojnacki, R. Gonzalez
Institut de Protection et de Surete" Nucle'aire - C.E. Cadarache
13108 - St. Paul Lez Durance Cedex - France
Work performed in the frame of an ENEA sponsorship.
ABSTRACT
The present paper deals with the evaluation of results from the application of the thermalhydraulic
system code CATHARE2V1.3U to the post test analysis of six so-called counterpart tests performed in four
PWR facilities. These are LOBI/Mod2, SPES, BETHSY and LSTF facilities operated respectively at the
European Research Centre of Ispra (Italy), at Piacenza (Italy, at Grenoble (France) and at Tokaj Mura
(Japan).
The activity is a part of a wide research having as main objective the evaluation of scaling capabilities
of the CATHARE2 code.

INTRODUCTION
!
The evaluation of the accuracy of large thermalhydraulic codes and of the safety margins of light water reactors are
' imong the objectives of international research programs such as those organised by the Committee on the Safety of Nuclear
Installations (CSNI) and the International Code Assessment and Application Program (ICAP).
The solution of these problems would ensure the effectiveness of engineered safety features and, eventually, lead to cost
reductions through belter design. These activities could also contribute to the determination of a uniform basis on which to
H/J2/

assess the consequences of reactor system failures in nuclear power plants
The execution of experiments in integral test facilities which simulate the behaviour of a nuclear plant plays a crucial
role in this connection, both considering the system code assessment and the possibility to identify and characterise
phenomena which are relevant during off-normal conditions. A special kind of experiments are the so-called counterpart
tests. These are similar experiments performed in differently scaled facilities. It is well clear that transient scenarios measured
in the experimental rigs cannot be directly extrapolated to plant conditions. Nevertheless one of the objective of counterpart
tests is to evaluate the influence of the geometric dimensions of the loops upon the evolution of a given accident.
ni-m
Counterpart tests have been performed in four PWR simulators: LOBI, SPES, BETHSY and LSTF
respectively
available at the European Community Joint Research Center of Ispra (I), at SIET in Piacenza (I), at CENG in Grenoble (F)
and at JAERI in Tokai-Mura (J). The selected experiment is a small break LOCA originated by a rupture in the cold leg
without actuation of high pressure injection system and with accumulators available. In particular four "low" power
experiments in LOBI, SPES, BETHSY and LSTF, and two "high" power experiments in LOBI and SPES have been
performed and are considered here.
The activity documented in this report is a part of a research aiming at the overall evaluation and exploitation of the
counterpart tests data base. On the one hand the CATHARE2 system code has been applied to the post test analysis of the six
experiments and to the evaluation of plant scenario during the same transient, on the other hand the experimental data base
has to be evaluated to demonstrate the similarity in the behaviour of the facilities. The two parts of the research were merged
to draw conclusions in relation to the scaling of phenomena and of the accuracy of thermalhydraulic code calculations'" 713 '.
In the present paper the results obtained from the execution of six post test analyses performed with CATHARE2 code,
are considered. The objective is to evaluate in a systematic way the code capability in predicting the phenomena of interest in
the various facilities before applying the code itself to the evaluation of the reference plant behaviour in the case of the same
accident scenario.
EXPERIMENT DESCRIPTION
Facilities.. All the considered lest facilities reproduce the primary circuit of a Western type PWR plant. A detailed
evaluation of hardware data related to LOBI, SPES, BETHSY and LSTF can be found in /14/, where the main differences
were also discussed in depth. A schematic drawing giving an idea of the primary and secondary loop configuration of the
four rigs can be seen in fig. 1. Relevant general data related to the facilities are given in Tab. 1.
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unit
reference
reactor
power of the
reference
reactor
reported K^
1TF number of
loops
ITF nominal
power
1TF volume
(with PRZ)
primary side
fluid
total mass(*X+)
pressurizer
nominal
pressure
(+)
inlet core mass
flowrate (+)
outlet core
temperature {+)
steam generator
secondary side
volume
primary side
operating
pressure (+)
secondary side
operating
pressure (+)
break area/ITF

volume

LOBI
BL-34
KWUPWR
4 loops
MWth 3900

LOBI
BL-44

SPES
SPES
SB-03 SB-04
W-PWR
3 loops

BETHSY

LSTF
CL-21
FRA-PWR W-PWR
3 loops
4 loops

6.2TC

2775

2775

3423

1/712

1/427

1/100

1/48

2

3

3

2

6.49

2.86

10.0

0.624

2.88

7.952

1984

5700

15.5

15.55

m3

0.648

kg

436

MPa

15.7

Kg/s

3.6

K

589

589

588

589

m3

il 0.731
bl 0.165

1.163

1.952

4.842
4.742

MPa

15.47

15.46

15.06

15.16

15.38

15.4

MPa

il 6.94
bl 6.91

il 5.12
bl5.ll

6.15

6.56E-5

6.80
6.84
6.84
6.53 E-5

7.0

m"1

6.94
6.87
6.88
6.52E-5

6.52E-5

SB-03

SB-04

6.2-TC

CL-21

447

423

420

15.5

28.

4.25
*

30.5
*

16.6

•*

48.4

BL-34

BL-44

*
value obtained from experimental plot.
*•
calculated value.
(*)
excluding pressurizer.
(+)
all reported values refer to the experiments mentioned in (he
bottom line

Tab. 1 - Main peculiarities of LOBI, SPES, BETHSY and
LSTF facilities", general data.
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Fig. 1 - Comparison among the main elevations in LOBI
SPES, BETHSY and LSTF facilities.
unit

(+)

test denom.

n
BAF . OLJn

MWth 5.28

I

2Oin

break
scram
pump trip
feed water
closure
steam line
closure
accumulator
intervention
LPIS
intervention
end of the
transient

LOBI
BL-34
0
0.5
1.1
il 2.7
W2.4

LOBI
BL-44
0
1.4
12.7
13
13
-

SPES
SB-03
0
6.5
0
15.5

SPES
SB-04
0
7.5
7.5
15.5

BETIISV LSTf
6.2T<
0
0
8
6 ^
8
0
8
13

6.5

8.5

8

II

420

428

355.5

334.5

345

346

2100

2066

1522.
5
2034

1468.
5
1637

not
actuated
2179

action

-

>

•

2400

2350

i

1
\

not
2113

* LPIS switched on following high heater rod temperature signal
(T=769 K).

Tab. 2 - Counterpart experiments BL-34, BL-44, SP-SB-03,
SP-SB-04, 6.2 TC and SB-CL-21: imposed sequence of
trips.

The performed analysis led to the identification of the following main discrepancies in hardware :
•
the active core height and heater rod diameters are slightly larger in LOBI than in the other facilities;
•
the ratios of the core active heat transfer area to the fluid volume in the core and of the core active heat transfer area
to the overall fluid volume is quite different in the four facilities, the largest values being reached in BETHSY;
•
the distribution of the fluid volume inside the vessel is quite different and the same can be said about the fluid
volume distribution as a function of height in the four rigs;
•
the downcomer of the pressure vessel is annular in LOBI and LSTF, while it is external in BETHSY and SPES; a
difference in the shape of these last two facilities RPV downcomer is to be remarked;
•
the ratios of 1/d and of 1/d2 of hot legs are larger in the smaller facilities;
•
the volume of hot leg, compared to the volume of the rig, that is larger in LOBI (Intact Loop) than in the other
facilities;
•
the surge line length (and the related 1/d ratio) is very different in the four cases;
•
the ratio of U-tubes heat transfer area to core heat transfer area ranges from 2.9 in BETHSY to 4. in LSTF;
•
the internal diameter of U-tubes is smaller in SPES than in the other facilities ;
•
the percentage of the fluid volume in the U-tubes with respect to the overall volume is larger in BETHSY than in
the other facilities;
•
the bypass flow paths are different in the four cases, some of them being absent in some facilities;
•
the position of hot and cold legs are not always at the same height with respect to BAF (sec fig. 1), as it is in a full
scale reactor: this happens only for LOBI and LSTF;
•
Ihe difference in elevation between BAF and loop seal («loop seal depth ») is greater in LOBI than in the other
facilities;
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l^the elevations of pressurizer bottom with respect to the hot leg axis and the pressurizer heights are very different in
r the four cases.
i. The Counterpart test is essentially a small break LOCA originated by a rupture in the cold leg between the
rin<f the reactor vessel. The break is "side oriented" in the pipe and has an area equivalent, roughly, to 6% of the area of
tain pip6- " ^ e s e c I u e n c e °f interventions of the various safety systems is typical of the kind of transient in a plant; the
fevents are reported in Tab. 3 : after the break occurrence scram and pumps trip are provided together with a signal for
rflng steam generators (Feedwater and steam line closure). Accumulators intervention is foreseen when the primary
ure fa" s below 4.2 MPa (4 MPa for LOBI). After accumulator emptying the flowrate from the break causes mass
tio in the primary system, leading unavoidably to core dry out. Low pressure injection system actuation is foreseen (in
Tand SPES) after the occurrence of core dry out and is effective in rewetting the rods.
*
K should be noted that owing to limitations in the maximum power available in BETHSY and LSTF, the initial
eniKliu'ons of the four counterpart tests have been established at a core power around 10% of the reference reactor nominal
•ower In SPES and LOBI facilities the counterpart experiments have been repeated utilising the full power in order to
•yiluate whether the transient evolution was affected by the initial conditions. The data related to six experiments are
leDorted in Tab. 2. These data demonstrate that in the six experiments the choice was made to preserve the initial value of the
fluid temperature jump across the core (mass flowrate reduced of the same amount as power) and to have the same hot leg
temperature. In order to achieve this, it was necessary to modify the initial temperature and pressure of steam generators with
Itspcct to the nominal conditions.
Scram and isolation of steam generators occur early in the transient. No high pressure injection system is provided while
(he accumulators are actuated in cold legs when the primary pressure drops roughly below 4. MPa. The transient terminates
with low pressure injection system intervention following a dryout in the core rods in LOBI and SPES, while electrical power
ihutdown terminates the transient in BETHSY and LSTF as consequence of the same event.
The accident can be subdivided into four main periods from a phenomenological point of view.
a) subcooled blowdown and first core dry out-rewet (time from 0 to 180 s in the case of LOBI);
b) saturated blowdown and primary to secondary side pressure decoupling (from 180 s up to accumulators emptying);
c) mass depletion in primary loop (from accumulators emptying to the final core dry out);
d) intervention of low pressure injection system that quenches the core
Relevant thermalhydraulic phenomena of potential interest during the experiments are mass distribution in the primary
system, heat transfer with secondary side with degraded primary conditions including reversal of heat flux, loop seal
behaviour, core heat-up and rewet, accumulator performance and stratification in horizontal pipes.
A comparison of the measured sequences of the main events of the tests BL-34, BL-44 (LOBI), SB-03, SB-04 (SPES),
6.2TC (BETHSY) and CL-21 (LSTF) is given in Tab. 3. A detailed evaluation of the reasons of the (slightly) different
behaviour of the facilities can be found in /I At.
With regard to the core rod surface temperatures it is to notice that :
1. the first dryout occurs at around 150. s in all the facilities and is a consequence of a core liquid level depression caused
by a manometric type fluid distribution in the loop, with loop seal preventing (or limiting) circulation in the loop itself;
the temperature excursion is terminated by loop seal clearing within few tens of seconds in all the facilities ;
2. the second dryout occurs around 350. s in LOBI and (less evidently) in BETHSY as a consequence of mass depletion in
primary loop and the accumulator injection is effective in quenching the core ; several reasons have been hypothesised as
the cause for different behaviour of facilities /14/ : for example the differences in accumulator intervention set point and
in the core linear power ;
3. the third dryout occurs at around 1500. s in all cases as a consequence, again, of mass depletion in primary side.
COMPUTER CODE NODALIZATIONS
The CATHARE2V1.3U version of the code has been adopted : no code modifications have been adopted during the
present work. CATHARE2 is a transient analysis code for complex thermalhydraulic systems" 5//l<v . Its applications are
limited to transients during which no severe damage occurs to fuel rods. It is based on a one dimensional two fluid, six
equations model with a unique set of constitutive laws.
A detailed nodalization reproducing each geometrical zone of the loops was developed : in principle it is suitable for
different types of transients. The general methodology that has been followed is described in ref. /III.
The four facilities have been schematised in order to obtain, in principle, the same nodalization scheme, to reduce the
« user effect» in choosing the modelling of each clement: it was already remarked that the behaviour of an element depends
on the models that are chosen to represent it (i.e. volume, axial or tee).
The following criteria have been fixed to obtain similar nodalizations of the four facilities:
1- the length of a mesh in an axial element is between 0.15 and 0.7 m; larger meshes are used for pressurizer surge line and
steam generator downcomer while much shorter meshes (down to 1.0 mm) are chosen for the break simulator pipe;
2. the maximum height of a volume element is generally limited to 1.4 m, even if it can be greater (e.g. pressurizer
volumes);
3. a mesh length cannot be greater than twice or smaller than half neighbouring mesh length;
4. the same type and number of elements and junctions was originally used for the four nodalizations, by introducing
« dummy elements » (with very little cross section and high head loss coefficient) when a component not physically
present in the facility had to be modelled for sake of uniformity;
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unit
break opening
scram power
curve enabled
start of main
coolant pump
coast down
and duration
main steam
valve closure
feed water
valve closure
u. p. in
sat.condition
pressurizer
emptied
bieak two
phase flow
first dry out
loop seal
clearing
occurrence of
min. primary
side mass
prim.-sec.
press, reversal
second dryout
rewetting due
to accum.
accumulator
injection start
accumulators
injection stop

final dry out
LPIS start
final rewet
end of test

s

LODI

nn4
0

s(MPa) 0.5(13)
s(s)

ill.l(S)
bl 1.1(5)
-

s(MPa)

LOBI
BU44
0
1.4(15)

SPES
SPES
SB-03
SB-04
0
0
6.5(13.5*) 7.5(12.2*)

BETHSY
6.2TC
0
8(13)

il 12.7
(205)
bl 12.7
(205)
-

0 (5)

8

(7)
7.5 (9)
(10)

6.5 (13.5) 8.5

LSTF
CU2I
0
6(13)

(2.5) 0

8 (13)

11 (12.2)

15.5

8 (13)

13 (11.9)

16

22

29

s

il 2.7 (11.2) il 13(12.4) 14.5(12*)
b!2.4
bl 13
7
10
15

s

23

25

12

17

18

16

s

120

117

112

132

141

132-210

s

135
189
il 180(7.1) il 197(6.55)
bl 160 (7.2) bl 420(91.5) 427(101)
2100(88.5) 2071(93)

112
110 (7.6*)
loop 1-3 no
355.5 (110)
1522(95)

131
131.5
loop 1-3 no
389(106)
1468 (69)

134
94
140
110 (7.7)
(7.4)
350(424) 350(1073)

s

164

207

115-138

138

176

s
s

362
550

372
547

.

342

-

5
(MPa)
s
(MPa)

420 (3.96) 428(3.91) 355.5
334.5
(4.18)
964
953(1.2)
3)903
accl
(0.85)
(15*)
978.5
• ••
1)1058
accl
(1.4*)
837.5
1705
1322.5
1711
1234
2100(0.7) 2066 (0.77) 1522.(1 •) 1468.5

s
(MPa)

s
(MPa)
sflcg)

s
s
(MPa)

s

•*

2150

2137

1569.5

1515

s(MPa) 2400 (0.52) 2350 (0.55) 2034 (0.8*) 1637

••

165
.

345 (4.2) 346 (4.2)
2)976
(1.25)
3)948
(1.27)
1730
not
actuated
2179(0.7)

688(1.4)

1572
not
actuated
2113(0.7)

Tab. 4 - PWR Small Break LOCA analysis: list of main events.
4. the largest number of elements is «similar» in the
facility schemes; that means that in the pressure vessel
the length and the elevation change of similar elements
is the same, while in the loops the axial elements in the
four schemes have the maximum number of meshes with
the same height and the majority of the volumes have the
same height;
5. each junction connects the same elements in each input
deck.
CALCULATION RESULTS
Three aspects of the activity can be emphasised dealing
with the evaluation of the initial steady state (comparison
between measured and calculated values of parameters at t =
0.), the comparison between corresponding measured and
calculated trends and the qualitative and quantitative
judgement of code calculation performance.
As regards steady state results, a detailed analysis has
been done in 191.
A sample of results for the comparison between
measured and calculated trends can be found in figs. 2a to
2f, 3a to 3f and 4a to 4f related to primary system pressure,
break flowrate and to the rod surface temperature at the top
of the core, respectively. The complete analysis of the
calculation results is done in refs. /10/ to /13/.
In relation to the qualitative accuracy, a procedure has
been established that is very similar to the one suggested by
CSN1 (e.g. ref. /18/) or by US INEL (e.g. ref. /191).
The following steps are included:
1. use of the phenomena specified in the CSNI validation
matrix that are valid for any kind of transient;
2. subdivision
of
the considered
transient
into
"phenomenological windows" (i.e. time spans in which a
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unique relevant physical process mostly occurs
limited set of parameters controls the
phenomena consequent to the physical
characterise each phenomenological window;
3. for each Ph.W.:
3.a) identification of the RTA; these are the cvent,!
phenomena consequent to the physical process and
characteristic of each transient;
3.b) selection of the parameters characterising
g
RTA;
4. qualitative analysis of results obtained by evaluating
ranking the comparison between measured
calculated values ;
5. quantitative analysis of results by comp
experimental and calculated trends with a special todl
J
(FFT based method).
The qualitative analysis is based on four subjectiwf
judgement marks, that are applied both to the matrix
phenomena and to the list of relevant thermalhydraulie'
aspects: it essentially derives from a visual observation i
the experimental and the predicted trends:
a) the code predicts qualitatively and quantitatively the i
parameter (Excellent - the calculation
falls
within
experimental data uncertainty band);
b)the code predicts qualitatively, but not quantitatively the
parameter (Reasonable - the calculation shows only
correct behaviour and trends);
|
c) the code does not predict the parameter, but the reason is i
understood and predictable (Minimal - the calculation '
does not lie within experimental data uncertainty band and :
sometimes does not have correct trends);
d)the code does not predict the parameter and the reason is
not understood (Unqualified - calculations does not show
correct trend and behaviour, reasons are unknown and
unpredictable).
The "relevant thermalhydraulic aspects" have been
previously identified and the selection of parameters have
been done also in /14/. Thus, Tabs. 4 and 5 report the results
of the qualitative accuracy evaluation of the final post-test
calculation of each experiment. Tab. 4 also includes a
judgement related to the suitability of the facilities and of the
experiments.
After accepting the calculation from a qualitative point of
view, a quantitative accuracy evaluation has been performed.
Each code run gives a set of curves related to selected
parameters that must be compared to the experimental ones.
A tool was developed and qualified in the frame of a cooperation between University of Pisa and IPSN' 2 * to
compare calculated and experimental results. It is based on
the Fast Fourier Transform (FFT based method). It allows
the comparison between two curves in the frequency
domain, therefore even transients with different time
durations can be compared. This tool gives an accuracy
coefficient (AAj) and a weighted frequency (WF() for each
variable « i » coming out from a calculation. Roughly, AA, =
0. means that the error in the calculation of the considered
variable is zero, while AAj = I. means that the error is 100.
%. The WFj factor is a weighted frequency: a small value
for WFj means that the discrepancy between measured and
calculated trends is more important at low frequencies, while
when WFj is large the discrepancy comes from various kinds
of noise and so it is less important.
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Some global evaluation is provided by the Average Accuracy (AA) and average Weighted Frequency (WF), that are the
iverage respectively of AAj and WF| utilising fixed weighting coefficients that take into account the safety relevance of each
parameter (e.g. secondary pressure is less important than primary pressure), the degree of accuracy of the experimental
measurement (e.g. differential pressure measurements are less accurate than absolute pressure measurements) and the
normalisation (weight of a generic variable error related to pressurizer pressure discrepancy).
A calculation is accepted only if
1. pressurizer pressure Average error Amplitude AA is less than 0.1;
2. the whole Average Accuracy is less than 0.4;
In Tab. 6 the FFT analysis results are presented. In principle, the six calculation should be accepted as far as they fulfil
the above mentioned criteria. Only the test BL-44 calculation for LOBI gives an AA for primary side pressure that exceeds
the limit: it is clear that it is due to a misprediction of primary side initial fluid temperatures, caused by an overestimation of
Wat transfer between primary and secondary sides. Thus, it has been decided to accept the six calculations.
CONCLUSIONS
The work documented in this report represents a part of a huge effort aiming at the evaluation of the uncertainty of code
Predictions. The methodology to evaluate the uncertainty is based on the extrapolation of accuracy.
The experimental data base has been derived from six small break LOCA experiments performed in differently scaled
p
WR simulators: LOBI/Mod2, SPES, BETHSY and LSTF. The adopted code was CATHARE2V1.3U. The code
capabilities have been assessed independently.
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For the test facility versus phenomenon:
For phenomenon versus test:
o means suitable for code assessment
o means experimentally well defined
+ means limited suitability
+ occurring but not well characterised
- means not suitable
- not occurring or not measured
+ has been reported because of a too short time of analysis
in this table CCFL denotes counter current flow limitation

For phenomenon versus calculation :
E = Excellent
R = Reasonable
M = Minimal
U = Unqualified
- = Not Applicable

Tab. 4 - LOBI, SPES, BETHSY and LSTF facilities and related counterpart test experiments : use of the CSNI table of phenomena a«
methodology for the judgement of the facilities and of the tests.
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prcssurizer emptying

BL-34

BL-44

SB-03

SB-04

6.2-TC

CL-2I

E

E

R

R

R

R

maximum break flowrate/initial loop flowrate

R

R

R

R

E

R

average specific break (lowrate during phase a

R

R

R

R

E

R

first dry out duration

M

M

M

M

M

M

PHASE a)

period for dry out starting at bottom level

E

E

E

E

E

E

SUBCOOLED BLOWDOWN AND

period for dry out starting at middle level

M

E

M

E

M

M

period for dry out starling at high level

M

M

M

E

M

M

pump stop or pump velocity
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E

E

E
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direction of DC-UH bypass flowrate
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E

E

E
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E
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R

R

R

E

R

occurrence of loop seal clearing
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E

E

E

in

E

R

R

R

R

R

R
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R

SGs U-tubes emptied

E

E

R

E

E
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E

E

E

E

E

E
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R

R

-

M

-

liquid hold up in steam generator ( S G 2 )

M

M

*

*

R
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R
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R

R
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R
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R

R

R

R

E

R

M

M

R
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E
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saturation temperature decrease in SGs sec. side
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R

E

R
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FIRST CORE DRY OUT
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occurrence of natural circulation

PHASE b)
SAT. BLOWDOWN AND
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PHASE c)
MASS DEPLETION IN PRIMARY
LOOP

PHASE d)
INTERVENTION OP LPIS

**

period for dry out starting at middle level

E

E

E

E

E

E

period for dry out starting at high level

E

E

E

E

M

E

third dry out duration
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R

E

R
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R

minimum mass in the primary side

R

R

R

R
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R

saturation temperature decrease in SGs sec. side
during phase c
average specific break flowrate during phase c

M
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R
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E

E

E

E

E

E
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R

E
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R

R
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R

R

E

R

R

R
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R

R

R

R
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E

E

R

E

R

R

E

M
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-

-

Judgement of the calculations E = Excellent R = Reasonable M = Minimal U = Unqualified - = Not Applicable
*
Exp. data not available
**
up to primary lo secondary pressure reversal.

Tab.5 - Judgement of code calculation performance on (he basis of RTA
SB-03

BL-34

BL-44

Primary pressure AA

0.095

0.124

0.081

Average Accuracy

0.285

0.389

0.257

6.2-TC

CL-21

0.097

0.102

0.090

0.281

0.232

0.345

SB-04

Tab. 6 - FFT analysis results : primary side pressure average error amplitude and global average accuracy of the calculation
The present part of the activity consisted in verifying that the code is able to predict the scenario expected in the
reference plant following the qualitative and quantitative evaluation of the comparison between measured and calculated
trends. This involved the identification of Phenomenological Windows, of Relevant Thermalhydraulic Aspects inside the
Ph-W. and of the parameter ranges that characterise the RTA. The main results that were obtained are essentially:
»• RTA are similar in the six experiments and arc expected to be characterised by the same (when applicable) parameter
ranges in the plant;
2. the code appears adequate for predicting the phenomena and the RTA of interest in the transient.
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The quantitative evaluation was carried out through the FFT based method. The results that were obtained with tl«J
work allowed to accept the six calculations for the extrapolation of accuracy. The final step will be the plant calculation oJjH
this transient and the uncertainty evaluation.
SYMBOLS AND ABBREVIATIONS
NA
Not Available
PCT
Peak Cladding Temperature
AA
Average Accuracy
Ph.W.
Phenomenological Window
AFW
Auxiliary feed water
RPV
Reactor Pressure Vessel
BAF
Botlom of Active Fuel
RTA
Relevant Thermalhydraulic Aspect
Code Assessment and Application Program
CAMP
SG
Steam Generator (1 or 2)
Committee on the Safety of Nuclear
CSNI
SBLOCA Small Break LOCA
Installations
SVP
Single Valued Parameter
Downcomer
DC
t
Time
Fast Fourier Transform
FFT
UH
Upper Head
Loss of Coolant Accident
LOCA
WF
Weighted Frequency
Low Pressure Injection System
LP1S
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Ivo Kljenak, Andrej ProSek
Reactor Engineering Division
"Joief Stefan" Institute
Jamova 39
Ljubljana, Slovenia

ABSTRACT
A methodology for quantifying the overall similarity between simulated transients in nuclear power plants is proposed.
Transients are compared quantitatively by using methods based on fast Fourier transform and correlation coefficient function,
in which calculated time-dependent parameters which describe dominant basic phenomena are assigned appropriate weighting
factors. The methodology is presented by describing its application to the comparison of a simulated 5.08 cm (2") smallbreak loss-6f-coolant accident to accident scenarios with different break sizes.

INTRODUCTION
One of the various methodologies developed for evaluation of uncertainty in the prediction of transient scenarios in nuclear
power plants by thermal-hydrauliccomputer codes is the Code Scaling, Applicability and Uncertainty (CSAU) methodology
(Boyack et a!. 1989). One of the basic steps of the CSAU methodology is the development of a Phenomena Identification
and Ranking Table (PIRT), which consists in identifying and ranking dominant basic phenomena during a transient scenario
with respect to their influence on selected primary safety criteria. One of the major inconveniences of the CSAU
methodology is the large number of calculations which have to be carried out for every scenario. An extrapolation of
uncertainty evaluation from a base case to other similar transient scenarios with same PIRT would thus result in a
considerable reduction in the use of computer resources. This paper deals with the tentative establishment of appropriate
similarity criteria between transients for such an extrapolation to be possible.
In earlier work (Prosek et al. 1996), small-break loss-of-coolant accidents (SB LOCAs) were simulated over a wide range
of break sizes and then classified according to similarity between selected calculated parameters. As dominant phenomena
differed conside^ibly over the considered range of break sizes, parameters selected for comparison of scenarios could not
always be directly associated with particular basic phenomena.
In this work, similarity of SB LOCA scenarios was analysed based on parameters associated with physical phenomena which
dominate the transient behaviour. The comparison was limited to transients which are qualitatively similar, i.e. can be
subdivided into the same phases and have the same PIRT. A base case transient, obtained by simulating a 5.08 cm (2") cold
leg break in a two-loop pressurized water reactor (PWR), was analysed. A corresponding PIRT was established, based on
calculation results and engineering judgment. Basic phenomena were ranked according to the importance of their effect on
the course of the accident scenario and parameters which characterize the most important phenomena were selected.
Simulations of SB LOCAs with break sizes smaller and larger than the base case were then carried out. The similarity
between these scenarios and the base case was then investigated by comparing selected parameters with methods based on
fast Fourier transform (D'Auria et al. 1994) and correlation coefficient function. The present work can also be considered
as a study of overall sensitivity of scenarios to variations of break size.
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ACCIDENT SCENARIOS
SB LOCAs in the Krsko (Slovenia) two-loop WestinghousePWR were simulated with the RELAP5/MOD3.1 computercodl
(Carlsp.n et al. 1990). AH major components of the reactor coolant system (RCS) and secondary side were modelled Tw
same input nodalisationas in earlier works of ProSek et al. (1994,1996) was used. Emergency core cooling system (ECCa"
consists of high pressure safety injeclion (HPSI) pumps, accumulators which inject borated water into cold legs and lo»
pressure safety injection (LPSI) system. Only one train of ECCS was assumed to be available. Basic initial conditions t»
shown in Table 1. The same initial assumptions as in Pro§ek et al. (1996) were made. 18% Plugging of steam generatott
(SG) was prescribed. The reactor coolant pump (RCP) was tripped manually when primary pressure fell below 9.9
The break was located in the cold leg between the reactor vessel and the RCP.

Reactor Power

1876.0 MWt

RCS Average Temperature

580.0 K

Pressurizer Pressure

15.52 MPa

Pressurizer Level

63.5 %

RCS Mass Flow Through Loops

2x4536.2 kg/s

SG Pressure (SGI / SG2)

5.98 / 5.99 MPa

SG Level (Narrow Range)

60%

Turbine Inlet Steam Flow

1026 kg/s

Table 1: Initial conditions

The base case selected for analysis was a 5.08 cm (2") break LOCA. Other transients were obtained by simulating SB
LOCAs with break sizes within the range from 1.5" to 2.5", separated by intervals of 1/8" :
— smaller sizes: 3.8100 cm (1.5"), 4.1275 cm (1.625"), 4.4450 cm (1.75"), 4.7625 cm (1.875"),
— larger sizes: 5.3975 cm (2.125"), 5.7150 cm (2.25"), 6.0325 cm (2.375"), 6.3500 cm (2.5").

SELECTION AND RANKING OF RELEVANT PARAMETERS
Phenomena Identification and Ranking Table
A PIRT was established by following a procedure similar to the one described by Ortiz and Ghan (1992). First, the simulated
base case (2" break LOCA) was divided into following phases:
1. 50s - 100a: RCS is depressurized. Single-phase forced circulation is followed by natural circulation after RCP is tripped.
HPSI and auxiliary feedwater systems are actuated. The phase ends when the pressure in a hot leg drops to saturation
pressure.
2. 100s - 570s: two-phase natural circulation is established. The primary coolant is evaporated in the reactor core and
condensed in SG U-tubes. The phase ends when steam accumulation in SG U-tubes upper bends prevents continuous flow
of the two-phase mixture.
3. 570s - 900s: reflux condensation is established. Vapour is generated in the reactor core and partially condensed in the
upflow side of SG U-tubes; the condensate flows back to the core via hot legs. A loop seal in intermediate legs causes
slow uncovering of the reactor core. The phase ends when steam reaches the lowest point of an intermediate leg.
4. 900s - 1500s: loop seal clearing occurs, followed by relatively slow reflooding of the reactor core.
5. from 1500s: two-phase natural circulation is not reestablished, as the secondary side pressure is not sufficient to cause
opening of relief valves and steam in the SG U-lubes is not condensed. Instead, decay heat is mostly removed through
the break.
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nponents of the RCS were ranked according to their importance during each phase and the highest ranked components
_Se retained. Phenomena considered as important in these components were ranked according to their respective influence
i ^ l l i e transient during each phase.The resulting most important processes during each phase are listed in Table 2 :

PHENOMENA

/ TRANSIENT PHASE

Ph. 1

Ph. 2

Ph. 3

Ph. 4

Ph. 5

pecrease of primary coolant inventory
due to break flow

1

1

I

4

1

Increase of primary coolant inventory
due to ECCS flow in cold leg (broken)

2

2

2

6

2

Increase of primary coolant inventory
due to ECCS flow in cold leg (intact)

7

9

10

6

5

Heat transfer from fuel cladding to liquid
or vapor in reactor core

2

2

2

1

2

4

4

4

Evaporation (boiling) in reactor core
Heat transfer between tube walls and liquid
or vapor in SG U-tubes upflow side

4

5

6

6

Heat transfer between tube walls and liquid
or vapor in SG U-tubes downflow side

4

7

9

6

Condensation in SG U-tubes upflow side

6

5

Condensation in SG U-tubes downflow side

8

8

Evaporation (flashing) in upper plenum

6

Wall friction in cold leg (broken)

2

Wall friction in cold leg (intact)

5

Wall friction in lower plenum

8

Wall friction in reactor core

2

Wall friction in downcomer

8

Interphase friction in hot leg

7

Table 2: Ranks of most important phenomena during each phase of base case transient

Relevant Parameters
Phenomena were assigned ratings which were obtained by combining (he two previous rankings. These ratings were summed
up over the phases of the transient and normalized to obtain weighting factors which add up to 1. Weighting factors were
then assigned to parameters which characterize the selected phenomena:
Parameter

Weighting Factor

• break flow integral
• heat flux
- in reactor core
- in SG U-tubes upflow side
- in SG U-tubes downflow side
• evaporation and condensation rate
- in reactor core
- in SG U-tubes upflow side
- in SG U-tubes downflow side
- in upper plenum
• liquid mass flow in hot legs

0.142

0.166
0.086
0.078
0.072
0.044
0.036
0.018
0.022
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• ECCS flow
• liquid friction factor
- in broken cold leg
- in intact cold leg
- in downcotner
- in lower plenum
- in reactor core

0.128 (broken'cold leg), 0.092 (intact cold leg)
0.027
0.024
0.019
0.019
0.027

These parameters were used to compare transients with the base case. If a phenomenon occurs in two equal components (for
example, in steam generators), corresponding parameters are considered separately and each is assigned half the value of
the weighting factor.
As ranking of components and phenomena relies heavily on engineering judgment, a PIRT is necessarily subjective.
Therefore, the proposed values are not necessarily final and may differ due to different expert opinions.

COMPARISON OF PARAMETERS AND TRANSIENTS
Method Based on Fast Fourier Transform
A method based on fast Fourier transform (FFT) was originally developed by D'Auria et al. (1994) to quantify the overall
accuracy of code predictions against experimental data from plant simulators. In the present work, the method was used lo
compare different simulations. The most significant characteristic of the difference between a reference time-dependent
parameter x(t) and another parameter y(t), with respective sets of Fourier coefficients Fx(f) and Fy(f), is a dimensionlcss
average amplitude:

where both sums extend over the entire range of frequencies/,. To compare overall transients, an average AA,m was defined
as:

(2)

Wh

where the sum extends over all considered parameters and \yfate weighting factors. According to the criteria proposed by
D' Auria et al. (1994), the difference between calculated and experimental data may be considered relatively small \lAAm
is less than 0.4. In this work, the reference function x(t) always corresponded to parameters from the base case (5.08 cm
break LOCA). Values of weighting factors, which were proposed in the original work of D'Auria et al. (1994), were
replaced in this work by those obtained from the PIRT.

Method Based on Correlation Coefficient Function
Correlation between time-dependent parameters x(t) and y(t) may be evaluated by calculating the normalised correlation
coefficient function (Bendat and Piersol, 1986). For time delay t = k At, where At denotes the sampling time interval, the
function value is calculated from the expression:

a o
*

y

where xf and yi+k denote discrete values of parameters x(t) and y(t), ~x and ~y denote their respective mean values, o is the
standard deviation and n the number of discrete values.The value of pxy(t) lies between -1 and + 1 . In this work, values of
pxy for zero time delay were used as a quantitative measure of similarity: the closer p,y(0) is to 1, the more can parameters
be considered similar. To compare overall simulations, an average similarity factor was defined as:

s = £ ("A Px/°)
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where the sum extends over considered relevant parameters and wf are weighting factors, obtained from the PIRT.

Local Time-Averaging
Due to numerical instabilities, calculation results may exhibit strong instantaneous oscillations which are not physically
realistic. To eliminate the influence of these oscillations when comparing parameters, local time-averaging was performed.
A local time scale value of 50 s was selected, which should still be small enough to capture the essential features of particular
transients which are relatively slow during SB LOCAs. Time-dependent parameters obtained from simulations were thus
transformed by replacing every discrete value by an average over a time interval from 25 s before to 25 s after the considered
time.
Adjustment of Time Scale
The timing of phenomena during LOCAs may be strongly influenced by the rate of primary coolant depletion. In their work
on scaling of thermal-hydraulic processes, Hsu et al. (1990) suggest that the time scale should be linked to the primary
coolant inventory. In this work, the break flow integral from the base case was selected as reference chronological
parameter. Before comparing a transient to the base case, the time scale of all considered parameters was elongated or
contracted by a certain multiplicative factor. The magnitude of this factor was such that the correlation coefficient for zero
time delay between break flow integrals from the considered transient and the base case was maximum.

RESULTS & DISCUSSION*
Comparisons of parameters and transients were performed for the time period from 50s (occurrence of the break) to 3000s
(according to the base case time scale).
As an example of time-dependent parameters which have been compared, Fig. 1 shows core heat fluxes during simulated
LOCAs with break sizes 4.76 cm (1.875"), 5.08 cm (2", base case) and 5.40 cm (2.125") after local time-averaging and
time scale adjustment have been performed. The functions have fairly similar shapes, as could have been expected for such
small differences in break size. However, the difference in time delays between the two peaks for break sizes 4.76 cm and
5.08 cm suggests that the break flow integral is perhaps not the most suitable choice as chronological parameter.
Figure 2 shows average amplitudes AA and correlation coefficients pxy(0) obtained by comparing heat fluxes with the base
case. The correlation coefficient does not provide much information about the degree of similarity, as all functions seem to
be highly correlated with the base case. Values of AA are more indicative, as they increase almost linearly with increasing
difference in break size on both sides of the base case. According to the criteria of D'Auria et al. (1994), the core heat flux
shows a similar dependence to the base case roughly in the break size range from 4.5 cm to 6.0 cm.
Figures 3 and 4 show average amplitudes and correlation coefficients obtained from overall comparisons of transients with
the base case. To asses the influence of the subjectivity of phenomena ranking on final results, non-weighted averages were
also calculated (which is the same as if the method were used without any ranking). The following may be observed:
— both AA,m and 5 show a consistent increase of the difference between the base case and other transients as the difference
in break size increases (except for a non-weighted average S at break size 5.40 cm).
— AA,,H increases almost linearly with break size differenceon both sides of the base case, as was already observed in the
comparison of heal fluxes. The increase is less steep for higher break sizes probably because of slower increase of break
area.
— the influence of phenomena ranking seems to be more important if the method based on correlation coefficient function
is used. However, this influence does not appear to be decisive in any of the methods.
— the break size interval for which transients may be considered similar to the base case extends from 4.5 cm to 6.0 cm.
In this range, AAIOI is always smaller than 0.4, whereas S is larger than 0.85. We expect that results of a CSAU analysis
performed for a 2" LOCA could be extrapolated to this break size interval.
The proposed work has also another purpose. Namely, the evaluation of sensitivity of calculated results to variations of input
parameters plays an important part in the analysis of uncertainty of code calculations. Methods for quantifying the sensitivity
of code calculations usually evaluate the sensitivity of individual output parameters (for example, peak cladding temperature).
The method proposed in the present work may be a basis for evaluating the overall sensitivity of transients to variations of
input parameters.
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CONCLUSIONS
1. A phenomena identification and ranking table (PIRT) was developed for a base case accident scenario consisting •!
5.08 cm (2") cold leg break LOCA in a two-loop PWR.
^ •
2. Transients with different break sizes were simulated and compared to the base case by using methods based o a £
Fourier transform and correlation coefficient function and attributing an appropriate quantitative influence to domhn
phenomena from the PIRT.
3. Results indicate that siinulated transients are fairly sensitive to break size and may be considered qualitatively *^j
quantitatively similar to the base case in the narrow break size range from 4.5 cm to 6.0 cm.
4. The proposed methodology for comparing transients may be considered as a basis for evaluating overall sensitivity a|
transients to variations of input parameters.
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ABSTRACT
The present paper deals with the RELAP5/MOD2 post-test analysis of the Loss of Fecdwater Flow experiment
BT-15/16. performed at LOBI/MOD2 lest facility.
LOBI/MOD2 is a PWR simulator (Integral Test Facility) installed at JRC Center in Ispra Establishment (I).
flic volume scaling factor is 1/712 with respect to the KWU Siemens 1300 MWe (3900 MWLh) PWR reactor.
Tests BT-15/16 simulate a loss of main feedwater transient with delayed auxiliary fecdwater injection and with
Slcain Generators boiloff and refill, the pumps running in BT-15 and tripped in BT-16. The aim of each lest was to
investigate the loss of primary/secondary heat transfer as the steam generator sides boiled down and the subsequent
recovery of heat transfer as the auxiliary feedwater was tripped on. taking into account the primary side forced or
natural circulation.
The RELAP5/MOD2 code has been extensively used at the University of Pisa and the nodaliz^tion of
L0BI/MOD2 facility has been qualified through the application to other experiments performed in the same facility.
INTRODUCTION
Evaluation of the accuracy of large thermalhydraulic codes and the safety margins of light water reactors are
among the objectives of international research programs such as those promoted by (he Committee on the Safety of
Nuclear Installation (CSNI) and the International Code Assessment and Application Program (ICAP). Solution of
these issues would ensure the effectiveness of engineered safety features (ESFs) and, eventually, lead to cost reduction
through belter designs. These activities could also contribute to determining an uniform basis to assess the
consequences of reactor system failures in nuclear power plants1'2.
The main objective of a code qualification process, including the developmental assessment and the application
to tests performed in separate effects and integral facilities, is to demonstrate the acceptability of the code itself. This
requires the solution of two problems: the first one concerns to the evaluation of the "accuracy" of a code in the
prediction of the scenario of tests performed in scaled facilities and the second is related to the definition of the
"uncertainty" in the evaluation of the behaviour of the full scale NPP.
Regulatory Bodies generally allow the use of Best Estimate (BE) computer codes provided the uncertainty of the
calculations are quantified by an acceptable methodology and used in the licensing process. In this context, it is
extremely important that when using BE codes with the main purpose of quantifying the safety margins of a nuclear
power plant, code limitations shall be identified. This identification can only be obtained evaluating the applicability
of the code in predicting a plant situation through a comparison between calculation results and experimental data
recorded in small-scale facilities.
The "Uncertainly Methodology based on Extrapolation of Accuracy", UMAE methodology developed at
, j s a methodology suitable for evaluating the uncertainly in the prediction of transient scenarios in nuclear
reactors when it is carried out by thermal-hydraulic system codes. It is an uncertainly methodology based on the
extrapolation of the accuracy resulting from a comparison between code results and relevant experimental data
obtained in small scale facilities.
The execution of experiments in integral lest facilities simulating the behaviour of a nuclear power plant plays
an important role in this frame both considering the system code assessment and the possibility of identifying and
characterizing relevant phenomena during off-normal conditions.
The present paper deals with the post-test analysis of the LOBI-MOD2 Loss of Feedwater Flow test BT-15/163'4
performed by RELAP5/MOD2 code. LOBI-MOD2 Test BT-15/16 was defined to reproduce as close as possible the
phenomena occurring when (he degradation of the secondary side inventory caused by the Loss of Normal Feedwater
occurs, considering in the primary side forced or natural circulation.
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Test BT-15 should represent a Loss of Main Feed water (LOFW) with delayed auxiliary fecdwater and
coolant pumps running. Test BT-16 also simulates boiloff and refill of the steam generators secondary side, but
the main coolant pumps turned off.
In this work the performance of the RELAP5/MOD2 code prediction in Ihe transient simulated by ( ^
15/16 is evaluated. In order to achieve this goal a qualitative accuracy evaluation has been made. Also, a quantii
evaluation of tests BT-15/16 code predictions has been performed for selected parameters, relevant fw
identification of the experimental transient. This quantitative evaluation is made adopting a method5 also develops
DCMN, which has (he capability of quantifying errors in code predictions with respect to the measured experi
signal, using a Fast Fourier Transform algorithm. Another contribution of the present work is to provide addit
results to be incorporated to the data basis of the UMAE. The main conclusion of this paper is to show why, \0
acceptable, a best estimate accident analysis, must be based upon a comprehensive analysis which includes, as far
possible, comparing calculated results with relevant experimental data.
2 - USE OF DATA BASE IN THE FRAME OF UMAE
Two main logical steps can be distinguished in the UMAE application, i.e., the evaluation of the data base
the extrapolation of the accuracy. The evaluation of the data includes both a qualitative and a quantitative analy^
with the last being considered mandatory if BE codes are utilized in the licensing process.
J
Experimental data and code calculation results must be relevant to NPP related situations. Two fundamental!
questions arise when the code assessment activity is specifically performed by licensing authorities:
1) Why we are making this calculation?
2) How these data will be used for uncertainty evaluation (e.g. application of UMAE)?
In answering the first question, two main areas can be identified, one being the design of the plant, component or l
Emergency Procedure and the other the demonstration of the plant safely. In (he last, both Design Basis Accidca.l
(DBA) and Beyond DBA situations must be dealt with.
j
In order to demonstrate (he safety of a NPP, specifically for licensing purposes, we need to have qualified tooh,l
i.e., a qualified calculation can be achieved through adopting a referenced qualified nodalization adapted by | ^
qualified user on a qualified'compuler system. The processes to achieve qualified calculation, qualified n o d f
qualified user and qualified computer system must interact among each other. To achieve all these conditions together,
with reference to a defined NPP accident scenario, the analysis of the assigned transient in an integral test facility b i
mandatory.
The basic idea of the UMAE is to exploit (fie vast amount of measured and calculated data related to transients t«^|
integral test facilities. The use of these data related to counterpart and similar tests, especially with the help of the 1
code, directly led to the achievement of quantities connected with the uncertainly. Full use of (he procedure leads*) 1
the simultaneous consideration of issues such as nodalization qualification, user effect and scaling laws. In particular, 1
the unknown uncertainty is calculated by considering the "characterized" error made in predicting a given transient j§
measured in an integral experimental simulator.
In order to calculate the uncertainly, the UMAE procedure involves the rationalization of the various steps,
including the use of statistics, also to avoid or minimize (he expert judgement at the various levels.
The outline of methodology has been discussed in previous paper6. The way pursued to evaluate the data base
and the conditions !o extrapolate the acccuracy arc synthesized hereafter.
The specific data base is constituted by signals recorded during the considered experiments and by results of code
calculations. The qualitative assessment consists of a procedure that is very similar to the one suggested by CSNI and
byUSlNEL*:
i) use of the phenomena specified in the CSNI validation matrix which are valid for any kind of transient;
ii) subdivision of the considered transient into "phenomcnological windows" (Ph.W), i.e., time spans in which a
unique relevant physical process mostly occurs;
iii) for each Ph. W, identification of the "Relevant Thermalhydraulic Aspects" (RTA). These are the events or
phenomena related lo the physical process and which are typical for each transient;
iv) selection of parameters characterizing the RTA, each can be characterized by Time Sequence Events (TSE),
Integral Parameters (IPA), Single Value Parameters (SVP) and Non Dimensional Parameters (NDP);
v) qualitative analysis of obtained results by evaluating and ranking the comparison between measured and calculated
trends.
The qualitative analysis is based on four subjective judgment marks which essentially derives from a visual
observation of the experimental and Ihe predicted trends:
a) (he code predicts qualitatively and quantitatively the parameter: Excellent (E) - the calculation falls within
experimental data uncertainly band;
b) the code predicts qualitatively, but not quantitatively the parameter: Reasonable (R) - (he calculation shows only
correct behaviour and trends;
c) the code does not predict the parameter, but (he reason is understood and predictable: Minimal (M) - ^
calculation does not lie within experimental data uncertainty band and at times does not have correct trends;
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docs not predict the parameter and the reason is not understood: Unqualified (U) - calculations docs not
i
trend and behaviour, reasons are unknown and unpredictable.
^quantitative analysis is made after (he similarity of experimental dala and the acceptability of calculalional
t demonstrated. The accuracy of code calculation can be quantified by means of a procedure that applies a
for Transform algorilhm producing a single value, from each compai ison between calculated and measured
"scenarios: the so called "average accuracy" must be smaller than the assigned value. The FFT method is
| in this paper.
j illustrate the need of a qualifying process, the first calculation carried out for test BT-15/16 with a qualified
Ration led to the results for primary pressure sketched in Fig. 1. Without availability of experimental data no
•--•could say anything against the calculated trend.
OF TEST FACILITY AND TRANSIENT
LO

The LOBI (LWR Off-normal Behaviour Invesliga(ions)/MOD2 facility is a full power high pressure integral
f a s t facility simulating, with a volume scaling of 1/712, the geometrical and operating configuration of a four2)1300MWePWR., seerefs. 3 and4.
J J . Outline of BT-15/16 Experiment4
For test BT-15/16, the L0BI-M0D2 test facility was prepared in the intact circuit fault configuration,
geometrical and operational data of certain subsystems required to meet test specific objectives are summarized in
TlMe 1- Tne s y s t e m n c a t losses are reported in Table 2, while the specified and actual system initial conditions arc
Bed jn Table 3.
... The test was initiated by the loss of main fecdwater and, as a consequence, the secondary side water inventory
jjJckly decreased because (he full power was still being produced. Table 5 shows (he transient sctpoints. The BT-16
ikisc was prepared by switching off the main coolant pumps and stalled by closing the AFW. As a consequence, a
Ichaviour similar to the previous phase occurred with the dryout of the steam generators and primary side temperature

fcrcase.
Surge Line
Relief Valve
Safety Valves

Frasurizcr
\totrHcad
HCPScal Water Compensation

MCP Locked Rotor Resistance

KM
JUrumulator
Volume Control System
Steam Generator Control

AFW

Connected to broken loop hoi leg
Standard configuration
I'ORV + SRV
Connected to upper plenum and upper downconier in standard configuration
Draining from upper plenum during steady-stale operation using prcssurizer
level control: Draining from lower plenum during the transient using pump seal
water supply tank level control
To lie inseited in the broken loop during the transition from BT-15 to 13T-16
Off
Off
In stand-by
Pressure control during tlic initial pan of test BT-15 (0.07 bar/s pressure
increase); SRV set-point 7.0 MPa (long-term phase)
Trip on SCJ downconicr water level and PC'S fluid temperature

Table 1 - System configuration
Primary system
Intact loop
Broken loop
Vessel and 1 Ippcr Head
Pressurizer
Secondary system
Intact loop
Broken loop
Steam lines

Heat losses (kW)
29
29
27
2
6.8

5
3.2

Table 2 - System heat losses
4-CODE APPLICATION
4.1 - Nodalixation Description
The IBM version of RELAP5/MOD2 has been adopted. The code is the original CDC version (cycle 36-04)
leased by INEL and made operative on IBM by JRC Ispra (I). No code modifications have been introduced at
DCMN.
The general methodology followed for developing the nodalization is described in rcf. 9.
4
-2 - BT-15/16 Post-test Analysis
The comparison between measured and calculated initial and boundary conditions is given in Table 3.
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As can be seen from Fig. 1 (final result) the general trend of the pressure is qualitatively weii
However, calculated primary pressure decreased more at the beginning of the transient, before PORV
the experimental one.
QUANTITY

UNIT
MW
MPa

Core iiower
Pressurizer pressure
Prcssurizer level
Mass flow in It.
Mass flow in ML
Primary pumps VP1L
Primary pumps VPHL
Core inlel temperature
Core outlet temperature
Upper head temperature
Primary mass
Secondary pressure SO1L
Secondary pressure SG HI.
Secondary level IX' 11. (narr. range)
Secondary level IX; BL (narr. range)
AFW temperature

in

Kg/s
Ks/s
rpm
r|im

K
K
K

Ks
Mi'a
MPa
ill

m
K
K

Feed water temperature
Feedwater flow rate

kg/s

Total primary heat losses
Secondary heat losses
Pressuri7£r heat losses
(,*) - Uompcnxulcu by external ncalcrs

kW
kW
kW

KT-15/16
EXP
536
15.90
5.0
21
7.2
488!
3892
569
601
565
430
6.39
6.46
8.25
8.62
4331IU
428(U1.)
497(IL)
494(UL)
2.00 (1L)
0.77 (BL)
87
15
2(*)

KT-15/16
POST-TEST
536
15.90
5.0
21
7.4
4908
4125
569
600
563
440
6.39
6.46
8.11
8.48
5031+)

~~

~~
~~

~~

494
2.1
0.7
83
22
0

(+) - This value was used in order to simulate the hot wall delay effect

Table 3 - Relevant initial and boundary conditions for LOBI/MOD2 test BT-15/16
IIT-15 Phase
Initial LOFW
Timofor simulation of scram
SCi's pressure setpoint
Pressurizer PORV selpoint
Condition for stall AFW

" 4 % " Aux. Feed Flow
Conditions for AFW increase:
if after 2000 s from AFW start
" 6 % - i Aux. Feed Flow
End of HT-15 phase, 60 s after
BT-16 Phase
Condition for start AFW

Time
0s

59 s
7.0 MPa
16.4 MPa
ILSCi level = 0 m and
BLSO level = 0 in
aJidTnxx>326"C
0.075 / 0.027 Kg/s
ILSU level < 1.2 m or
HLSGIcveKI.2m
0.116/0.041 Kg/s
lLSO level > 4.4 m and
ULSG level > 3.4 m
WJSQ level = 0 m and
BLSG level = 0 m

1335 s

1625s
3592 s
4648 s
9714 s

and TPLCL > ?08.5 °C or

Conditions for AFW increase:
if after 2000 s from AFW start
End of Test

T1£L>325OC
ILSU level < 1.65 m or
DLSCJ level < 2.15 m
1LSG level > 4.4 in and
ULSG level > 3.4 m

11650 s
12400 s

Table 4 - Transient Setpoints for L0BI-M0D2 Test KT-15/16
This may be the result of energy balance in the loop. In particular, the code overprcdicls the heat transfer with
steam generator secondary side up to the scram occurrence. Afterwards, (here is some primary pressure different
behaviour duruig the PORV actuation due to valve simulation by code. The pressure decrease after the AFW actuation
in BT-15 phase is overestimated by code not withstanding the level formation in the secondary side that is
underestimated. The volume control system actuation in the period between 3000 s and 5000 s of the transient was
only partially simulated, and this explains the different trend of calculated and experimental pressures in this period.
The good prediction of pressure in BT-16 phase can also be observed in Fig. 1 up to the AFW actuation.
Notwithstanding the anticipated actualion of AFW in the calculated trend, the value of maximum pressure was well
predicted by the code. Prcssurizer emptying is well predicted by the code (Fig. 2). The core level is also well predicted
(Fig. 3), but the level decrease during BT-16 phase is anticipated and slightly ovcrpredicted. As the steam generators
level are concerned, code underprediclion during the first phase of AFW injection, both for the intact and for the
broken loop can be observed. The underprediction being greater for (he intact loop (Fig. 4). This behaviour also
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the higher temperature of the auxiliary feedwater used in the calculation (see also Table 7 in relation to
effect).
e.ooo
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Fig. 4 - IL and BL SG downcomer levels

^QUALITATIVE AND QUANTITATIVE ACCURACY EVALUATION
- The (unknown) error made in predicting plant behaviour is called uncertainly, while ihe discrepancies between
Ifcasured and calculated trends related to experimental facilities, are included in accuracy of Ihe prediction. The work
described in this paper, in the frame of UMAE, deals with the quantification of accuracy.
5.1 • Qualitative Accuracy Evaluation
Table 5 reports the results of Ihe qualitative accuracy evaluation of the final post-test calculation as well as the
quantitative values of some relevant parameters. The parameters chosen were the ones already defined in others loss of
fccdwaier transient analyses12.
12 - Quantitative Accuracy Evaluation
The quantification of code accuracy in the UMAE is made through (he utilization of a special approach5'10. It is
M integral method using the Fast Fourier Transform (FFT) in order to represent the code discrepancies in the
frequency domain. The method developed to quantify the accuracy of code calculalions is based on the ajnplitude of
fte FFT of the experimental signal and of the difference between this one and the calculated trend. In particular, with
reference to the error function, the method defines two values characterizing each calculation, a dimensionless average
amplitude (AA) and a weighted frequency (WF). The evaluation of the quantitative accuracy was done chosing, among
"ic available experimental variables, the most representative ones for the characterization of the transient evolution. A
put frequency of 0.5 Hz was considered in the evaluation of the AA and WF. The weighting factors, defined in the
Previous section, are the ones given in rcf. 11, the tune interval considered is 12550 s and the number of points used is
4096.
The results of average amplitude (AA) and weighted frequency (WF) obtained for 25 parameters are shown in
Table 6, together with the total factors. From this table we can see that no parameter has a AA value > 1 ajid that
fAA)tot < 0.4 (see ref. 11).
6- CONCLUSIONS
The analyzed transient is derived from the combination of two Loss of Feedwater experiments performed in
L0BI/M0D2 facility. The first one, BT-15, with delayed AFW and main coolant pumps running and the second, BT*6, similar lo the other one but with the main coolant pumps stopped. A qualified RELAP5/MOD2 nodalization has
Nuclear Energy in Central Europe, Portorofc, Slovenia, 16-19 September 1996
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been used for the post-test analysis. Looking at the comparison of the experimental and calculated results
into account, that some experimental data are not accurate enough and reliable, which can explain sn
discrepancies between the measured and the calculated trends, (he calculation can be considered satisfactory"
side volume conlrol system and possible small leakage from (he primary side arc examples of data not fu||v'
priinary and secondary pressures and loop seal behaviour in the two loops are examples of variables affected W
discrepancies. The main conclusions in relation to the prediction of the whole lest arc as follows:
1. RELAP5/MOD2 code is able to predict correctly all the significant aspects of the two phases of the
characterized by forced circulation (pumps on) and by natural circulation (pumps off) respectively;
2. heat losses value and distribution in priinary loop (not known with sufficient approximation) have a
upon (he code results (in this calculation, secondary pressure is assumed as an input quantity);
3. as in previous analyses, concerning loss of feedwatcr tests with auxiliary fecdwater delayed actuation"
calculation overpredicts the effect of this intervention on priinary side depressurization as a consequence of
code failure in correctly evaluate the heat transfer between the downcomcr hoi wall and the incoming
auxiliary feedwatcr.
PHASE 1
Time

LOFW-SCRAM

RTA

PRIMARY PRESSURE INCREASE

SVP
SVP
IPA

PS max. pressure
PS max. fluid temperature in CL
average difference between core and U lubes
exchanged power up to SCRAM

RTA

SO LEVEL

SVP
SVP
IPA
TSE
TSE
IPA

average SO DC level gradient
min. SCI IX" level
integral of mass flow through SL
SCRAM time
MSV closure time
11 lubes exchanged energy up lo SCRAM

PHASE 2
Time

SCRAM - PORV OPENING

RTA

SC, BOIL OFF

TSE

SO DC level = .lm (IL/BL)
average SO I )C level gradient

svp
RTA"
SVP
TSE

svp
SVP

CALC{*)
0-59

Ml'a
K
kW

16 35
572
NA

1G35
568

in/s
m
kg
s
s
MJ

-0.05
5.0
NA
59
0
NA

JUDGMENT]

t
E
-

-0.08
3.4
59
0
-

PORV OPENING
PS average pressure decrease gradient
min. I'UZ pressure
min. PRZ pressure lime
I'S average pressure increase gradient
PORV opening lime
ratio between I'RZ and I'S mass al I'ORV opening time

RTA

ENERGY AND MASS BALANCE IN THE PRZ

SVP

PRZ inventory al PORV opening
average I'RZ level increase gradient
integral mass flow al PRZ in lei
PRZ inin. level
PORV OPENING - AFVV ACTUATION

RTA

ENERGY AND MASS BALANCE IN TOE PRZ AND PRZ
OVERFILLING

TSE
SVP
IPA
1PA

PRZ level full at 90%
average PRZ level increase gradient
integral of difference between mass flow al PRZ inlet and through I'ORV
difference between energy flow al PRZ inlet and through I'ORV

RTA

SATURATION CONDITION (relevanl for pump (rip)

SVP

s
m/s

476
-0.014

K/s
s
K
K/s

-0.21
167
574
0.018

-0.31
91
563
0.021

59 - «42

R
R
R
R

MPa/s
MI'a
s
MPa/s
s
-

-0.01
14.9
191
0.0017
1335
01

-0.06
14.3
97
0.0027
842

R
E
R
R
R
E

kg

42
0.002
NA
3.7

33
0.0017
NA
2.7

.

TSE

RTA

PS COOLANT TEMPERATURE INCREASE

SVP
SVP

average temperature increase gradient in HL
average (cmpcralurc difference lwlwcen HL and CL

RTA

SS PRESSURE BEHAVIOUR

SVP

SS .SO average pressure gradient

R
R

550
-0.007

WMmMWmm

s

temperature difference between PRZ and CL fluid
ill phase 3 beginning
saturation condition al pumps inlet lime

Fi
-

59 - 1335

kg
m

PHASE 3
Time

E
R
E

s

PS FLUID TEMPERATURE TREND
PS average lempcralure decrease gradient in HL
min. fluid Icmpcralure lime in CL
I'S minimum fluid temperature in CL
average temperature increase gradient in HL

SVP
SVI'
TSE
SVP
TSE
NDP

li'A
SVP

KXP
0 -59

wmmmm£m WmmMMm

RTA

svp

Unit

1335 - 1625

oog

R
E
R

842 - 1627

s
m/s
kg
M.F

NP
0.0015
NA
NA

NP
0.0037
NA
NA

R
-

K

26

44

R

s

NP

NP

-

K/s
K

0.014
0

0.025
0

R
13

NP

NP

-

(*>-R0I2casc
NA - Not available
N P - N o l applicable
(o) - PRZ level was controlled at about I m by VCS nclualion
(•*) - Level conlrollcd al 1.4 m
(+) - SS pressure was maintained constant in alt phases of Ihc transient

Table 5 - Judgment of code calculation performance on the basis of relevant thermallivdraulic aspects
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A F W A C r U A T I O N - S T O P O F AFW
"*

EXP
1625-4955

CALC
1627 - 4955

JUDCMKNT

s

AFW actuation lime
time between SS dump and AFW actuation
lime between core dry out slarting and AFW actuation

s
s
s

1625
NP
NP

1627
NP
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F.

s
s
kg
kg
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45
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3139 (••)
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1
R
F.
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s
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R

s
s
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R
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-
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p

-Hi
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""SUP
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~
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I'RZ level = 1.2 m
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AFW integral mass flow up to lime
when PRZ level = 1.2 m
time between AF~W actuation starting
and PRZ level = 1.2 m
I'RZ pressure = 15 MPa
time between AFW actuation starling
and PRZ pressure = 15 MPa
PRZ and PS inventory at AFW actuation time ratio
actual and initial PS inventory at PCT time ratio
primary to secondary depressurization ratio starting from SS steam dump
after 350 s (+)
primary to secondary depressurizalion ratio slarting from AFW actuation
start after 350 s (+)
primary deprcssurration starting from AFW actuation after 350 s

-RT7~

HOT WALL DELAY

TSE
TSE

SG riser level = .2m
lime between AF"W actuation starting
and SG riser level = .2m

x o : : : : : ; : ; : •; -: : :• :•:;:- :•: -y. •;•:• y.-:-m :•:•: •: <

R
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—T5E
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SS pressure = 5 MPa (+)

"
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s
s
K
K
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5
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8
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E
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PHASE 5
Time

STOP OF AFW - AFW ACTUATION
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s

EXP.
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CALC
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s
m/s
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-0.001
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R
F.
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TSE
SVP
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RTA
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SVP
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16
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s
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s
s
s
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R
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maximum PRZ pressure
PRZ and PS inventory al ARV actuation time ratio
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primary to secondary dcpressuriralion ralio slarting from SS steam dump
after 350 s i - y
primary to secondary depressurization ratio starting from AFW actuation
start after 350 s (+)
primary depressurb-ation starting from AFW actuation after 350 s

s
m
kg
kg
MPa
-
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2.75
45
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13.7
O.U
NP
NP

9297
1.4
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13.6
0.11
NP
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R/E
R
E
R
E
E

-

NP

NP

-

Ml'a

0.9
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R

SG riser level = .2m
time between AFW actuation starting
and SG riser level = .2m

s
s
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R/E
R

kl'aA
s
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NP

AFW ACTUATION

_ TSE
TSE
TSE

AFW actuation time
rime between SS dump and AI*W actuation
time between core dry out starting and AFW actuation

_ RTA
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.

svp

1PA
NDP
___N»P
NUP

sv

-.
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C
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TSE
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:::•::::$:>:•: v:>v::::::::::::".S::?S:>i>::::::

17
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PHASE 6
Time

_

wmiMmmm
K
K
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.

-

"
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-
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L

R
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SS average rcprcssuriration gradient (+)
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-

(cont.)
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PARAMETER
1 - PRZ pressure
2 - S( J pressure (secondary side)
3 - Core inlcl fluid temperature
4 - Core oullcl fluid temperature
5 - Ujipcrhcad fluid temperature
6 - Cold leg temperature (BL)
7 - Cold leg temperature (II-)
8 - Hot ICR temperature (UL)
9 - S(iDC Ixiltom fluid temperature
10- Healer rod temperature (hottom level)
11- Heater rod temperature (middle level)
12- Heater rod temperature (high level)
13- Prinmiy side tolal mass
14- Core level
15-SO DC Level (IL.)
16-SO DC Level (BLJ
17- Dr inlct-oullcl SO (IL)
18- DI' loop seal (ascend, side ISL)
19- DP loop seal (descend, side HL)
20- PRZ level
21- DP SO inlet plenum - U lubes top (IL)
22- DP across IX.'-UH bypass
23- DP inside SO inlet plenum
24-SO IL total mass
25-SO BL tolal mass

DESCRIPTOR (EXP/CALC)

PA40/P54001
PA87S/P9I501
TF35V135/TF10601
TF38IIOOO/1P50001
TF39/TF46O01
TF26H000/TF77001
TF1611000/TF61201
TF21N0OO/TF70O01
TF93F2 / TF85005
TH35F4O2/HT995O11
TI1340208/HT997011
TH37F209/HT999U1
CIPRIM/CN1KLVAR77
CL3RYA /CNTLRVAR08
CL93BT/CNTRI. VAR02
CL83HT/ CN TRLV AR03
PD9092AA / CNTRVAR28
PD2724/CNTRLVAR24
PD822 7A / CNTRL.VAR30
CL434O/CNTRLVAROI
PD90BPX2 / P5700I-P57012
PD3D3RBA / P21001-P43001
PD90AB47 / P560O1-P5700I
CISOIL/CNTRI. VAR59
CISOBL / CNTRL.V AR57
TOTAL

AA
0.1278
0.0432
0.0516
0.0476
0.1399
0.0685
0.0606
0.0482
0.0383
0.0518
0.0706
0.0639
0.0766
0.0987
0.3652
0.3899
0.8964
0.4045
0.3038
0.4089
0.5991
0.2255
0.3606
0.2347
0.2457
0.1227

j

0.0066 ~~""
0.012]
0.0052 "~
0.0090
0.0019~
0.0075 ~
0.0036
"
0.0073" "
0.0195
0.0110
0.0206
0.0211
0.0171
0.0047 ~~
0.0164 ~~
0.0158
0.0160
0.0146
0.0115
0.0154
0.0167
0.011
0.0131
0.0154
0.0135
0.0012

Table 6 - Results obtained by application of the FFT method to BT-15/16 test calculation
Qualitative accuracy evaluation has been made in relation to post-test calculations utilizing a list of relevant
thermalhydraulic aspects. Also, a quantitative evaluation was made based on the Fast Fourier Transform Methodology.
and the obtained results confirm the adequate performance of RELAP5/MOD2 code in analyzing a loss of fecdwater
transient scenaiio. Related to the need of qualifying a methodology it should be emphasized that without considering a
specific experimental data base and the related comparisons with code results, the conclusions about the capability of
the code and the reliability of the results of possible NPP related analysis may lead to inadequate conclusions about
safety margins.
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Abstract
Many parameters affect the behavior of a NPP during a Small Break Loss of
Coolant Accident (SBLOCA). The bypass flow between the core side and the
downcomer is one of them. Different PWRs have different values of core bypass
flow.
In spite of the complexity of the real situation in the primary system during
SBLOCA, some fundamental details of the phenomena can be explained with
simplified mathematical models, which relate on basic parameters of the primary
coolant. These models define the conditions for loop seal clearance and final
results are confirmed with measured values.
The analysis presented in the paper refers to Bethsy Test 9.1 .b SB LOCA scenario,
with variation of core bypass flow. Basic RELAP5 input model calculation results
show very good agreement with the experimental data.
The core liquid level depression before loop seal clearance is lower in case of
smaller core bypass flow. This affects the fuel clad temperature because of
different heat transfer mechanisms. Time of loop seal clearance is delayed with
larger core bypass flow and consequently lower differential pressure between
downcomer and core.
1. Core Bypass Flow
Core bypass flow is the part of primary coolant flow, which does not pass the through
core. The core bypass flow is considerd in this paper only direct flow from downcomer
to upper plenum of the reactor vessel. It consists of flow through the connection
between the cold leg and reactor vessel, reactor vessel head coolant flow and in some
particular reactors the flow through a vent valve, which is opened only during safety
injection phase.
Calculated results and observations of the experimental tests showed the influence of
total core bypass flow value on the SBLOCA scenario. The core bypass flow, due to the
connection between the upper core region and cold leg, decreases differential pressure
between downcomer and upper plenum of the reactor vessel. It allows steam entering
from the upper part of the reactor vessel into the cold leg and than further to the break.
A core bypass flows in commercial PWRs usualy vary from 0,5% up to 4% of total loops
RCS flow rate [1].
In the two-loop Krsko NPP, a 0,5% amount of primary coolant flow avoids the core
through the junction of the hot leg and reactor vessel, another 0,5% passes through the
spray nozzles for reactor vessel head cooling [2].
Standard four-loop Westinghouse NPPs have through the stated junction a doubled flow
Nuclear Energy in Central Europe, Portorofc, Slovenia, 16-19 September 1996
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rate, while the same one passes through spray nozzles (comparison with the
NPP) [3].
More details about values of the core bypass flows are listed in Table 1.
Nuclear Power Plant

Core bypass flow in %
1

NEK-Westing house (two loops)
Westinghouse (four loops)

1.5

French NPP

2

Doel 2 - Belgium (two loops)

0,24

Doel 4 - Belgium (three loops)
Table 1.
Core bypass flows in different NPPs

0,35

2. Physical interpretation of fundamental phenomena during SBLOCA
All the parameters affecting the SBLOCA scenario cannot be considered in simplified
mathematical models. However some basic principles and phases of the accident can
be very well predicted by simplified mathematical equations. They lead to results, which
are confirmed by large computer codes and by experimental simulations.
The core cooling is most interfered just before the loop seal clearance. The core coolant
level is then at the lowest elevation. Natural circulation is stopped and coolant from
safety injection has not jet reached the core.
Physical parameters:
p
pressure
p
density
z
elevation
g
gravitational acceleration

Subscript:
core
downcomer

c
d

Table 2. Explanation of used nomenclature
STEAM GENERATOR

2.1
Conditions for loop seal clearance
Figure 2.1 presents the conditions in the
reactor vessel when the natural circulation
stops. Only steam is present on the primary
side of steam generators. Core coolant level is
equal to the level in loop seals. Core coolant
level in Figure 2.1 is collapsed coolant level,
meaning that coolant below this level is in
liquid phase without steam bubbles. Actual
core coolant level is much higher because of
the fruit. In this simplified model we neglect the
presence of steam in the primary system and Figure 2.1
we assume constant density of the primary
coolant. With these assumption, we can write:
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P1
REACTOR COOLAMT
COLLAPSED CORE COOLANT LEVEL

Model of primary circuit after
natural circulation stop
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(1)
f^e pressure at the bottom of the cold leg p, is:
(2)
and the pressure of the downcomer inlet:
(3)
After joining the equations (1), (2) and (3), we have:
(4)
The differential pressures DP1 and DP2 are defined as follows:
(5)

Figure 2.2 shows the conditions before the
loop seal clearance. The lowest cold leg point
is almost dried out. We can write:
h=0

STEAM GENERATOR

(6)

It is also
\DPl\±pgL

(7)

and
'

DP2=pgH

(8)

REACTOR

COOLANT'

COLLAPSED COOLANT LEV^L

Figure 2.2

Model of primary circuit jus t
before loop seal clearance

When the coolant covers just the cold leg
lowest point, the DP2 is constant and equal to pgH. Differential pressure between the
core and downcomer DP1 depends on the core coolant level. It becomes zero with
fulfillment of the condition: h=H.
Dry out of the horizontal pipe of loop seal (L>H) defines the condition for loop seal
clearance, according to the differential pressures DP1 and DP2:
\DP1\*DP2 at
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Experiments showed presence of liquid core coolant in the U tubes of steam generators
at the moment just before loop seal clearance [4]. A difference between coolant levels
of the hot and of the cold primary side of steam generator was observed. Considering
this, we can add this term to the equation (9):
\DPl\zDP2+DP3

(10)

STEAM GENERATOR - SG

COLD SIDE OF SG

where DP3 (Figure 2.3) is given by the
equation:
DP3=pg(h2-hl)

HOT SIDE O f SG

(11)

A positive difference between the coolant
levels in the steam generators (h2-h1)
additionally reduces the core coolant level
below the lowest cold leg point.
Core bypass flow presenting direct connection
between downcomer and upper plenum Figure 2.3
impacts on the differential pressure DP1. The
increase of DP1 during SBLOCA is slow with
larger core bypass flow and loop seal
clearance is delayed.

REACTOR

COOLANT

COLLAPSED COOLANT

LEVEL

Model of primary circuit just
before loop seal clearance
with coolant in SG tubes

2.2
Impact of the core bypass flow to the core coolant level
On the bases of the results of simplified mathematical model [5], we can estimate the
relation between core coolant level and core bypass flow. Figure 2.4 displays the
situation in the reactor vessel just before loop seal clearance. It can be simplified as
follows: kinetic energy in the primary system
can be neglected, considering the absence of
natural circulation and constant density of
primary coolant. These lead to equilibrium
equation for core (region c; where ~pc is
average water density in the core) and junction
of downcomer and cold leg (region d):
STEAM GENERATOR

J

(12)
After restructuring the last equation, we have:
(13)

S TEAM

REACTOR COOLAMT
PUMP

DOWNCOMER • REGION
CORE • REGION

Figure 2.4

Impact of the core bypass
flow on core coolant level in
a model of primary circuit

Elevation zd is taken as a reference value (0). Therefor the equation for coolant level
difference between regions c and d is:
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1 Pc'Pd

~

...

(14)

assume a 30% void factor for the core region, the average core coolant density at
ars in core is:
(15)
m

/, we can write the relation between the elevation of core coolant (in cm) and
Hlfferential pressure (in Pa) across the downcomer and core:
z^-0.02(pc-pd)

[cm]

(16)

'.Equation (16) means: every differential pressure across downcomer and core of 100 Pa
leads to additionally 2 cm lower core coolant level in the period just before loop seal
clearance.
Nuclear power plants with smaller core bypass flow have larger differential pressure
between downcomer and upper plenum during SBLOCA. Mathematically:

" d' larger core bypass flow

^c

r j)smaller core bypass flow

\ ' •)

Reference [5] states that the differential pressure (pc-pd) can be up to 13 000 Pa under
same SBLOCA conditions and power plants with different core bypass flow. That can
cause (equation 16) more than 2m difference of core coolant level before loop seal
clearance.
3. Results of RELAP calculations on Bethsy 9.1.b SB LOCA experiment
Based on modeling of Bethsy scaled model of the three-loop french nuclear power plant,
IJS-OR4 division tried to prove stated theoretical conclusions. Different scenarios were
analyzed and compared with experimental data. First, the calculated core bypass flow
was assumed equal to the experimental one (1,18% of the primary coolant flow).
The core bypass flow was increased to the value of 1,94% in a second scenario. Table
2 presents values of maximum core level depression before the time of loop seal
clearance and maximum fuel clad temperature occurrence during the calculated
scenarios.
Figure 3.1 presents core coolant collapsed liquid level for the calculated 1.18%, 1.94%
and experimental core bypass flow. A delay (24 min) of the loop seal clearance is
evident with increased core bypass flow. Other scenarios with even smaller bypass were
calculated. They showed, that decreasing the bypass flow under 1% does not contribute
much to sooner appearance of seal clearance. We concluded, that the relation between
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time (s)

minimum
collapsed
core level
(m)

time (s)

maximum
fuel clad
temperature
(K)

1,18% core bypass flow

3230

1,76

3310

1047

1,94% core bypass flow

4680

4800
972
1.99
Values of modeled core bypass flow for Bethys scaled model

Table 2

the amount of core bypass flow and appearance of loop seal clearance of RELAP rum
is not linear.
Comparing the experimental data of ROSA-IV [4] and MOD-2C [1] models we expected
larger influence of increased core bypass flow to the core level depression just before
the loop seal clearance. The difference in minimum collapsed core coolant level in the
two calculations was approximately 20 cm.
Because of delayed loop seal clearance, the core level depression appears, when the
decay heat is lower. Fuel clad is less exposed to interfered heat transfer and maximum
fuel clad temperature is increasing with decreasing core bypass flow (enclosed figures
to the article; A.1 and A.2).
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The depressurization of the primary coolant system strongly depends on the time of loop
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|al clearance. In both scenarios (enclosed figures to the article; A.1 and A.2),
jpressurization under 6 MPa took place after the loop seal clearance, but this had no
ipact on fuel clad temperature excursions.
jjfferential pressure of the upstream line of loop seal was a good indicator of loop seal
ijearance during the experiment. At least one of the three upstream differential
pressures was zero just after the loop seal clearance. Calculated results (enclosed
....inures to the article; A.1 and A.2) did not predict this. RELAP's calculated differential
f ipressures of the upstream lines are based on the average density of the coolant in that
f'area. During the loop seal clearance, iner surface of the primary pipe could be still
wetted, while inside the pipe could be already steam. RELAP differential pressure
measurement simplifications do not represent real physical measurements of differential
pressure values in upstream lines of loop seal.
4.

Conclusions

After analyzing the impact of core bypass flow on SBLOCA scenarios we can give the
following conclusions:
In general, the larger core bypass flow leads to smaller break flow. This is due
to larger void fraction in broken cold leg.
The amount of core bypass flow has impact on the appearance of loop seal
clearance. The increase of differential pressure between upper plenum and
downcomer during SBLOCA is prolonged due to larger core bypass flow and
delay of loop seal clearing.
The core coolant level just before the loop seal clearance depends on the
differential pressure between core and downcomer. A larger core bypass flow
causes smaller differential pressure and core level depression.
The maximum fuel clad temperature is lower with delayed loop seal clearance
due to larger core bypass flow and at the same time lower decay heat power.

Authors of the article would like to thank to US, Reactor Engineering Division especially
to Dr. Stojan Petelin for his guidance through explanations of the behavior in primary
circuit during SBLOCA and for all the help with RELAP's calculations with Bethsy model.
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kWRA Analysis of Inadvertent Closing of the Main Steam Isolation
Valve in NPP Krsko
Danilo Feretic, Nikola Cavlina, Davor Grgic, Srdan Spalj
Faculty of Electrical Engineering and Computing, University of Zagreb
Unska3, 10000 Zagreb, CROATIA

ABSTRACT
The paper describes the use of system code RELAP5/mod2 and analyzer code LWRA in
analysis of inadvertent closing of the main steam isolation valve that happened in NPP
Krsko on September, 25 1995. Three cases were calculated in order to address different
aspects of the modelled transient. This preliminary calculation showed that, even though
the real plant behaviour was not completely reproduced, such kind of analysis can help to
better understand plant behaviour and to identify important phenomena in the plant during
transient. The results calculated by RELAP5 and LWRA were similar and both codes
indicated lack of better understanding of the plant systems status. The LWRA was more
than 5 times faster than real time.
INTRODUCTION
The computer codes for nuclear power plant safety analyses are verified and validated
using the results of the transients performed on experimental facilities, and/or using results
calculated by more accurate computer codes. The most appropriate way to adjust the model to
the specific plant is comparison with the transient that really happened, so the model can be
applied for the analyses of similar transients. That is the reason why, when certain transients
happened, it is important to use the opportunity to evaluate the model of the plant.
The paper describes the use of simulator like code LWRA (Light Water Reactor Analyzer)
and more detailed system code RELAP5/mod2 in analysis of inadvertent closing of the main
steam isolation valve that happened in NPP Krsko on September, 25 1995. Transients of this
type do not lead to the extreme plant conditions, but can be used to check the model of control
and protection system. Unfortunately, all data recorded on the plant information system were
not available and only rough sequence of events was known, so we performed preliminary
calculation. The final analysis and the comparison will be done in the future. One of our
intentions was to explore capabilities of LWRA code to perform transient analysis in accurate
and most effective way. If the accuracy of the LWRA results, checked against RELAP5 results
and against available plant data, is verified, we can exploit full benefit of LWRA's easier
input preparation, faster than real time calculation and on-line results presentation.
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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MATHEMATICAL MODEL OF THE PLANT
For the purpose of this analysis, the models for pressurizer level and pressure
steam generator level control and turbine bypass (steam dump) system are included
already existing RELAP5/mod2 nodalization for NPP Krsko. The standard RELAP5/n
nodalization for NPP Krsko is shown in Figure 1. Total number of used control volume*!
250 (167 on the primary side and 83 on the secondary side). The volumes are connected i
190 junctions on the primary side and 83 junctions on the secondary side (total nuniben
junctions is 273). Total number of active heat structures on the primary side is 19|
corresponding number of the heat structures on the secondary side is 51. Of the total nur
of heat structures 12 heat structures are active heat structures (with heat input) and they
used to model reactor core. The heat input is table defined, taking into account change of
heat power during scram and decay heat generation after reactor scram. The model of ihgi
pressurizer level and pressure control system, as well as model of the steam generator levef
control system, are introduced in existing standard nodalization. Two additional trips art
introduced to model SI actuation on low steam line pressure.
The steady state transient lasting 200 s was performed using new input deck. The results of
the calculation were verified against standard criteria for initial conditions accuracy:
- error in net heat power exchanged in the system <1 %,
- error in system pressure <0.5%,
- coolant temperature error <1%,
- error in primary water flow and in steam flow in SGs <1%,
- error in heat losses calculation <5%,
- error in total water mass in the system <1 %.
The LWRA (Light Water Reactor Analyzer) code, which is plant analyser capable lo
analyse transients in PWRs and BWRs, is used to prepare another model for the NPP Krsko.
The code is developed by Stanislav Fabic and it is based on older RETACT (REal Time
Advanced Core Thermal Hydraulics) code, developed at Dynatrek, Inc. The thermal-hydraulic
model of the code is classical 5 equation drift flux model with addition of separate
conservation equation for mass of non-condensibles. The mass conservation equations are
integrated for mass of vapor, mass of non-condensibles and mass of liquid. There are two
energy conservation equations, one for gaseous phase (non-condensible and steam) and one
for two-phase mixture. Only one momentum conservation equation, for the two-phase mixture
is used. In the mixture momentum equation the phasic mass flow rates are expressed in terms
of either mixture mass or mixture volumetric flow rate and the drift term. After solving for the
mixture flow rate, the drift flux relations are employed to parse the mass flow rates of each
fluid component. The mass and energy conservation equations are used to develop the
calculation scheme based on one system pressure per region. The local fluid properties are
assumed to be functions of the local enthalpy and the global pressure. The mass balances are
combined to derive an integral expression for the local volumetric flow rate within each
closed loop. More details about LWRA model can be found in ref. 5 and 6.
LWRA input deck for NPP Krsko is developed using reduction of the standard
RELAP5/mod2 input deck. Total number of control volumes in LWRA nodalization is 48.
The volume numbers 1-6 and 7-12 are used for secondary side of steam generators, volume
numbers 13-43 are representing primary system, number 44 and 45 are used for steam lines,
310
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46 for steam header, and volume numbers 47 and 48 are used for pressurizer relief tank
containment, respectively. The pumps are modelled using the same homologous head
torque curves as in the RELAP5/mod 2 code. Only small number of the heat structures is ed
in the model. There are 18 heat structures in the core (3 axial stacks of structures in each co»i
volume) distributed in 3 radial zones to take into account power distribution used in reactivity^
weighting. The steam generators U-tubes are modelled with 10 heat structures in each steam
generator. The pressure loss distributions within primary system and within recirculation loon
in steam generators are calculated as the first approximation and loss coefficients have to be
better tuned. The same is true for plant protection and control system, where some generic
setpoints are used. In the steam generators only main feedwater is modelled in normal
operation, without 70-30% feedwater split currently used in NPP Krsko. The steady state
transient is performed to initialise the model. The fixed time step of 0.125 is used during 1000
s. Steady state results are verified against plant data and against RELAP5/mod2 calculation.
Generally speaking, according to above mentioned standard accuracy criteria for initial
conditions, good agreement is achieved for this preliminary stage in LWRA nodalization
development. The pressure drop on steam generator secondary side has to be better calculated
and that will give better results for secondary pressure and flow.
DESCRIPTION OF THE EVENT
, The inadvertent closing of the main steam isolation valve happened in NPP Krsko on
September, 25 1995 at 10:22. The NPP was at full power. Due to the different SG plugging
level, steam mass flow from the SG 2 and corresponding steam pressure were slightly higher
than in the SG 1. After malfunction in control circuit of the main steam isolation valve
(MSIV) 1, the flow from the steam generator was stopped and steam pressure increased up to
7.78 MPa. In the same time, due to the higher steam flow from the steam generator 2, the
steam pressure decreased and SI signal was initiated at 5.4 MPa. Reactor scram, turbine trip
and main feedwater isolation were actuated on SI signal. Due to the very short time (1.2 to 1.4
s) that passed between MSFV closure and reactor trip initiation, heat balance in the primary
system was only temporarily disturbed and there was no heatup of the coolant, hi the
meantime the MSIV was closed on low steam pressure signal in steam line 2 and steam
pressure in SG 2 started to increase. The pressures in both SGs were stabilised bellow SG
PORV set point around 50 s after transient initiation. All conditions in the plant were stable.
Only first part of the transient was analysed.
RESULTS
The calculation started from 100 % power, with the same conditions in both steam
generators (18 % U-tube plugging in both steam generators). MSIV 1 was closed and 500 s of
transient was calculated.
The following cases were first calculated using RELAP5/mod2 in order to address different
aspects of the modelled transient:
1. Main steam isolation valve 2 closes at the beginning of the transient,
2. Main steam isolation valve 2 does not close at all,
3. Main steam isolation valve 2 closes at the beginning of the transient with the
assumption of leak through the both main steam isolation valves.
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was registered around 1.5 s after MSIV 1 closure. In the first case the MSIV 2
josed on low steam pressure around 2.4 after transient initiation (closure time is between
i>5 s). Steam pressure in both SGs is shown in Figure 2. The pressure increases after
tit of the valves till SG PORV set point. The combined capacity of the PORV and safety
is large enough to stop the pressure increase and cool the primary side. Characteristic
ling of the valves can be identified on Figure 2. The reactor scram was initiated early in the
sient but combined effect of the decreasing reactor power and accumulated heat was
ulted in PORV opening in order to establish heat balance in the plant. In real situation there
no actuation of the valves and that suggest that our calculation wasn't able to reproduce
data.
1 The next case was started with assumption that there was no closure of the MSIV 2. This
•gumption was used to define two bounding cases for this transient and to explore possible
(Jeficiencies in the mathematical model, and to explain difference between measured data and
calculation. In this case the pressure increase in both steam generators started after MSIV 1
closure, like in the previous case, but due to fact that MSIV 2 was opened, the primary side
was cooled and power imbalance was smaller. Due to the smaller power imbalance pressure
increase reached the point where one steam generator is enough to transfer heat power from
ihe primary side after reactor scram. The maximum pressure is higher in isolated steam
generator, but both pressures are more or less constant after 200 s of transient (Figure 3).
Almost constant steam flow from the steam generator 2 was established after auxiliary
feedwater flow initiation.
Behaviour of the steam generator pressure in the real case was somewhere between
pressures calculated in the first and the second case. In the real case there was no PORV
actuation and MSIV was closed. The pressure increase was limited with both pressures
staying close together after initial transient (measured value of the pressure in SG 1 was
slightly higher). The heat balance, calculated in the mathematical model, indicates that such
kind of behaviour was possible only if some additional mechanism of steam generators
cooling, not addressed in the original model, exists. The third calculation was started with
working assumption that there is a leakage in the steam generators after MSFV isolation.
Assumed values of the leakage were 15 kg/s for first steam generator and 5 kg/s for second
steam generator. The greater mass flow in the first steam generator was used because that was
the only way to have smaller pressure in steam generator 1 which was isolated first. The
calculated pressure is shown in Figure 4. These results show that it is possible to reproduce
real pressure behaviour if the real values of the flow outside steam generators are known, that
means if the real boundary conditions in the plan are known. In that case, the model will be
able to calculate accurate values of the plant parameters.
The first LWRA calculation was performed without any intervention. The behaviour of the
secondary pressures is similar to behaviour of the measured pressures. Calculated pressure
peak in SG 1 is higher than in real situation, and pressure drop in SG 2 after MSIV closure is
larger. Both things are caused by the delay in SI signal initiation, due to lack of derivative
effect in steam line pressure signal conditioning. During the transient opening of the SG
PORV number 1 is calculated.
The steam generator pressures are taken as the representative variables for comparison of
the calculated and measured results. The pressures calculated by LWRA, by RELAP5/mod2
and measured in the plant are plotted in Figure 5. In RELAP5 calculation there is no pressure
drop in SG #2. LWRA calculated pressure drop is too large. RELAP5 calculates too low
pressure peak in SG #1 and LWRA calculates too high pressure. The rate of pressure increase
in both calculation is lower than it is measured in the plant. Both codes calculate similar
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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pressure after first 100 s of transient and pressures are slightly increasing. In the plant pressure
is decreasing indicating additional cooling of the plant. When some leakage is specified on the
MSIVs or some additional loss of the steam from steam generators is specified the peak
pressure increase is decreased and it is possible to get pressure decrease in both steam
generators in second part of the transient.
CONCLUSION
It could be concluded that the behaviour of the transient depends on the time of low steam
line pressure signal initiation and corresponding SI signal generation, as well as on the time
and duration of MSIV 2 closure and possible loss of the steam from isolated steam generators.
The control and protection system of the plant performed as designed and the plant is brought
into the safe shutdown operation without any consequences.
This preliminary calculation shows that, even though the real plant behaviour was not
calculated, such kind of analysis can help to understand plant behaviour and to identify
important phenomena at the plant during transient. In normal analysis of the event, performed
by the plant staff, such things are usually not addressed because of lack of adequate analytical
tool. In most cases main goal is only to answer if there were any safety problems and if
systems and equipment performed as requested. Both, the RELAP5/mod2 and LWRA, codes
calculate similar results, and for this class of accidents, after proper boundary conditions will
be defined, both codes can give results close to plant data. The LWRA calculation time (5
times faster than real time on Pentium 133 MHz) is at least for order of magnitude shorter
than RELAP5 calculation time. The code is easy to use with possibility of changes in transient
scenario and in set point values during the calculation. The preparation of input values is
simpler and the code can be used in situation when we have not enough data to describe the
plant.
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PROBLEMS WITH MODELLING SECONDARY SIDE OF
HORIZONTAL STEAM GENERATOR
Iztok Parzer, Stojan Petelin
Institut "Jozef Stefan"
Jamova 39, 1111 Ljubljana, Slovenia
Abstract

The design of steam generators (SGs) in VVER-440 plants is different from Western
type, but similar type of accidents may happen. An experiment, known as the International
Atomic Energy Agency Standard Problem Exercise no.3 (IAEA-SPE-3), simulating the event
initiated by a rupture in the horizontal steam generator.hot .collector, performed on the PMKNVH integral test facility, a model of VVER-440 nuclear power plant, has been analyzed
using the frozen version RELAP5/MOD2 and the latest released version MOD3.2 of the
RELAP5 thermal-hydraulic computer code. Main goals of the analysis were to study the
adequate modelling of the PMK-NVH facility and gain experiences for modelling VVER-440
plants with the RELAP5 code. The particular emphasis was given to the modelling of the
secondary side, since this has been recognized as a deficiency in RELAP5 code.
Introduction
In mid 1980's International Atomic Energy Agency (IAEA) sponsored the construction
of PMK-NVH integral test facility [1], a model of Hungarian Paks NPP, VVER-440 type,
and started an international research program on safety of VVER-440 plants. Among other
experiments performed on this facility, some were SGTR type, with the rupture located in
the SG hot collector. An experiment initiated by a rupture corresponding to 19.4 % of the
SG hot collector cross-sectional area was chosen as IAEA-SPE-3 [2].
The presented work deals with RELAP5 simulation of the above mentioned hot collector
rupture experiment. RELAP5/MOD2 [3] and MOD3.2 [4] are one-dimensional, six-equation,
non-homogeneous, non-equilibrium computer codes, primarily developed to analyze thermohydrodynamics during the transients in Western type nuclear power plants. Main goals of the
analysis were to study adequate modelling of PMK-NVH and gain experiences useful for
modelling VVER-440 plants with RELAP5 code by assessing if the RELAP5 code is
appropriate for predicting the course of the transient, initiated by a hot collector rupture, with
emphasis on steam generator secondary side heat transfer. Finally, comparison has been made
between M0D2 and MOD3.2 version predictions.
PMK-NVH facility description
PMK-NVH is a 1:2070 volumetrically scaled down, full height (except for the lower
plenum and pressurizer), full pressure and full scaled power integral test facility (Figure 1).
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The reference plant, Hungarian
Paks NPP is a 6-loop PWR
(VVER-440), but the model has
only 1-loop. The PMK-NVH
integral test facility consists of
a reactor vessel model with an
external downcomer, a hot leg
with a pressurizer vessel, a
horizontal steam generator, a
cold leg and a cold leg bypass
with a pump. The reactor core
is simulated by an electrically
heated 19-rod bundle with
uniform axial and radial power
distribution, implanted in a
hexagonal ceramic insertion.
High Pressure Safety Injection
(HPSI) system is connected to
the cold leg, with the possibility
to simulate one or two HPSI
pumps in operation. Two
passive hydro-accumulators are
installed on the facility, one
connected to the upper plenum
and the other to the reactor
vessel external downcomer.
Steam generator model,
depicted in Figure 1, may give
an impression as if it was
vertical, but the flow regimes
on the primary and secondary
sides are in fact similar to those
in the VVER-440 plant, which
Figure 1: Axonometric view of the PMK-NVH facility
has horizontal SGs. Steam is
separated from liquid only by gravity. No steam separators are installed neither in the PMKNVH facility nor in the real VVER-440 plant SGs.
Experiment description and facility model development for RELAP5 calculations
The experiment started from full scaled power and full primary pressure. The rupture
between the primary and secondary side, represented by a 3.8 mm orifice in the rupture line,
connecting the top of hot collector (primary side) and secondary steam dome from the
outside, was opened in the beginning of the transient. From the more detailed description in
[5] it could be understood as that the break size was chosen so that the timing of the events
and the phenomena should correspond to the transient initiated by a rupture in the real NPP
hot SG collector with the opening of 11.9 % of the cold leg cross-section. However, another
document [6], issued by the organizers of the IAEA-SPE-3 described the experiment to be
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only by a 4.7% break (2 mm
f* The performed analyses at
vved much better agreement of
PjjgLAP5 prediction with
tiiental results if 2 mm orifice
assumed in the rupture line. The
:important initial conditions,
Spared to the experimental values,
gj shown in Table 1.

EXP

parameter

unit

primary press.
loop flow
cold leg temp.

bar 125.2
kg/s 5.24
K 534.8

hot leg temp.
K 559.3
core power
kW 700.5
pressurizer level m
1.18

M0D2 MOD3.2
125.2
5.24
534.8
561.5

125.2
5.24
534.8
561.5

700

700
1.18

1.18
43.9
2.11
0.373
491.8

bar 45.9
43.9
' A certain discrepancy could be SG pressure
-hjerved in the difference between
m 2.11
2.11
SG level
lot and cold leg coolant temperature,
FW flow
0.373
kg/s 0.38
comparing experimental and calcuFW temperature K 491.8
491.8
initial conditions. According to
jh steam tables [7] and hot and cold
leg temperatures from Table 1, the T a b i e 1 : In j t j a i conditions for the IAEA-SPE-3 test
power extracted by SG was calculated
between 645 and 650 kW. The experimental value for core power of 700.5 kW with 18.5 kW
heat addition by the pump and the suggested steady state primary heat losses around 24 kW,
jesults in 695 kW SG power at initial steady state, which was the value used in RELAP5
calculations. It implies around 1.5 K higher hot leg temperature as measured in the
experiment. The reported uncertainties from the measurements of core power (+3 kW),
primary temperature (±1 K i.e. ±25 kW) and + 0.06 kg/s at 5.24 kg/s primary flow, giving
around ± 8 kW uncertainty, sum to around 35 kW uncertainty in the power extracted through
the SG tubes. Since the hot leg temperature was not in the set of original initial conditions,
given for the blind calculation, it was assumed subject to adjustment within RELAP5.
The facility input model for RELAP5 simulations was previously developed for the
SPE-1 [8] and SPE-2 [9] analyses, which were SB LOCA experiments performed on the same
lest facility. Since the facility was slightly modified on the secondary side for the SPE-3 test,
the model was changed only on the secondary side. The input model in Figure 2 consists of
102 hydrodynamic volumes, connected by 112 junctions with 99 heat structures [10].
The main difficulty during the model stabilization was that the initial secondary pressure
could not be matched at the given cold leg temperature. The heat transfer across the SG tubes
depends on the heat transfer coefficient on the primary side of the SG tubes (aprilj, tube
thickness (6), tubes thermal conductivity (X) and heat transfer coefficient on the secondary
i

(1)
a.

prim

Introducing the steady-state values for the given quantities, as achieved during the
stabilization process with RELAP5, the equation could be rewritten (k [W/m2K]):
1

1

1

1

27000

20000

25000
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k « 7870

(2)
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hot leg
loop seal

pump
Figure 2: RELAP5 model of PMK-NVH integral test facility for IAEA-SPE-3 calculations
Typical values for heat transfer coefficients in vertical steam generators, as calculated by
RELAP5, are above 30000 W/m2K for the primary side and above 50000 W/m2K for the
secondary side. A simple consideration leads us to the conclusion that heat transfer
coefficients could be very similar also in horizontal steam generators. The experimental value
of AT = Tnvg(prlm) - Tsce for IAEA-SPE-3 is 19.2 K, while RELAP5 could only achieve AT
= 15.7 K. Assuming the same amount of heat transferred from primary to secondary side
through the same surface for heat transfer the experimental value for heat transfer coefficient
should be:
AT, REIAP5
(3)
a
AT, REIAP5
9600 w
a EXP
RELAF5
''EXP
REIAPS
2
AT,EXP
mK
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ue could be achieved with the values for the primary side heat transfer coefficient
27000 and 30000 W/m2K and between 50000 and 60000 W/m2K for the secondary
jat transfer coefficient.
570

Kxr
The
secondary
re could be matched
5C0
M0D2
the experimental
\ Tavg rise
\\
.
M0D3.2
for steady state
"I too tapid
\
f^Of J
with three
>aches.
Either
'initial AT \ y~\.
\~ *~~ ^ ^
ippro
conductivity of
too high X ' . / ' " ^ \^_
^'
jO tubing material or the
x
Sf
^at transfer area between
540
f
primary and secondary
jould be increased. The
third possibility could be
i i i i i i i i | i i i i i i i i i | i i i i i i i i i
MO
changing heat structure
120
200
160
100
140
hydraulic diameters. The
M
Figure 3: SG primary temperatures
first two alterations affect
the middle term, while the
last affects asec in (1). Further findings during the simulation of the initial 50 seconds of the
IAEA-SPE-3 transient showed, that none of this approaches could be satisfying for this type
of experiment simulation. The experimental values of hot and cold leg temperatures
(Figure 3) clearly show that heat transfer coefficients on the secondary side of the SG tubes
were higher as calculated by RELAP5, since the same heat flux was achieved at smaller
primary AT=Thol-Tco,(1. The difference between experimental and calculated heat transfer
coefficients on the secondary side even increased after the first 4 seconds when the steam
generator secondary side was isolated (steam and feedwater flow were stopped). RELAP5
could not preserve ascc after the feedwater flow stopped, since it uses Chen correlation,
altered for subcooled nucleate boiling on the secondary side of horizontal bundle, which
macroscopic (convection) part depends strongly on Reynolds number, that is liquid velocity:
W
(4)
a

fCT/ -""\

<f cold leg

\'^-<-.-. K^^

| T T ~ -

iec ~

boiling

convection

where a convection = 0.211 Re

Pr

1-a

m2K

Here Re and Pr are Reynolds and Prandtl numbers respectively and a is local vapor void
fraction.
A sharp pressure rise was observed on the secondary side, as shown in Figure 4 after
the secondary side isolation at the beginning of the transient. Secondary relief valve was
opened in a few seconds, but its capacity was not enough to prevent further secondary
Jressure rise. Another few seconds later secondary safety valve opened and reduced the
secondary pressure enough that the relief valve could close. The secondary safety valve was
issumed not to close again, when once was opened. The opening of the safety valve was of
-rucial importance for the further transient course. When later the relief valve closed, facility
doling proceeded via steam discharge through the safety valve. The important contribution
o the facility cooling contributed primary heat losses, which were greater than the core
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power (decay heat),
already about 200 seconds
after the reactor trip.
Usually main course
of the transient can be
explained
observing
primary
pressure
evolution. During the
initial period of the
critical
single-phase
rupture flow, before the
reactor trip, primary
pressure decrease was
10
fast, as can be seen on
Figure 5, and almost
instantaneously decreased
Figure 4: Secondary pressure
to 65 bar after the reactor
trip, which occurred when
130
the primary pressure
dropped below 100.5 bar.
110.
The pump coastdown
simulation started at 90
90
bar. When after about 70
seconds of the transient
time primary pressure
70
decreased to the saturation
value of about 60 bar,
rupture flow turned to
two-phase. Further the
primary pressure was
governed by accumulator
pressure. Primary and
10
i i i i i i i i | i i i i i i i i i | i i i i i i i i i
400
GOO
800
1000
1200
HOO
secondary pressure almost
equalized at about 300
Figure 5: Primary pressure
seconds of transient time.
Since then the break flow turned to non-critical.

2000

-V,

| i i i i i i i i

IGOO

1800

2000

Below 60 bar primary pressure hydro-accumulator discharge started, simultaneously
from both hydro-accumulators, so called Safety Injection Tanks (SITs). The SIT-1 (the one
injecting into upper plenum), liquid level is shown on Figure 6. Since the rupture flow in the
first 50 seconds was overpredicted by both code versions, discharge from SIT-1 started earlier
than in the experiment. The discharge remained almost constant in both calculations, as in
the experiment, which can be concluded from similar slopes of all the three curves in
Figure 6. It can also be observed that the discharge rate was slower in both calculations than
in the experiment, so the accumulator low level setpoint was reached (and the discharge
stopped) 100 seconds later than in the experiment.
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spite that other
,rs from both
p5 calculations
with experimental
reactor vessel
* shown in Figure 7,
Ip'not predicted very
-Stately by any of the
*A(je v e r s i o n s . A
-filiation was made,
^ during that period
j-y hydro-accumulator
Uter escaped through the
0.3 _

|gt leg 1°°P sea^ anc*
jayed more in the loop
1800
2000
gal and in the steam
Figure 6: Accumulator no.l level
jenerato r t u b e s .
Unfortunately
experimental data about
behaviour in loop seals
arc not sufficient for more
detailed analysis. Only
collapsed levels were
measured
and
the
transducer measuring cold
leg loop seal level on the
SG side failed before the
experiment. All the rest
transducers showed 100
% levels in both loop
seals during the first 1200
I BOO
2000
s of the transient. No
quantities were measured
Figure 7: Reactor vessel collapsed liquid level
in the SG tubes on the
primary side. The level
measurement transducer in the reactor vessel upper plenum was also failed, so only total
vessel level and vessel upper head level measurements were available.
Conclusions
Following the extensive analyses performed during the post-test phase of this
experiment, it can be concluded that the RELAP5 code versions MOD2 and MOD3.2 are
capable of predicting the processes during a SG hot collector rupture in the PMK-NVH
facility satisfactorily. There are no major differences in results from the two calculations, nor
major discrepancies from the experimental data in the major part of the transient.
Certain problems were encountered already in the process of initial steady state
calculation. RELAP5/MOD2 does not include special heat transfer correlations for the case
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'of liquid flow perpendicular to heat transfer tubes, but uses Chen correlation for subcooled
and nucleate boiling. Thus it was expected that modelling of the secondary side of the PMir
facility or VVER-440 plant will be difficult. Adjustments in the model were necessary to tunei
the heat transfer between primary and secondary side. However, MOD3.2 includes some heal
transfer correlations which should be better for horizontal steam generators (modified Chen
correlations), but no significant differences were observed by using these correlations. While
the RELAP5 code was shown to be reasonably acceptable for modelling the primary side of
PMK-NVH or VVER-440, it would need to be improved for modelling horizontal steam
generators. In general the development of the secondary parameters was matched
satisfactorily by both code versions. Problems were encountered more in the initialization
process and in the initial 50 seconds of the transient, since flow patterns, heat transfer
regimes, void fractions and mass of the secondary side were unknown.
The problems with modelling VVER-440 or PMK-NVH steam generator arose more
clearly in the IAEA SPE-3 experiment, where steam generator was active during the whole
transient, than in SPE-1 and SPE-2 experiments, which modelled SB LOCA events with
isolated steam generator.
It would be recommendable, that facility would be equipped with some more
instrumentation on the primary side (void probes, more differential pressure and flow meters).
More instrumentation would be beneficial on the secondary side (local voids, temperatures,
flows). In this way insight into thermal-hydraulic phenomena could be more realistic and
computer code assessment much more efficient.
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ABSTRACT

The position of "mixture" and "two-fluid" thermal-hydraulics models is briefly
discussed. Basic characteristics of the LWRA code model and usage are described.
LWRA input deck for NPP Krsko, based on standard RELAP5/mod2 nodalization, is
developed. Calculation speed during steady state transient was about 10 times greater
than real time on Pentium 133 MHz computer. Steady state results are verified
against plant data and against RELAP5/mod 2 calculation. Generally speaking good
agreement is achieved for this preliminary stage in LWRA nodalization development.
The code can be initialised and used in simple and effective way and it will be
included in student exercises to demonstrate plant behaviour during operational
transients and accidents.
INTRODUCTION

The early thermal-hydraulics codes (FLASH, SATAN, RELAP3 and RELAP4) were
based on the homogenous equilibrium model (HEM), represented by three conservation
equations; mixture mass, momentum, and energy. The codes were successfully applied
for analysis of plant transients and accidents. After enough experience in usage of these
codes was accumulated, new best estimate calculation schemes are introduced. The new
codes are based on a "two-fluid" separated flow models with six conservation equations;
mass, momentum and energy for each phase of the fluid. These more detailed models
are sometimes numerically unstable and highly dependent on modeling of the processes
at the liquid-vapor interface. Typical codes representing this group are TRAC and
RELAP5 codes. Even though the two-fluid separated flow models are state of the art in
thermal-hydraulic calculation, the mixture models could be useful for reactor safety
analyses, especially for situations requiring real time (or faster) computation
capabilities. That kind of situation exists in plant simulators and plant analyzer codes (or
engineering simulators). The LWRA (Light Water Reactor Analyzer) code capable to
analyse transients in PWRs and BWRs, is described in this paper. The code is developed
by Stanislav Fabic and it is based on older RET ACT (REal Time Advanced Core
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996

Thermal Hydraulics) code, developed at Dynatrek, Inc. Using standard RELAP5/mod2
input deck and specific LWRA input data requirements the model of the NPP Krsko was
developed. The main intention was to use the code for education and for fast calculation
of operational transients in the plant. This fast running code can be used in preparing
and planning of the more time consuming best estimate code runs.
DESCRIPTION OF THE MATHEMATICAL MODEL AND THE CODE
The thermal-hydraulic model of the code is classical 5 equation drift flux mode]
with addition of separate conservation equation for mass of non-condensibles. The
material conservation equations are integrated for mass of vapor, mass of noncondensibles and mass of liquid. There are two energy conservation equations, one for
gaseous phase (non-condensible and steam) and one for two-phase mixture. Only one
momentum conservation equation, for the two-phase mixture is used. In the mixture
momentum equation the phasic mass flow rates are expressed in terms of either mixture
mass or mixture volumetric flow rate and the drift term. After solving for the mixture
flow rate, the drift flux relations are employed to parse the mass flow rates of each fluid
component. Drift flux relations contain empirical data (Kutateladze model) for the
parameters which accounts for lateral distribution of void (Co) in the one-dimensional
flow channel, and for vapor drift with respect to the mixture velocity (V^-). These data
are functions of flow regime. The mass and energy conservation equations are used to
develop the calculation scheme based on one system pressure per region. The local fluid
properties are assumed to be functions of the local enthalpy and the global pressure. The
mass balances are combined to derive an integral expression for the local volumetric
flow rate within each closed loop. This is being referred to as the "loop momentum" or
"integrated momentum" model. The calculation scheme is characteristic for all fast
running simulator codes. The explicit Euler integration is used. Three additional
conservation equations are used for boron tracking and for calculation of radioactivity in
gas and liquid phase. The heat structures can be calculated using distributed model
based on finite difference technique or using lumped parameter model. The heat
structure representing reactor core, steam generator tubes and passive heat structures are
treated separately. The usual heat transfer logic is used to calculate heat transfer
coefficient for different heat transfer regimes from single phase liquid to single phase
steam flow. The nuclear heat source is calculated using point kinetic model with thermal
hydraulic feedback model based on volume weighted reactivity coefficients. The decay
heat model is based on ANS decay heat model. The reactor protection and control
systems as well as Engineered Safety Features (ESF) systems are modelled separately.
The plant is modelled till turbine stop valve. The safety and relief valves are modelled
using simple model based on two-phase critical flow. There is simple model capable to
take into account change in feed water temperature for partial load cases. The pump
model is similar to the models used in RELAP and TRAC computer codes. The steam
tables are based on BNL data used in THOR and MINET computer codes.
The nodalization of thermal-hydraulic system has fixed basic structure (some points
in flow network have special meaning and they correspond to characteristic parts of the
primary loop, e.g. inlet and outlet nozzles, core inlet, riser outlet in steam generator,
etc.), but it is possible to subdivide volumes between characteristic points. Whole
thermal-hydraulic system consists of regions or zones (e.g. primary coolant system,
secondary sides of each steam generator, steam lines, etc.), number of connected control
volumes with common global pressure. The regions are subdivided into loops and
"
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,pendices (one end of the volume is closed) and finally into control volumes or cells.
,e communication between different regions is through special links and leaks.
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Figure 1. Main LWRA menu
The LWRA code is implemented on Intel based 386/486/Pentium computers, using
NDP Fortran and C/C++ compilers, at the Faculty of Electrical Engineering Zagreb. The
version based on Microsoft Fortran PowerStation for Windows '95 and NT is under
development. The original user interface is changed, point kinetic and pump models are
extended and protection and control systems are modified to better describe NPP Krsko
design characteristics. The code uses one fixed input deck processed at the beginning of
the calculation (separate program called start) and interactive user input during
calculation. The data are exchanged between pre-processor and solver part of the
LWRA through binary file of the same structure as LWRA restart file. The main menu
of the code is shown in Figure 1. The basic 640x480 VGA 16-colors graphic mode is
used. The available input decks are listed in column on the left side, and different
submenu options are located in 6x3 matrix on the right side of the screen. There is
dialogue window below option matrix. All user inputs other then mouse clicks and all
program messages are through this window. Short help is available by mouse click on
the small help region of the screen. It is easy to stop the code during calculation, change
scenario using on-screen menu, and continue the calculation. The scenario menu is
shown in lower part of the Figure 2. All available options are shown in first three
columns on the left, and possible actions for the chosen option are listed in right column
(MSIV position in this case). In the same way it is possible to change set points of the
protection, control systems or ESFs and to perform new calculation. The setpoints menu
is shown in Figure 3. Again only lower part of the screen is different from the main
menu. Available systems are listed in left column and corresponding set points are in
right column (pressurizer control system in this case). The trends menu, shown in Figure
4 is used to define variables for on-line trend plots. Maximum number of independent
windows is 4 with maximum 6 curves per window. During calculation up to six
variables are plotted in each of the max. 4 windows. On the same screen (Figure 5)
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operating status of the important systems and components is shown (RCP pumps,
PORV and SV valves, FW ancTAFW pumps, MSIVs, accumulators, RHR, HPI). The
plots are continuously updated and scaled on the screen, and written on two files
(plotldat and plot2dat) for off-line processing. The PWR plant mimic with symbolic
model of the plant and an insight to the liquid/void and temperature distribution within
primary system and steam generators is under development.
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Figure 5. Plots generated during steady state calculation of NPP "Krsko".

LWRA MODEL OF THE KRSKO PLANT
Base input deck for NPP Krsko is developed using reduction of the standard
RELAP5/mod2 input deck [8,9]. Total number of control volumes in LWRA
nodalization is 48. The nodalization is shown in Figure 6. Each control volume has
absolute ID number and relative number within its region (number in parentheses). The
volume numbers 1-6 and 7-12 are used for secondary side of steam generators, volume
numbers 13-43 are representing primary system, number 44 and 45 are used for steam
lines, 46 for steam header, and volume numbers 47 and 48 are used for pressurizer relief
tank and containment, respectively.
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Figure 6. LWRA model of the NPP Krsko
Within the primary system, volumes 15 and 16 are in the reactor core, volume 38 is
core bypass, volumes 40 and 39 are upper plenum and upper head, respectively, and
volumes 41-43 are used for pressurizer and surge line representation. The pumps are
modelled using the same homologous head and torque curves as in the RELAP5/mod 2
code. Only small number of the heat structures is used in the model. There are 18 heat
structures in the core (3 axial stacks of structures in each core volume) distributed in 3
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zones to take into account power distribution used in reactivity weighting. The
|n generators U-tubes are modelled with 10 heat structures in each steam generator.
I passive heat structures for modelling of the heat losses through primary system
Jjs are not used. The pressure loss distributions within primary system and within
circulation loop in steam generators are calculated as the first approximation and loss
Efficients have to be better tuned. The same is true for plant protection and control
stem, where some generic setpoints are used. In the steam generators only main
jwater is modelled in normal operation, without 70-30% feedwater split currently
jged in NPP Krsko.
1H The steady state transient is performed to initialize the model. The fixed time step of
ljj.125 is used during 1000 s. Calculation speed was about 10 times greater than real time
P^n Pentium 133 MHz computer. Steady state results are verified against plant data and
f against RELAP5/mod 2 calculation. Some characteristic data are shown in Table 1.
.'Generally speaking good agreement is achieved for this preliminary stage in LWRA
r
nodalization development. The pressure drop on steam generator secondary has to be
'better calculated and that will give better results for secondary pressure and flow. The
code can be initialized and used in simple and effective way and it will be included in
student exercises to demonstrate plant behaviour during operational transients and
accidents.

Parameter

Value
Reference

Pressure
SG#1 (MPa)
Pressurizer (MPa)
Steam header (MPa)
Mass flow
Primary loop (kg/s)
Circulation flow in SG#1 (kg/s)
Steam flow in SG#1 (kg/s)
l_
Turbine flow (kg/s)
Level
Pressurizer (%)*
WR level in SG#1 (m)
NR level in SG#1 (%)
Temperature
Cold leg (K)
Hot leg (K)
Power
Transferred in SG#1 (MW)
Reactor core (MW)

LWRA

5.6
15.513
5.0

5.53
15.466
5.1

4450.0
1024.0
512.0
1024.0
61.8
12.18
65.9

4410.0
986.0
515.0
1030.0

.

62.3
12.32
68.2

rel. error (%)
1.25
0.3
2.0
0.9
3.7
0.6
0.6
0.81
1.15
3.49

560.3
597.8

560.6
598.1

0.05
0.05

941.0
1876.0

941.2
1876.0

0.02
0.0

Table 1. The comparison of LWRA results and reference steady state data for NPP
"Krsko" (* reference value is corrected to take into account corrected
height of the pressurizer model)
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^SIMULATION OF FLOW INSTABILITY FOR FORCED CIRCULATION IN
f: PLATE-TYPE FUEL ASSEMBLIES OF POOL RESEARCH REACTORS
Pavel V. Malankin
RRC "Kurchatov Institute," RTMI, Moscow, 123182, Russia
ABSTRACT
Flow excursive instability for forced circulation in a fuel assembly of IVV-2M type is
numerically modeled with the help of two-phase quasi-dynamic sub-channel code
REMOL. Similar plate-type assemblies are widely used in pool research and test
reactors.
To validate the models employed by the code a pressure drop versus flow rate
curves (S-curves) are calculated for a uniformly heated narrow channels at near
atmospheric pressure. Comparison of the calculated and measured S-curves is given
for rectangular channel (2.03 mm in channel gap, 2.54 mm in width, 483 mm in length)
with various heat fluxes (in the range from 60 to 220 kW/m2).
Various approaches to a mathematical description of the assembly were used for
simulation of the flow instability. Results of the numerical calculations are compared
with the experimental data obtained from the in-pile test with the real IVV-2M assembly
in Impulse Graphite Reactor (IGR). This test imitated reactivity-initiated accident
resulting in slow power increase to such level that the part of the hottest fuel element
melted.
INTRODUCTION
Forced circulation boiling can occur in fuel assemblies of research reactors during
postulated accident situations. Such situations could take place during reactivity-initiated
or loss-of-flow accidents. Boiling vapor formation (i) affects the local heat transfer from
the fuel element surface and (ii) leads to increase in dynamic pressure drop across the
coolant channel. The former may induce boiling crisis characterized by a stable vapor
film preventing effective heat removal from the fuel (stable burnout). The latter, in the
absence of stabilizing factors such as throttling restriction at inlet of the channel, may
result in unstable hydrodynamic regimes. These regimes, in turn, may lead to large
spontaneous drop in flow rate (flow excursion) to such low level that dryout will occur. To
obtain criterion of determining the point of onset of flow instability (OFI) Whittle and
Forgan 1 measured pressure drop versus flow rate curves in narrow heated channels at
low pressures. Their results suggested that, for a given heat flux, flow rates at which a
parallel channels excursive instability would occur were higher than that at which stable
burnout took place. Maulbetsch and Griffith 2 performed tests at similar conditions for
tubes. They found out that, for a given flow rate, stable burnout heat flux was about 50%
higher than heat flux at which flow excursion started to occur in parallel channels
system. Thus, in the conditions of research reactors (low pressures, narrow channels in
parallel), flow instability is more limiting phenomenon and should be accurately
analyzed.
Available experimental data (see, for example, ref. 3i p105) allow a threshold of the OFI
to be estimated. However, this estimation will not take into account specific features of
the real assembly utilized in the real core. Most of the experiments were performed using
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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uniform or, at best, skewed longitudinal heat flux distribution, while the real one has the
chopped cosine form. Besides, the hottest fuel plate often locates near lateral reflector
where there is strong radial gradient of heat generation and even neighboring plates can
have difference in heat generation rates up to 20%. In addition, coolant velocities on
opposite sides of the same plate can be different too, especially if one of the sides faces
toward the reflector. So it is difficult to choose an elementary representative channel and
specify its averaged parameters for thermal-hydraulic analysis. Instead of the elementary
channel, compound system consisting of a couple of interacting channels should be
considered. This paper presents model and computer code REMOL that is able to
simulate flow excursion phenomenon and take into account features of the real core.
FUNDAMENTAL TYPES OF FLOW INSTABILITIES
There are various types of flow instabilities that may exist in hydrodynamic systems.
Boure at el. 4 gave comprehensive classification of these types. They divide all types on
the one hand into static and dynamic and on the another hand into fundamental and
compound. Occurrence of the fundamental (or pure) instability is associated with clear
physical mechanism, while compound one is characterized by an interaction of several
mechanisms and can not be studied separately. The cause of the static instability lies in
the steady-state laws. So its threshold can be predicted by applying steady-state
approaches. For the dynamic instability, on the contrary, the inertia and other feedback
effects have an essential part in the process.
Table 1 presents list of the fundamental instabilities taken from 4 together with the
explanations for causes of their occurrence. All the static types possess the regions with
negative slopes on the steady-state thermal-hydraulic characteristics. The dynamic
types, physically speaking, have the same nature. Both of them are associated with
propagation of disturbances transported through the system by acoustic and/or
convective waves. Acoustic waves account for the propagation of weak pressure
disturbances, convective ones transporting enthalpy and mixture density disturbances.
Large difference in the propagation speeds of acoustic and convective waves leads to
significant difference in the respective frequencies of the oscillations which waves of both
types at the appropriate conditions may produce. Frequencies caused by the acoustic
waves are much higher than by the convective ones, so distinction between pressure
and density wave oscillations is easily detected.
The most common types of instabilities encountered in the heated channels with
forced circulation are flow excursion, density wave oscillations and boiling crisis. Other
types are not typical of the research reactors conditions.
Static

Dynamic

Instability Type
LFlow Excursion
(Ledinegg)
2. Flow
Pattern
Transition

Physical Cause Responsible for Occurrence
Pressure drop versus flow rate curve has region with negative
slope corresponding to subcooled and/or net boiling regimes.
Pressure drop versus vapor volume fraction curve has region with
negative slope corresponding to transition from slug to annular
flow pattern.
3. Boiling crisis
Heat flux versus wall temperature curve has region with negative
(burnout)
slope corresponding to transition from nucleate to film boiling
regime.
1.Pressure wave System can sustain high frequency oscillations caused by
oscillations.
pressure waves propagating with acoustic speeds.
2. Density
wave System can sustain low frequency oscillations caused by mixture
oscillations
density and enthalpy waves propagating with convective speeds. _
Table 1. Physical Causes of Fundamental Types of Instabilities.
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Density wave oscillations would take place if inlet subcooling was as small as
roximately 8°C. This value is obtained using stability boundary diagram developed by
p r t 8 ishii's diagram is proved to be in good agreement with experimental data.
Situations with the low subcooling could take place only if pool temperature was close to
fj^e saturation point because coolant, as a rule, pass into the core from the pool. Such
situation will hardly ever be in practice and, therefore, density wave oscillations are
outside the scope of the present paper.
Mechanism of the excursive instability first described by Ledinegg 6 is presented in
1> 3>4
. This type of instability can be explained in terms of the interaction
many papers
between a demand characteristic of heated channel being investigated and a supply
characteristic of the loop (external system) in which the channel is installed.

zero
slope
supply
curve

ataep
supply
curve

Flow

Rate

Fig.1. Schematic view of demand and supply curves

The curve relating pressure drop to flow rate (demand curve) for the heated channel
comprises three regions, two of which have a positive slope, the third a negative (see
Fig.1). The regions of positive slope correspond to approximately single-phase flow, one
all liquid and one all vapor. In the region of negative slope, either subcooled and/or net
boiling will take place. Demand curve is often named as S-curve for its shape.
Supply characteristic represents a pressure drop across the channel provided by the
oop for heated channel as a function of flow rate through both the loop and the channel.
Crossing of the supply and demand curves defines operating point. Points signed with
\ B, C in Fig.1 are the operating points.
If the slope of demand curve at the point of intersection is algebraically greater than
ihat of supply curve, then regime is stable. A and C are stable points. In this case, any
low disturbance inside the channel results in such response of external system that
etums flow into initial state. In the opposite case, when the slope of demand curve
becomes smaller than that of supply curve, any decrease in flow causes further
decrease because external loop can not supply pressure drop demanded. This divergent
process (flow excursion) continues until a new stable state is reached.
Two points to be noticed here are the following: 1). System consisting of many
Parallel channels has near zero slope of supply curve, being more sensitive to flow
nstability. This is due to the fact that any flow perturbation inside one of the channels
&n be redistributed among other channels. Hence, external loop will not see flow
Jisturbances appearing in the single channel thus providing pressure drop independent
>n the single channel flow rate. As a result, this channel will exhibit unstable behavior at
he point of zero slope of the demand curve. 2). Occurrence of the flow excursion is
loverned by interaction of both characteristics. For instance, if external system has
teep enough characteristic, excursive instability will never occur. Point B is stable for
steep" supply curve, being unstable for "zero slope" supply curve.
Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

BRIEF DESCRIPTIONS OF REMOL CODE CAPABILITIES
Simulation of the flow excursive instability was performed with the help of REMOL
code,7'8 developed to analyze various accidents in the pool reactor systems, including
active core, pool, primary and secondary circuits. In modern version of the code the
active core (or part of the core such as fuel assembly or reflector block) may be modelec
as a complex hydrodynamic system. Complex system is divided into smaller onedimensional sections (sub-channels). Group of the sub-channels constituting the
system have common length and common pressure drop across this length. Latera
contact surfaces for mass, energy, momentum exchanges can be specified for any paii
of the sub-channels inside the system.
Thermal-hydraulic description of individual sub-channel is based on Momentum
Integrated Model that has been extended to involve double phase effects. Vapor and
liquid phases are suggested to have the same pressure but different enthalpies and
velocities at each axial node. Used equations were derived from two-phase onedimensional transient flow equations by the assumption that pressure and mass flow are
established throughout the sub-channel with infinite speed.7 This presumes that the
mixture mass flux is the same throughout the individual sub-channel, while phase
enthalpies and velocities can be varied with the coordinate as it is in the steady-state
two-phase flow. Thus, employed two-phase one-dimensional method might be classified
as quasi-dynamic approach. It will not describe the flow oscillations inside the subchannel, being quiet acceptable for static instabilities simulating. All static types of the
flow instabilities listed in Table 1 are incorporated into REMOL code.
Taking into account energy, momentum and mass exchange between adjacent
sub-channels is based on the use of effective values of heat conductivity A^, kinematic
viscosity ve/r and intensity of vapor transfer yBtr between interconnected sub-channels.
Thermal flux Q,{, pressure drop APy (both per unit of the length) and effective vapor
generation rate My (due to turbulent mixing), all occurring in sub-channel / because of
interaction with sub-channel j are expressed as:

Jeff
MM = (-~)(GVaP)j:(aj

- oo);

where Aij - effective distance between sub-channels axes, P,y - contact perimeter, (Gva/Jtj average of longitudinal vapor mass flow rates in / andy sub-channels, 7*, G*, a* - temperatures,
mixture mass flow rates, vapor volume fractions, respectively, in the k-th (k = i, j) sub-channel.

Note that rather simple form of the sub-channel exchange description leads to the
need for accurate specifying the effective parameters (A«/r i Veir, Yen)- Values of these
parameters are strongly dependent on the physical phenomena occurring on the contact
surfaces during simulated process.
Another point to notice is that the contact surface may pass through either coolant
gap or fuel element. In the former case all three relations are in effect, while in the latter
case because of the absence of the momentum and mass exchanges only first relation
is used.
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COMPARISON OF EXPERIMENTAL AND CALCULATED S-CURVES
Distributed friction losses and subcooled vapor formation in the surface boiling
jn are the main factors influencing on the S-curve minimum location. Increase in
fraction restricts liquid flowing area, forcing liquid phase to accelerate. This
3leration may lead to significant rise in the dynamic pressure drop. Therefore,
model is needed for correct evaluation of the subcooled void fraction. Special
applicable for flat narrow gaps was developed B to describe both vapor generation
condensation mechanisms. Besides liquid acceleration, bubble formation on the
boiling surface will increase the friction losses. REMOL takes this effect into account by
the use of Poletavkin correlation 9 based on the analysis of a lot of experimental data.
Fig.2 presents comparison of calculated S-curves with experimental data by Whittle
and Forgan1 for thin uniformly heated channel. Locations of the calculated minimums
are approximately equal to the experimental ones for various power inputs, though
shape of the calculated curves is wider than that of experimental one. Despite the
difference in shapes, correct prediction of the OFI should be expected because it is zero
slope location that is responsible for flow excursion in the parallel channels system.
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bar.
SIMULATION OF THE IN-PILE TEST WITH THE REAL ASSEMBLY OF IVV-2M TYPE.
Fuel assembly (FA) of IVV-2M type consists of five coaxial hexagonal tubes made of
uranium-aluminum fuels (0.45 mm in thick, 500 mm in length) covered with claddings
(0.45 mm) made of aluminum alloy. Fragment of the assembly cross section is shown in
Fig.3. Two casing fuel free tubes (not shown in the Fig.3), inner and outer, locate
respectively near tube #1 and tube #5. Distance between opposite sides of the largest
(outer) and the smallest (inner) tubes are 63 mm and 31 mm, respectively. Neighboring
tubes form flat coolant gaps (1.52 mm in thick), so IVV-2M locally resembles plate-type
assembly (the tubes are hereinafter referred to as the plates).
Experiments with full scale assembly were conducted in Impulse Graphite Reactor
(IGR). ° In these experiments fresh IVV-2M assembly was put into technological loop
which was installed inside the active core of the IGR. IGR facilities allow obtaining
regimes with half width of power impulse up to 5s. Such regime imitates accident
initiated by either a slow reactivity insertion or by a sudden insertion of the small amount
of the reactivity (less than /W). Inlet and exit pressures, coolant temperatures, full flow
Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996
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rate through the,assembly and clad temperatures at more than ten different points of
were measured during the tests. In one of the tests flow instability caused thermal cri
and part of the hottest plate melted. This test was conducted with inlet coolant (watertl
temperature ~20°C, inlet pressure -2.6 bar, at the downward flow with averaged coolant
velocity of ~3.5m/s.
'i
During simulation of the damage test FA was modeled by ten representative
channels, each consisting of half of the plate and half of adjacent gap. Four of the
channels (#7, #8, #9, #10) are indicated in Fig.3. Initial spatial distribution of heat
generation rates was calculated with the help of two-group diffusion code in R.£
geometry.10 Obtained relative heat generation rates for each plate are given in Fig.3. It j$
seen that plate #5 is the hottest plate.
Simulations were made using power history (see Fig. 4) given by experimenters.10
The heat generation distribution was assumed to be the same during transients. Both
calculated and experimental data for full assembly power and cladding temperature at
the middle section of the plate #5 are given in Fig. 4. REMOL predicts peak value at the
midpoint ~1350°C, while experimental value is ~750°C. Both peak temperatures are
higher than melting point of the aluminum alloy (~670°C), but the difference is rather
large.
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:__iio

Tempercrture at
Midpoint of
Hot Plata

• 0.800 -

' 0.400 -

#09
#07

g
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10

11

12

Time, s

Time, s
Fig.4. Full assembly power and temperature
at the middle of the hottest plate during the inpile test (points - experimental data, solid lines
- simulations with nominal power, dashed
lines -simulations with reduced by 5% power).

Fi
Fig.5. Calculated flow rates through channels
(#7, #8, #9, #10) during the test leading to flow
excursion.

Significant difference in the peak values can be explained by the uncertainty of power
normalization. Experimenters reported that accuracy of the power determination was
~5%. Another run made with decreased by 5% power (indicated in Fig.4 with dashed
lines) shows much better agreement with experimental data for temperature history. This
suggests strong dependence of the peak temperature on the power normalization.
Fig.5 explains the cause of the sudden temperature rise of the hot plate. Gradual
power increase at near 10 second led to flow rate drop in #9 channel. This drop, due to
strong hydrodynamic interaction between touching #8 and #9 channels, dragged flow
rate of #8 channel to lower level too. At the same time, decrease in flow rate through #4
gap resulted in rise in flows through other gaps. Mass flow rates to the channels #10
(external gap) and #07 (gap #3) started to get higher level. In such situation, plate #5
was blockaded on the one side, while cooling conditions on the opposite side were
improved. Nevertheless, even enhanced heat removal was insufficient to compensate
another side blockage and, at near 10.8 second after beginning of the test, flow rate
through channel #10 began to drop too, leading to full blockage of the hot plate. Thus,
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fooint at which sudden temperature rise started to occur was defined by both thermal
Thydrodynamic behaviors of the couple of the plates and gaps.
o following simulations were fulfilled to see a sensitivity of the results to various
'of the assembly modeling. In the first, it was assumed that interaction inside the
lbly was so intensive (infinite) that it could be modeled by only one representative
iel with averaged sizes and parameters. In the second, on the contrary, FA was
snted by ten channels but no exchange was taken into account. In other words,
annels were assumed to be isolated from each other. Results are shown in Fig.6a and
3 6b. It is seen that, in the case of isolated channel (no interaction), decrease in the
and corresponding increase in the temperature was earlier (near 10 second),
decrease in flow was sharper (due to the absence of stabilizing influence of neighboring
Jjlow) compared to nominal interaction case. In the case of the infinite interaction, no flow
Instability at the conditions of the test was predicted at all, even though power input to
the averaged channel was multiplied by the factor of 1.109. This conservative factor
corresponds to non uniformity of the heat generation inside the FA, that is, FA was
represented by the hottest channel, not by averaged one. In the absence of the flow
excursion (flow redistribution can not occur in the single channel) heat flux supplied
during the test would be not sufficient for the stable thermal crisis to occur. Finally, if the
Interaction between channels is accurately taken into account, then good agreement
with the experiment is observed (see Fig.6b).
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Fig.6a. Comparison of the flow rates through
#9 channel histories calculated with various
ways of assembly modeling.

Fig.6b. Comparison of the plate temperatures
histories for the midpoint of #9 channel
calculated with various ways of assembly
modeling (lines) versus measured data
(points).

Additional runs were performed to investigate how the number of nodes (mesh points)
and/or critical heat flux correlation employed affect the results of the simulations. It was
found that the results were only slightly dependent on longitudinal mesh point number
(10 and 15 points were used for the fuel element of 500 mm length). Choose of the
critical heat flux correlation (correlation proposed by Bernath, by Mirshak, by Biazi were
investigated) was not important too. This is explained by the fact that the OFI leads to
rapid flow rate reduction to such low level where all correlations predict crisis.
CONCLUSIONS
Flow excursive instability in plate-type fuel assembly was simulated with the help of
REMOL code. Various ways of channel representation were used. Results of the
calculations were compared with the experimental data obtained from the in-pile test
simulating reactivity accident initiated by slow reactivity insertion. Following conclusions
can be made:
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1. Approach taking into account energy, mass, momentum exchange between
adjacent elementary channels predicts assembly power at which flow excursion starts to
occur (critical power) with the accuracy ~5%. For inlet coolant temperature ~20°C, inlet
pressure -2.6 bar, at downward flow with water velocity -3.5 m/s, critical heat flux from
the hot plate is estimated to be 2.5 MWt/m2.
2. If the interchannel exchange is neglected, then simulation gives underestimated
value of the critical assembly power by -13%. Neglect of the internal assembly structure
(modeling with the help of the single averaged channel) in contrast leads to pronounced
overestimation of the critical power.
Due to poor statistics obtained results are only indicative. Similar experiments with
fuel assemblies containing low enriched uranium to be conducted in the frame of the
Russian Reduced Enrichment Research and Test Reactor (RERTR) Program.
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MODELLING OF THE PRIMARY SIDE BLEED AND FEED
TO ASSESS ACCIDENT MANAGEMENT PROCEDURES
FOR W E R REACTORS
by
L. Szabados, Gy. Ezsol, L. Perneczky
KFKI Atomic Energy Research Institute
H-1525 Budapest, P.O.Box 49, Hungary

ABSTRACT
No systematic accident management procedures have been implemented in VVER-440/213-type
nuclear power plants. Recently, event oriented emergency procedures are in use covering design
basis accidents only. Safety assessment studies showed that the implementation of procedures
covering the beyond design basis accident sequences will improve the safety significantly. Looking
at the validation of sophysticated thermohydraulics system codes for WERs, there is a need for
system experiments for verification purposes. Paper presents results of an experiment performed in
the Hungarian PMK-2 facility with the results of validation of RELAP5/MOD3.2 code. The
experiment is a small break LOCA with the unavailability of the secondary side heat removal
together with primary side bleed and feed.

FACILITY AND TEST DESCRIPTION
A detailed description of the facility is given in Ref. [1]. A short description is provided here to
facilitate the understanding of the results included in the report.
As shown in Fig. 1, the six loops of the plant are modelled by a single active loop. The pump is
accomodated in a by-pass line. The hydroaccumulators (SIT) are modelled by two vessels. Both the
low and high pressure systems are modelled (LPIS and HPIS). On the secondary side the feedwater
and steam systems, as well as the emergency feedwater system are modelled. The control system of
the facility provides any intervention to model the reactor protection system. The data acquisition
system has 125 measurement channels with appropriate software to get the results in the desired
format necessary for code validation. The core model consists of a 19-rod bundle with axially and
radially uniform power distribution. The core model is presented in Fig. 2.
The test is characterised as follows [2]: cold leg break modelling a 1% cold leg break in the W E R 440/213 type reactor; starting from full power; with loss of secondary side heat removal; with 1
HPIS; without SITs in action. For the pressure decrease, primary side bleed and feed is applied.
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FEED WATER

Fig. 1
TEST RESULTS
The detailed results of the test are given in Ref. [2]. For this report the measured parameters
selected are as follows: LEU, TE15, PR21, LE71, LE31, TE41, PR81, TE41, TE42, FL53 and
TE61. The locations of parameters are given in Fig. 1, while the names of parameters are in Figs. 3
to 14.
The initial steady state conditions and the sequence of events are provided in Table 1 and Table 2,
respectively, together with the results of calculations by RELAP5/MOD3.2. It can be seen that
measured and calculated values are very near to each other, except for the steam flow through the
break.

The time variations of the upper plenum pressure (PR21) and the pressure on the secondary side of
the steam generator (PR81) are shown in Fig. 3. The primary side bleed is initiated at 580 s. At this
process time, due to the hot leg loop seal effect, the primary pressure starts to increase. For the
decrease of the pressure the primary bleed is initiated resulting in the fast drop of pressure again.
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Measurement
locations
1 3 5 7 9 1113151719

Fig. 2
Table 1.

Initial Steady State Conditions

Parameter
Pressure in upper plenum
Loop flow (FL53)
Core inlet temperature
Core power (PW01)
Coolant level in pressuriser (LE71)
Pressure in SG secondary (PR81)
Feed water flow (FL81)
Feed water temperature (TE81)

Unit
MPa
kg/s
K
kW
m
MPa
kg/s
K

Experiment
12.40
4.91
533
656
8.66
4.40
0.39
496
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RELAP5/MOD3.2
12.44
4.91
537
659
8.49
4.40
0.39
496
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Sequence of events

Table 2.

Experiment

Event

0
53
61
32
129
90
620
1520
1970
580
90
4000

Break valve start to open
Transient for power initiated
Pump coast down initiated
BRU-A valve model opens
BRU-A valve: model closes
HPIS starts ; ,
Hot leg loop seal opens
Cold leg loop seal opens
Steam flow through break
Primary bleed starts
Primary feed starts
Test/calculation terminated

_Js]
o
77
87

30
117
114
685
1530
1680
580
114
4000

-

==

"2
=»—•
"• i

~~— '
~~"^~-~~~
—
"
"
"

As a consequence of the opening of the pressuriser safety valve (bleed) the pressuriser is filled
up (Fig. 6). It can be seen in Figs. 4 and 5 that the coolant temperatures are nearly saturated
temperatures in the hot leg and subcooled in the cold leg. Another experiment was also
performed with the same experimental conditions, but without bleed to compare the two cases.
Results are shown in Figs. 7 to 10. The important differences are as follows: both hot and cold
leg loop seal clearing occur earlier if bleed is applied; the coolant level in the reactor model is
higher by about 1 m and there is no core dryout at all (BF=with bleed).
VERIFICATION OF RELAP5/MOD3.2
Results of the calculations are presented in Figs. 11 to 14. The prediction of the time variation of
the primary pressure (PR21) is almost the same as measured in the experiment. It can be seen
from Figs. 12 and 13 that both the break and the leak flow through the safety valve are
overpredicted. It results in a lower coolant level in the reactor model. The coolant level,
however, is stabilising. It means that 1 HPIS is enough to compensate a coolant loss. The
prediction of the coolant temperature at the steam generator inlet is practically the same as in the
experiment and it is near to the saturation temperature. Results of calculations show that the code
is capable to calculate the transient process.
CONCLUSIONS
Results of experiment proved the applicability of the PMK-2 facility for bleed and feed studies.
The RELAP5/MOD3.2 simulates the transient fairly well, however, further improvements are
needed for the break flow modelling. The primary side bleed and feed is an effective operator
intervention to cool down the system.
REFERENCES
[1]
Simulation of a loss of coolant accident without high pressure injection but with
secondary side bleed and feed. IAEA-TECDOC-848.
[2]
L. Szabados et al: Modelling of the primary bleed and feed for accident management
purposes: SBLOCA with loss of secondary side heat removal. KFKI-AEKI, Budapest 1995. (in
Hungarian)

344

Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

Temperature, K
01
C

Leam
ownco
aLural

MOM

c

c

o
c

c

I

sg

o
o
o

ra „ -i

3 2.S-

>< ra
3

t3 ra o

ra <— "i
-i
^^"
-n
0) ra
r - fO£,3
c
g

we

§2
5. '

ra qua

a

Pressure, MPa •

05

ra 3 —

a' w

3 o

C 1
- i ra
ra oi

O

ra ^3 ra •
CO
C?ffl c—

o

o
o
o

O C a

ro

o
o
o

s

0S
3

Temperature, K

Collapsed level, m

ro

I

c/3 C0P3

o

w C ra
ra
ra o)

as.

o
O"
o

C O

13

n ra *"•
ra

o

ra o i
0=3'

'H

3 ro

P8
ta

J

i

en
c

O3
O
O
1

X
CD
i—' •

o

II?
ra " « - -

oil 1 ?

q
ra
M
CO

CO

o
O"
o

o
a"
o
o
o"
o

en
o
o

0

ro

o
0

3
CD

CLBBF: Experiment (comparison)
•1 4 -

a,
a;

10"\

0-

to-

FR21
PR21I3F

QJ

0-

6-

w

LE31
x-"-x-<-x LE31I3F
\
I.E4 6
•^ *-'-*>« LF.46UF
\
\
\ \
\

£ 6H

\

OH

'

o
u
21000

2000

3000

1

4000

1

1000

Time, s

1

2000

3000

1

4000

Time, s

Fig. 7
Pressure in upper plenum (PR21)

Fig. 9
Hoi leg loop seal level (LE31)
Cold log loop seal level (1.F.-16)

700-

10-

LEI 1
LE11BF

0)
>

of

TF.15
TE15BF

600-

6QJ

0)

w
(X

5004-

2-

400 -)

1000

2000

3000

4000

Time, s

1

1

1

1

1

1000 2000

1

3000

1 1

4000

Time, s

Fig. 8
Reactor model level (LE11)

346

0

Fig. 10
Heater r o d t e m p e r a t u r e (TE15)

Nuclear Energy in Central Europe, Porforoz, Slovenia, 16-19 September 1996

CLBBF: Comparison plots
10 n

1412P-.

% 10-

PR21 experiment
PR21 calculation

0)

o-

0)

LE71 experimcn
LE71 calculatiot

i—i

xs

8-

OT

ft

0)
PH

42-

"I

0

1000

2000

3000

4000

|

I

1000

Time, s

1

I

1

2000

1

3000

1

4000

Time, s

Fig. 11
Pressure in upper plenum (PR21)

Fig. 13
Pressuriser level (LIC71)

10-

600-

a

LEI 1 experiment
LE11 calculation

8
QJ

T1H4 1 experiment
TE-11 calculation

550(L)

w

500-

O
O

450-

0

1000 2000

3000

4000

-i

0

Time, s
Fig. 12
Reactor model level (LE11)

Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

1

1000

1

1

1

2000

1

1

3000

i

4000

Time, s
Fig. 14
Steam generator inlet
temperature (TE41)

347

Nuclear Society of Slovenia

3* Regional Meeting: Nuclear Energy in Central Eurone
Ponoroz, SLOVENIA, 16 -19 September 1996 -

Si6600046

*

Modelling of the U-tube liquid oscillations
with second order accurate scheme
Iztok Tiselj, Stojan Petelin
"Jozef Stefan" Institute, University of Ljubljana
Jamova 39
1000 Ljubljana
Slovenia
ABSTRACT
Second order accurate scheme has been used for the simulations of the U-tube liquid
oscillations with six-equation two-fluid model of two-phase flow. No empirical level
tracking and stratification models have been applied. Results show improved accuracy of
the oscillations with decreased numerical dumping compared to the first order accurate
scheme of RELAP5/MOD3.2 code with the level tracking. Interphase friction correlation
has a great impact on the modelling of the oscillations and can help as a level tracking
mechanism.

INTRODUCTION
Large computer codes for safety analyses of nuclear reactors thermal-hydraulics like
RELAP5 are based on the system of six first order partial differential equations which
present mass, energy and momentum balances for vapour and liquid phase. Numerical
schemes in these codes are first order accurate and successfully solve the problems with
characteristic time scale determined by the fluid velocity. Second order high resolution
shock-capturing schemes on the other side present a good choice for the fast transients with
pressure waves where numerical dissipation has to be decreased. Time scale of the pressure
waves is not important for the U-tube liquid oscillations, however advantage of the second
order accurate scheme compared to the,RELAP5 first order scheme may be improved
accuracy of the liquid-gas interface motion.
Modelling of the U-tube oscillations using different safety codes, among which RELAP5,
has been performed by Aktas and Mahaffy (1995). Problem of all simulations is excessive
numerical dumping which is mainly generated near the vapour-liquid interface.
Two-fluid model equations cannot see the discrete liquid-air interface; interface is
smeared over a few grid points due to the numerical diffusion. In RELAP5/MOD3.2 code
problem of the vertical stratification and smeared interface is solved using special model
for level tracking which calculates the position of the interface from the void fraction
distribution. However, it will be shown that current version of the level tracking model can
initiate nonphysical oscillations of higher frequencies.
Second order accurate scheme has been applied in a code named 2F which is solving
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\P5 equations with slightly modified virtual mass term which ensures the hyperbolicity
equations. No special models have been applied for level tracking.
EQUATIONS
j3asic equations taken from RELAP5 are mass, momentum and energy balances for
rtpour and liquid (Carlson et al., 1990). Terms which are not important for the U-tube
^illations: wall heat transfer and interphase mass and energy transfer were neglected:

(2)

dt

dx

(3)
+ ct\vr\vr + CVM,

pp

a + aap cos0CiKlVr CVM

\ ** ^*f ^ f f *
dt

P

8*

dt

da
dt

dx

~

PP

dt

dx

dx

Wall friction terms were also neglected in order to observe the influence of the numerical
dissipation. RELAP5 water properties subroutines were used for the phasic equations of
state.
The term CVM in momentum equations is a virtual mass term and is different in RELAP5
than in our code named 2F. The virtual mass term in Eqs. (3) and (4) is coded in RELAP5
with time derivative of the relative velocity only:
(7)

In 2F code difference of the substantial derivatives is applied (Carlson et al., 1990):
(8)
fc

f

dx

dt

8

dx,

This form of the derivatives improves the hyperbolicity of the equations. Additional
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improvement is needed for the virtual mass coefficient C M at void fractions higher than
0.5 (Tiselj, Petelin, 1995):

2 1-a

l\

(1-a+ap/p/

Original RELAP5 correlation for C ^ is obtained from Eq. (9) if second term under the
square root is omitted. Virtual mass term (8) and virtual mass coefficient (9) ensures the
hyperbolicity of the RELAP5 equations for low and moderate relative interphase velocities.
Ill-posedness can occur only at very high relative interphase velocities (v>50m/s).
The only nondifferential terms in Eqs. (l)-(6) are gravity force and interphase friction
terms in momentum equations. Gravity initiates the oscillation while the interphase friction
turns out to have a significant impact on the modelling of the U-tube oscillations.
Constitutive equations for interphase friction coefficient C. in 2F code were taken from
RELAP5/MOD2:
C =^-a

C

(10)

with p c as density of the continuous phase, a^ interphase surface area per unit volume and
drag coefficient CD. New model based on drift-flux correlations which is applied in
RELAP5/MOD3 for vertical bubbly and vertical slug flow was not used in 2F code. Only
the correlations for the bubbly flow regime (a <0.5) and the droplet flow regime
(a >0.95) are used in the current version of 2F code. Interpolation between both flow
regimes is used for the void fractions (0.5< a <0.95).

NUMERICAL METHOD
Our program used for solving RELAP5 equations has been named 2F and can solve
hyperbolic equations. System of equations (l)-(6) can be written in the following
nonconservative form which is suitable for the numerical solving:
diS

D

diS

dt

??

(i i\

dx

where tf represents the vector of the independent variables tf = (p, a ^ v ^ u ^ ) , A and
B are matrices of the system and S is a vector with nondifferential terms in the equations.
Equation (11) multiplied by A'1 from the left gives
(12)
dt

dx

£=A~lB is Jacobian matrix and vector P=A'1S. If the eigenvalues and eigenvectors of the
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matrix Q are found, Jacobian matrix can be written as

fc"1

,

(13)

where L is a matrix of the eigenvectors and A diagonal matrix of the eigenvalues.
Decomposition of the Jacobian matrix has been performed with approximate analytical
expressions (Tiselj, 1996).
Applied discretization (Roe, 1981, Leveque, 1992) is the combination of the first and
second order accurate discretizations. The part of the second order discretization is
determined by the so-called flux limiters (LeVeque, 1992) which "measure" the smoothness
of the solutions. If the solutions are smooth second order discretization is used, otherwise
on the non-smooth solutions part of the first order discretization is added.
Eq. (12) is discretized as:

*j - */ , c . Vjfcl
J V2

At

'

+r

Ax

ftllll-p
J*112 Ax

(14)
'

with

SVWVVj-'w ' ^m'h.^A

•

(15)

Elements of the diagonal matrices A++, A"" are calculated as:
£=1,6 ,

(16)

£=1,6 .

(17)

The flux limiters (j)t are calculated using MINMOD formula (LeVeque, 1992):
<|>Jfc=inax(O,min(l,ejk)) ,

£=1,6 ,

(18)

or SUPERBEE formula:
<J)Jk=max(0,min(l,2eik),min(eifc,2)) ,

k=l,6 ,

(19)

where &k measures the ratio of the left and the right gradient of the characteristic variables
in the grid point y+1/2:
EC

\

Hj+l-ro

<*kj-m

~r
\

^kj

>

kj*U2

m

~~T\

JL_| s

T'

\Kkj>\l2\

/C 1

._•, x r _ 1

~ >° ' J~l>" l y
(20)

MINMOD limiter is the most diffusive limiter which still preserves the second order
accuracy of the solutions while the SUPERBEE is the most compressive limiter which
eliminates all numerical diffusion (SUPERBEE is not necessary better than MINMOD since
we can not count on the stabilising effect of the numerical diffusion). Time step of the
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scheme is limited with the CFL condition Atz Ax/max(\Xk\),
k=\,6.
Integration of the sources in Eqs. (11) is performed in a separated step with second i
Euler method. Form of the source term is very important for the behaviour of"
equations. Interphase friction source term for the system of air-water equations is stiffs
requires integration with the time step which can be much lower that the time step of t
CFL condition. The time step for the integration of the sources is not constant and k
controlled by the relative change of the basic variables. In one step of the integration
maximal relative change of the basic variables is 0.001.
Numerical schemes applied in the 2F programs are non-conservative. While the
continuity equations can be written in the conservative and energy equation is "almost" in
the conservative form (small nonconservation of the kinetic energy), momentum equationt
can not be due to the virtual mass term. Toumi in his work (Toumi, 1995) attempted to
evaluate Roe form (Roe, 1981) of the six-equation Jacobian matrix Q
from the left and
right states / and j+\. Simple average has been used for the evaluation of the state in
point 7+1/2 in 2F code. Some other types of the averaging were also used but they showed
weak influence on the final results. Especially clue to the important role of the source terms
this seems to be an acceptable approximation. Our numerical experiments with the twophase closed shock tube problem (Toumi, 1995) showed negligible fluctuations of the
overall mass and energy in the tube despite the nonconservative scheme.

CLOSED ENDS

RESULTS
Due to the nonconservative scheme oscillations were
modelled in a closed tube shown in Fig. 1. Twenty meters
long tube is filled with ten meters of liquid at the bottom of
the U-tube and two times five meters of air in each leg of
INITIAL
the pipe. All results presented were calculated with the tube
LEVEL
discretized in 46 volumes (Fig. 1). Initial air and liquid
velocities were 2.1 m/s and uniform pressure 5 bar was
assumed. Hydrostatic pressure distribution is established in
very short time which is negligible compared to the period
of the oscillation. Closed ends of the tube mean larger
frequency of the oscillations due to the compression and
decompression of the air in each leg of the U-tube. Two pjg Ure
horizontal volumes were placed on each end of the tube in Djscretfzation of the U-tube
order to simplify the boundary conditions and four horizontal
. initial liauid level
volumes were placed at the bottom of the tube to smooth the
effects of the gravity along the tube.
Figure 2 shows liquid velocity in the bottom volume of the tube calculated by 2F code
with second order accurate scheme and SUPERBEE limiter and RELAP5/MOD3.2 code
with level tracking model switched on. Oscillations are dumped by numerical diffusion
which is generated mainly at the liquid-air interface. Numerical diffusion is expected in
RELAP5 results which uses first order accurate scheme with large numerical diffusion.
Level tracking model decreases the numerical diffusion but generates nonphysical
oscillations of larger frequencies. Numerical diffusion of the second order scheme is
generated at the liquid-air interphase where second order accuracy is not maintained.
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nire 3. shows the vapour void fraction profiles at time 9.5 seconds for the calculations
i&- 2- Void fraction gradient is very sharp in both cases and is spread over three to
[••grid points". 2F code results in Figs. 2 and 3 were calculated with interphase friction
Efficient Ci from RELAP5/MOD2.
jrjjjgures 4 and 5 present comparison of the results calculated with 2F code: first with
interphase friction coefficient C. from RELAP5/MOD2 and the second with Ct set to a
ffixed value C,= 10 which is large compared to the C. calculated by the correlations. Liquid
Ivelocity in Fig. 4 shows only negligible numerical dumping of the oscillations when large
ivalue of C. is used. Price for lower numerical dumping is payed with smeared liquid level
•shown in Fig. 5: liquid level is spread over six to seven grid points. Numerical diffusion
carries the liquid above the interphase level and air below the interphase level: larger
jnterphase friction means slower falling of the liquid above the interphase level and slower
raising of the air below the level. Due to that effect interphase level is spread over a few
grid points; transition from void fraction zero to one is slower and so is numerical dumping
of the oscillations.
Figure 2:
Liquid velocity at the
bottom of the U-tube
calculated by
RELAP5/MOD3.2 with
level tracking switched on
and 2F code with
SUPERBEE limiter.
(Interphase friction in 2F
code is from
RELAP5/MOD2 code.)
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Figure 4:
Importance of the
interphase friction.
Liquid velocities of the 2F
code with SUPERBEE
limiter and:
-Ci from RELAP5/MOD2
and
-large interphase friction
with C,.=10.
Larger interphase friction
means less numerical
dumping.

2nd order - Ci from RELAP5/MOD2
1.5

u
Figure 5:
Importance of the interphase
friction.
Vapor void fraction profile
at 9.5 s. Larger interphase
friction decreases numerical £
dumping but increases the
liquid level over a few
grid points.
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figure 6 shows comparison of the MINMOD and SUPERBEE limiters. As expected:
rical diffusion with MINMOD limiter is larger than diffusion of the SUPERBEE
jimiter and comparable with diffusion of RELAP5 with level tracking.
Numerical
diffusions of the 2F code with limiters set to zero (lost second order accuracy) is very
similar to RELAP5 diffusion without level tracking model.
* Mass error of the 2F code due to the nonconservative numerical scheme for the ten
seconds of the transient varies from 10"6 for the calculation with C^IO to 5*1O~3 for
calculations with Ct taken from RELAP5/MOD2 correlations. Time step of the 2F
calculations was 0.00024 s (approx. 0.85 CFL time step) and the same time step has been
applied in RELAP5 calculations although its semi-implicit scheme would allow time steps
that are few hundred times larger.
CONCLUSION
Preliminary results of the U-tube oscillations modelled by second order accurate scheme
are promising. Results of the second order accurate schemes without special level tracking
procedures are more accurate than results of the RELAP5 code with first order accurate
scheme and level tracking model.
Interphase friction has a strong impact on the results. With proper modifications of the
interphase friction coefficient it would be probably possible to use interphase friction as a
sort of the level tracking mechanism.
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Influence of the Abrupt Area Change on the Pressure Pulse Expansion
Gregor Cerne, Iztok Tiselj, Stojan Petelin
"Jozef Stefan Institute", University of Ljubljana
Jamova 39
1000 Ljubljana
Slovenia

Abstract
The sudden valve closure in the pipeline system causes a large pressure pulse. The pulse
expands along the pipe and reflects from the obstruction such as, close end, valve, water
tank,... Every such obstruction can be described as abrupt area change and has different
effects on pressure pulse expansion. In certain circumstances phase transition and two phase
flow appears which complicates the problem. Two phase flow surface is a new object for
pressure pulse reflection and deformation and also it appears to be a source of new pressure
pulses.
A fluid flow is described with conservative equations (continuity, momentum and
energy equation) which are completed with state equation. The problem was calculated as
one-dimensional with the excluded gravitational force, neglected friction force and heat
transfer. The problem is calculated by method of characteristics (MOC). In the model the
pipe system is separated into two parts which each one has constant cross section. Each part
has its* own nodalization. Those parts are gathered in the abrupt area change point with
special conservative equations in the integral form.
When phase transition occurs the supposition that all vapour gathers in one bubble across
the whole cross section is used. That simplifies the problem and it is further calculated as
single-phase.
For controlling and comparing the results the same problem was calculated with the
RELAP5 program, which calculates on two-phase base with semi implicit scheme.

Fluid flow equations
The fluid flow is described with the continuity, momentum end energy equation which are
completed with the equation of state. Initial and boundaiy conditions finally define the
mathematical problem.
Pressure pulse expansion is treated as ID problem, because only velocity component
along the pipe is important. The horizontal pipe excludes the gravitation force. Friction
forces are neglected. There is no heat source inside the fluid and the heat transfer can be
neglected due to veiy fast transient. With these suppositions the following Euler equations
describe the pressure pulse expansion phenomenon:
dp

dv

dp

dt

dx

dx

/1N

dv
dv d p
P — +pv—- + - ^ = 0,
dt
dx dx
du
du
dv
dt
dx
dx
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• system is completed with the equation of state
lich describes density p as a function of pressure p and internal energy u.

Iflie characteristic method
Iflie characteristic method is very useful for the numerical solution of the hyperbolic
Sem of partial differential equation. The method has very small numerical diffusion.
System of equations (1 )..(3) written in the matrix form is
p
(5)

V

u

L^+AL-'f-O.
dt

(6)

dx

where L is eigenvector matrix, A is diagonal matrix of eigenvalues of the matrix
Under condition that -— = A.,-, where X, is the /-th eigenvalue, the system (6) can be
at
written with the ordinary differentials
^

= 0,

/=1,..,3

(7)

where ly are the elements of the matrix L'1. The system (7) can be integrated over the time
interval. The time interval is so short that the coefficients are constant. From differentials (7)
the finite differences y"- - y" are calculated, where y"* is the fluid variable (pressure,
velocity or internal energy) for a new time moment. Therefore variables y"+ are calculated
from the system
J

j

The actual system (1)..(3) is written in the characteristic form with the finite differences
dp

dv

dp

dv

where a, are the coefficients, which are calculated numerically. Top index n +1 indicates the
value of the variable at the next time level and index n indicates the value in the present time.
Bottom indexes i +1, /, / - 1 indicate the value of the variable at adjoining positions in
the pipe. All the internal points are calculated with system (9) except the internal points
where the cross-section change appears (Figure 1). They are treated as boundary points and
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they are connected with system of equations

P,

(10)1

In the case of the adiabatic change of the fluid state is w, = u2 [2].

nodalization points

u, \u2

I internal boundary
points

Figure 1 : Nodalization of the problem

Reflection of the pressure pulse from the abrupt area change
In this calculation two pipes with different cross sections are connected together. The
pipes are so long that the boundaries in the left and right side of the system are not important.
Initial state in the pipe system is steady liquid at the pressure p = IQbar . On left end of the
first pipe of the system the pressure pulse of the amplitude A/?o is generated. This pulse
expands along the pipe. A part of it (A/»,) is reflected from the abrupt area change and a part
of it (Ap 2 ) is transmitted. The Figures 2 and 3 show the dependence of the ratio A/?2
of the cross-section ratio of the pipes s,/sx •

-S
_ Y _RELAP5

-X

.MOC

6 s>/ 8
Figure 2: Transmitted pressure pulse for the positive
initial pulse

355

10

Figure 3: Transmitted pressure pulse for the
negative initial pulse
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When S is small compared to S almost no pressure pulse is transmitted. The change of
Pyelodty
in the first (small) pipe has very little effect in the second (large) pipe and the same is
t

2

|alid for pressure. The second pipe behaves as a reservoir. Opposite case is when St is large
Compared to S2. In this case the second pipe behaves as the closed end and a significant
pressure pulse is transmitted. The upper limit of the ratio when s, / s z -» oo is Ap2 /Ap0 = 2.
In the first case (Figure 2) the amplitude of the pressure pulse Ap0 = +2.5bar. In this case
o
n vaporization appears. In the second case (Figure 3) the amplitude of the pressure pulse
bp0 = -2.5bar . In this case vaporization appears at the ratio 5, /S2 « 2 . From this point on
the amplitude of the transmitted pressure pulse does not depend on the cross-section ratio
,/

( )

In MOC model it is calculated as the whole vapor is gathered in one big bubble on the
abrupt area change (Figure 4). This bubble occupies the whole cross section and it is
treated as a new boundary condition with a constant pressure at the saturation point
IPs = 6.556ar). In this case phases are separated and the problem can be calculated as
single-phase. This situation is also known as a column separation.
On the other hand in RELAP5 uses two-phase flow model to calculate the vaporization
and therefore many small bubbles appear along longer distance of the pipe. From the Figures
2 and 3 it is seen that the result from MOC agrees very good with the RELAP5 result. So it
can be concluded that the simplification such as equations (10) and the supposition of the one
bubble describes the problem quite good.

column separation

—•

Ps

Ps

Ps

y

vapor bubbles
Figure 4: Samples of column separation

Influence of the water tank on the water hammer problem
This calculation is very similar to the previous one. The first pipe with large cross section and
the length /, = 5w is used to simulate the water tank. It is connected to the second smaller
pipe (l2 — 36m) with a closed end. At the beginning the fluid flows with constant velocity
(v0 = OAml s) at the constant pressure p0 = lObar through the right (smaller) pipe. Than

Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996

the valve is suddenly closed. At the valve a pressure pulse called water hammer appears
which expands along the pipe and reflects once from the water tank and once from the closed
valve. Pressure at the valve may fall below the saturation point. Phase transition appears what
results in modification of the pressure pulse. The Figures 5 and 6 show the pressure time
history at the valve for the MOC and RELAP5 program respectively.
2.00E+06 -r

p[Pa]

MOC

1.50E+06

1.00E+06-.

5.00E+05
0.00

0.08

0.16

0.24

Figure 5: Pressure time history at the valve for the MOC model

2.10E+06-T.

P [Pa]

= 1000

RELAP5

1.70E+06 J-

=3
1.30E+06

9.00E+05 -.

5.00E+05
0.25
Figure 6 : Pressure time history at the valve for the RELAP5 model

The solid line shows the case when the reservoir is modeled by the pipe where
S,/S2 = 1000 , the dot line shows the case where s,/s 2 = 3 • When the cross section rate
5, /S2 is very large, then the first pipe behaves as boundary condition with the constant
pressure. For smaller cross section rates the influence of the size of the pipe (water tank)
become apparent. It is seen on the Figure 5 as a pressure oscillation. Its frequency depends
on the length /, and amplitude on the cross section rate. The second consequence is time
delay in pressure time history for smaller cross section rate. That effect appears only when
phase transition is present. Pressure pulse, which causes the vaporization, does not reflect
completely from the smaller abrupt area change. Its reflected amplitude is smaller and
therefore, when it reaches the bubble, the condensation is slower. That results in pressure
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|ulse delay.
)
if. The only effect in the RELAP5 result of the reservoir size is time delay in pressure time
Wstory. The absence of the pressure oscillations, which were observed in the MOC model,
|s the consequence of the two-phase flow model which shuts down such sharp and short
pressure pulses. The second reason might also be the numerical error which is much greater
gt the RELAP5 program calculation.

Additional pressure pulses generation
When the pressure falls bellow the saturation pressure, phase transition appears. In the
jvlOC model all the vapor is gathered in one big bubble at the place of vaporization. When
this bubble is compressed, a new pair of pressure pulses appears (Figures 7 and 8).
p,

vapor bubble
Ps

Ps

water

Figure 7: Compressing of the bubble
Pi

P,

P,

couple of new
pressure pulses
water

*

f

^J

—"V

I
Figure 8: A generation of a new pressure pulse couple

The correctness of this supposition is tested with the same pipe system as in previous
chapter. The result is compared to the RELAP5 model. The ratio s, /S1 = 8 and the lengths
of the pipes /, = 18m, l2 - 36m are used. Initial state in the pipe system is steady water at the
pressure p = \0bar . The negative pressure pulse A/?o = —2bar is simulated on the left side
of the pipe with larger cross section at the beginning, while the right side of the smaller pipe
is closed. While the pressure pulse expands along the pipes and reflects from their boundaries
the pressure several times on different places of the pipe system falls below the saturation.
For that reason several new pressure pulses are generated. The pressure time history at the
closed end is observed. On Figure 9 is compared the result of the MOC model to the
RELAP5 model.
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T

p[Pa]

9.00E+05-.

5.00E+05
0.1
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0.4

t[s]

0.5

Figure 9: Pressure time history at the valve for the negative initial pressure pulse

A lot of deviations between RELAP5 and MOC model can be notified. In the RELAP5
model particular pulses are not so sharp and clear. That is the consequence of the two-phase
flow model which shuts down the pressure pulses. Another difference is the time delay in the
RELAP5 model. The reason for that is seen on the Figure 10 where the sound speed over the
hydraulic system at the time moment / =0.03 sec is presented. In that moment vaporization is
taking place at the abrupt area change. In two-phase mixture in RELAP5 model the sound
speed is very low (c «1m Is) and two-phase flow area occupies a pipe length of about
at that time moment.
10000
c [m/s]
1000

RELAP5
MOC

Figure 10: Sound speed over the hydraulic system at the time moment / = 0.03sec

In MOC model the sound speed remains constant all the time and place (c«1410m/j).
Special treatment is needed for the vapor bubbles which are considered only as a boundary
condition. In the MOC model the pressure pulses cannot be transferred over such bubbles
with sound speed but only by local velocity of the fluid ( v « 0.5m / s ). As can be seen from
the Figure 10, such areas are very small (about 5cm of the pipe length) in MOC model.
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if To estimate the time delay in pressure signal between the MOC and the RELAP5 model
Jie average sound speed is calculated

c = J - y - V J \c(x,t)dxdt
MTt2

(11)

0 0

The result is : cni.:ui,5 = 1245m / s,
cM0C = 1408 m/ s
It can be concluded that the average sound speed in the RELAP5 model is lower by 12%
then in the MOC model - that is approximately as much as the pressure signal from the
RELAP5 model on Figure 9 retards after the MOC model signal.

Conclusions
• The method of characteristics is very accurate what is seen from the shape of
pressure pulses which are clearly evident and very sharp.
• The MOC model can with abrupt area change equations (10) describe a wide set of
hydrodynamic problems. With the supposition of vapor bubble it gives good agreement
with the results of RELAP5 model, therefore it is useful for some two-phase flow
problems.
• For more complicate problems, when several pressure pulses and phase transition
are present, two-phase flow features are so complicate that this method could not describe
them correctly.
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1.0

Abstract

Nuklearna Elektrarna Krsko (NEK) decided to enhance the quality and scope of initial training of NEK
technical personnel, mainly in so called Phase 1 and 2 of training for licensed personnel. This training is a
prerequisite for further training on the ful] scope simulator for future operators and is also given to larger
number of engineers, working in different important areas where thorough knowledge of nuclear technology
and plant systems is required.
Due to that it was decided that plant specific Basic Principle Simulator (BPS) should be developed. The other
important reason for such decision was an indication that NEK specific full scope simulator will have to be
purchased. Based on that it was concluded that BPS should serve as a good opportunity to learn about the state
of the art approaches in the modeling area, to see in which direction development of software in conjunction
with state of the art hardware is going and in particular to the extent possible verify the existence of required
plant documentation in support BPS and later plant specific full scope simulator.
In this paper the scope of NEK BPS simulation, experience in initial data gathering, experience with know-how
transfer based on direct involvement of NEK and Izobrazevalni Center za Jedrsko Tehnologijo (ICJT)
personnel in modeling of instrumentation and control will be presented. Lessons learned, particularly in light
of coming project for NEK full scope simulator, will also be addressed. The future use of the BPS in the NEK
training programs will be described.
It can be concluded that due to very complex technology, phase approaches in training of key NEK technical
personnel, the development of NEK plant specific BPS is justifiable, regardless of the fact that NEK will also
obtain specific full scope simulator. It has to be pointed out that BPS can not be supplement for plant specific
full scope simulator, due to number of reasons discussed in the paper.

2.0

Introduction

The fact is that the use of different kinds of simulators for training and maintaining
competence to ensure safe, reliable operation of the nuclear power plants has become
standard through the world. Simulator training serves the goals of both safety and reliability,
and those two can not be treated separately. There are many documents (IAEA, NRC, INPO)
which recognize the importance of effective training in ensuring nuclear plant safety and
reliability. The IAEA International Safety Advisory Group (ISAG) in its 1988 Report
included among the basic safety principles for nuclear power plants also the different aspects
of adequate training. A highly competent operating and maintenance staff is the most
important component in the " defense in depth" for ensuring nuclear power plant safety and
protection of the public.
At NEK we are aware of the importance of the adequate training and its contribution to plant
safe and reliable operation. That is why we decided in the past that large number of technical
personnel shall go through the basic nuclear technology training, either through the short 10
weeks course or longer program (approximately one year) so called Phase 1 and Phase 2 of

1 training for licensed personnel. Both courses provide the students basic knowledge
the PWR technology and plant specific knowledge about the plant systems, operation
If procedures. During the past years it was recognized that this training could be improved
^introducing the plant specific basic simulator as additional tool and enhancement of the
mentioned courses and also a tool which can be used for the retraining of the licensed
nnel
in addition to the full scope simulator retraining which is still conducted abroad.
3

1.0

Types of simulator - plant specific Basic Principle Simulator (BPS)

In context of this paper we can divide simulators into three basic types:
a) Full scope simulator
It represents in real time the complete range of operation which can be performed from
the main control room and some selected plant areas (remote shutdown panels, etc.). A
full scope simulator replicates Main Control Room (MCR) and simulates the nuclear
steam supply system and the balance of plant systems based on a referenced plant,
including all major nuclear, conventional, service and safety plant systems. From the
hardware point of view it consists of the replica of the MCR, computer system and I/O
(input/output) interface which provide the communication between the computer and the
actual MCR hardware (panels, indicators, recorders, alarms,..).
b) Engineering simulator
An engineering simulator normally do not have any MCR hardware and due to that it also
does not need I/O. All Ihe communication between tine user and computer is done through
computer display. The other important difference towards the full scope simulator are the
code's used for the modeling the plant systems in particular the NSSS systems. Here the
real time versions of the best estimate, state of the art codes are used (for the price that
some specific transients are not running in real time - for example large LOCA). It is also
true that due to fast development of real time simulations many full scope simulator
vendors are able to provide a real time version of the full six equation best estimate codes
as of the shelf product.
c) Basic Principle Simulator
A basic principle simulator illustrates general concepts, demonstrating and displaying the
fundamental physical processes of the plant. This type of simulator also serves training
objectives such as providing an overview of plant behavior or a basic understanding of the
main operational modes. Such simulators may consist of complete primary and secondary
circuits, sometimes with the reduced number of loops or redundancies. The scope of
simulation focuses on the main systems where the auxiliary or supporting systems may be
neglected. The control room or panels very often have the fundamentally different design
in comparison with the conventional control room. Other types of basic principle
simulators may use video displays to illustrate fundamental processes such as neutron flux
distribution, core temperature profile, Xenon oscillations, etc.
NEK choice was to develop a plant specific BPS which means the following:
All the important plant systems shall be simulated either fully or just functionally (for
example the component cooling system is functionally simulated what means that the
system will behave ideally from the thermohydraulic point of view if the function
conditions will be met);
All the protection logic and control shall be plant specific with channel redundancy
(that means for example that all SG NR level indicators are simulated);
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Trainee shall have the capability to interact with the simulator through the systeml
flow diagrams and special displays - exact copy or replica of the portions of the MCBi
(DEH, reactor control);
I
The core ID model should be able to accept cycle specific constants already used for
ID core model for old WATCH software application (crossections, two groun
diffusion constants, etc.) and be easily updatable from cycle to cycle;
The BOP systems shall be fully or functionally simulated as needed for performing
simulator evolutions as per normal, abnormal and emergency operating procedures.

4.0

Simulation scope and main features

The simulator will allow simulation of various plant conditions using normal operating
procedures ranging from depressurized cold shutdown, mid loop operation, operation with
reactor vessel open up to full power and vice versa. Besides normal operating conditions the
simulator will cover the abnormal and emergency operating conditions. The instructor will be
able to initiate either so called standard malfunction(s), which are systematically applicable to
all components (breakers, pumps, indicators, valves, etc.) and specific malfunctions such as:
Steam Generator Tube Rupture (SGTR - up to 3 tubes),
Loss of Coolant Accidents (LOCA up to 8" double ended break).
Steam Line Break (SLB) outside and inside containment,
Feedwater Line Break (FLB),
•
Anticipated Transient Without Scram (ATWS),
Loss of heat sink,
Loss of all AC power,
Reactivity accidents (rod drop, inadvertent dilution, rod withdrawal,..),
Loss of forced Coolant flow (partial, complete);
All the predefined external parameters (river temperature, RWST and BAT boron
concentration, etc.) and local actions (manual valves) will be controlled, and as necessary,
changed by the instructor. There will also be the capability to accelerate some physical
phenomena such as: plant heat-up and cool down (accelerate rate 8/1), xenon, iodine
(accelerate rate 60/1) and samarium concentrations (accelerate rate 600/1), decay heat after
shutdown (accelerate rate 60/1).
For the acceptance criteria for the factory acceptance tests the ANSI 3.5 standard will be used
(the same standard the is used for full scope simulators). For example this means that at the
steady state conditions the tolerance on the critical parameters shall be +/-!% of instalment
scale, etc.
The instructor station will have all the standard capabilities such as: RUN, FREEZE, STOP,
SNAPSHOT, REPLAY, EXERCISES, etc.
5.0

Software models and modeling tools

For the simulation of primary system together with steam generators and steam header, the
vendor (developed by CEA and Corys) proprietary code DRAC is used (1). DRAC is a five
equation two phase flow real time code. Two mass and two energy balance equations are
solved at each node and one momentum equation for mixture of liquid and steam at each
junction between nodes. These five equations are completed with a drift flux correlation
allowing for counter current flow and flooding models. It also allows the mid loop operation
and to model the impact of noncondensable gas of two phase mixture in primary system.
6g
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incondensable gas can be introduced into each node and is transported with the vapor phase
jLjghout the primary system. DRAC models are based on French best-estimate code
IfHARE. The nodalization scheme of NEK BPS is shown in Table 1.
fc-r.'

Table 1. DRAC nodalization of NEK BPS
System portion
Number of nodes
Total

REACTOR VESSEL

16

downcomer

2

lower plenum

1

core

10

upper plenum

1

dome

1

bypass

1

LOOPS

12

hot legs

2

intermediate legs

2

cold legs

2

STEAM GENERA TORS (2)

24

inlet/outlet chambers

2

tubes

4

secondary side - water

4

secondary side - steam

2

PRESSURIZER

6

vessel

4

surge line

2

TOTAL

58

The nodalization of the DRAC was done based on NEK technical report NEK ESD TR 13/95
"NEK RELAP 5/mod2 Nodalization Notebook".
For modeling of other systems (except thermohydraulic model of primary system and
neutronic core model) a CAD type graphic package is used. The graphic package allows the
user to build the model by drawing the diagram of the system from an object library.
Controlix - a CAD type graphic package that allows the user to build the model from
an object library by drawing the logic and control loops of the system. For NEK the
plant specific library was developed and is composed of a large number of typical
control logic (AND, OR gates, flip flops,..) or analog (PID controllers, summers,..)
objects.
Hydraulix - The library consists of a large number of typical objects; link type
(pipes, pumps,..) of the node type (fixed volume, pressurized variable volume,..) and
of the limit condition type of objects (atmospheric tank,..);
Electrix - The library is composed of a large number of the elements type (beakers,
cables, power lines, transformers, AD/DC converters, of the node type (buses), of
the border type (generators,..) and of the limit condition type objects.
Beside the graphic packages or modeling tools described above the simulator software
consists of several other types of tools that allow easier maintenance and easier configuration
control of the simulator. Such tools are:
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Modelix for integration of the Hydraulic, Electrix and Controlix models into one
single module;
Cortex - real time database manager;
Dro - for creation and animation of interactive displays - images, graphical manmachine interface (for instructor and operator station);
Archinfo - tool for integration of the simulator (simulator software configuration
construction, simulator communication configuration, system supervision in
operation);

6.0

Hardware

The NEK specific Basic Principle Simulator is built around an Ethernet line network with the
following main hardware items (see Fig. 1):
• instructor station responsible for running the real time executables together with all the
functions available to the instructor to conduct the training sessions (SUN SS20,
2xRISC 32-bits 50 MHz processor, 64 Mb memory, 10 Mb/s Ethernet controller, 20"
monitor, 1.05 Gb internal disk)
• operator station responsible for support of man machine interface (communication with
the trainee (SUN SS5, RISC 32-bits 110 MHz processor, 64 Mb memory, 10 Mb/s
Ethernet controller, three 20" monitors, 1.05 Gb internal disk)
Instructor Station 20"
Operater screen 1
20"

Operater screen 2
20"

Operater screen 3
20"

Instructor CPU
Sun Risk SS20
64Mb RAM

Printer

Operator CPU
Sun SS5
64MB RAM

J
Fig.l Hardware layout
7.0

NEK and ICJT participation - knowledge transfer

NEK and ICJT (Training Center for Nuclear Technology) involvement started at the
beginning of the project with the: scope definition, display definition and data collection
phase. It has to be noted that for this phase there are two possibilities: either to give the raw
data (manuals, drawings, etc..) or to prepare and give the extracted data in the form prepared
for the direct input to the models. NEK decision was to take the second approach due to the
following reasons:
significant price reduction (less work for the vendor);
to go through the available documentation at the site and see in which areas we might
370
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expect problems during the data collection phase for the full scope simulator;
to assure that the correct data will be used to model NPP Kr©ko (our engineers are
familiar with the technology, plant systems, procedures and documentation);
^ amount of man hours spent on this task was for a factor 3 times higher that initially
. The very important outcome is the set of already prepared data and also the
If^ognition where we will have significant problems in getting required data for the full scope
«niulator (vendor manuals are mostly generic and were not customized for NEK).
Our second large involvement was in the modeling phase after we had substantial discussions
With the vendor engineers on the subject of control and logic, and when we recognized that it
will be the best for the project if we are taking over the modeling of all the control and logic,
since this is very plant specific (this task requires the detail knowledge of the plant drawings,
elementary wiring and logic diagrams). We were also aware of the fact that this is the best
way for knowledge transfer and is also a kind of the on the job training. As a prerequisite the
training on using the Cotrolix tool was conducted at the NEK site by the vendor personnel.
After that four engineer months were spent on the modeling of control and logic and over
500 Controlix pages were generated.
g.O

Lessons learned

As it was clear at the time of the beginning of this project (BPS), that in the scope of steam
generators replacement NEK will obtain plant specific full scope simulator the following
additional side objectives for the conducting of the BPS project were established:
a) Review the state of the art modeling tools available at the market (as different vendor
property software) for three main areas: thermohydraulic, control and logic, and
electrical;
b) Review the status of the real time versions of the best estimate codes and their use in
the simulation of the nuclear steam supply systems (NSSS) of the full scope
simulators (real time versions of RELAP, CATHARE, etc.);
c) Practical review the NEK capability of be able to provide plant specific data and
documentation as an inputs to the modeling - verify existence and traceability of
component data (valves, pumps,...);
d) Review the state of the art approaches and codes used for the simulation of beyond
design accidents - severe accidents;
e) Practically see what is the minimum level of participation of NEK engineers to assure
that all plant specifics are correctly reflected in the models and that all necessary
knowledge is transferred (the knowledge that will assure the minimum NEK
independence in the future);
f) Review the advantage and disadvantages of different approaches in so called
Configuration Management System (CMS), which assures that all the plant input
documents (drawings, manuals, ..) are linked to the particular basic modules of the
models. The existence of the sophisticated CMS together with good modeling tools
assures that the simulator will be kept under strict configuration control during its
exploitation.
g) Review the current status regarding the computer platforms used in latest projects by
different vendors and to check whether or not the option with PC and Windows NT
instead on a large mainframe is feasible.
Now when a BPS project is almost at the end we can state that all side objectives are meet
and that the main findings are as follows. From the effective knowledge transfer point of
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view and in particular from the future incorporation of plant modifications into the
models it is of essential importance that for the future NEK full scope simulator the
vendor will have in place efficient and user friendly modeling tools (model
ers
developed on first principles. Such tools assures high productivity, automatic d o c u m e n t a l
and low cost maintenance.
Review the status of the incorporation of the real time versions of the best estimate cooV
such as CATHARE or RELAP into the full scope simulator shows, that there are several
applications of RELAP for the full scope simulators (USA only). All of them have some
serious problems running some specific scenarios (mid loop operation and large LOCAs)
There will be first simulator finished in French this year using the real time version of
CATHARE code. The obvious conclusion is that there is still some risk connected with this
approach, with the clear benefit to have licensing consistent (if the best estimate codes will be
used for the uprate licensing analyses), best estimate full scope simulator.
During last year and in particular during the preparation of the Data package for the BPS we
became aware that we will have problems in providing - collecting plant specific data for
certain components because the vendor manuals are in many cases generic. It is evident that
data from such manuals will have to be supported with additional data, obtainable from
different other plant sources (as applicable for equipment installed at NEK), like maintenance
records, etc.
For the beyond design accident we learned that there are just two possibilities either parallel
running of severe accident codes such as MAAP 4 is or modification - enhancement of the
models used in the code used for simulation of the primary system and containment. The
requirement that the simulator should serve also for the emergency drills (simulating the
severe accidents) is relatively new and there are only few such applications in the world.
We also learned that the continuous participation of NEK engineers (at least 4 engineers
during the modeling and integration phase) is absolutely needed due to following main
reasons:
a) to assure that NEK specific situation will be simulated (to assure that vendor modeling
engineers will use and interpret the data right);
b) to assure effective knowledge transfer by which we will assure future independence in
maintaining simulator (implementing the plant modifications also in the simulator
models);
c) to avoid to many deviation reports during the acceptance tests by on line solving all
the information action requests.
Finally one of the important lessons learned is also the requirement that the vendor for full
scope simulator shall have in place efficient and powerful Configuration Management Control
System which will assure linking all the source documents to the models as well as the
tracking the modifications after the data freeze date and efficient Software Configuration
Control after delivery of the simulator.
Regarding the computer platforms we learned that there are already some simulators that
replaced the old large mainframes with the PCs (Vermont Yankee). At the same time we
recognized that this option is from the price and technical perspective more interesting for
relatively old simulators, where they are doing the computer rehosting (large maintenance
costs with old computers and old, sometimes simplified models which are not so computer
power demanding). For the new simulators this option is less interesting since new objeci
oriented tools as well as more sophisticated models require computer power that PC car
hardly provide (Pentium quad processors). On the other hand the mainframes price is goin|
down. We also learned that large simulator vendors have not yet ported their software to rur
on PC under Windows NT. The option with the proven UNIX based computer platforn
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to be at the present moment the best choice.

3j Q

Utilization of BPS for Training

To serve the primary objective, support of initial training for technical personnel, the
simulator will be located at training center ICJT, where the courses, mentioned at the
beginning are currently conducted.
Effective graphical presentation of the systems and physical phenomena will assure better and
easier understanding and thus enhancing learning process.
In the area of fundamentals, specifically in the area of core physics, and thermohydraulics,
demonstrations will be prepared and conducted instead of table top exercises to support
classroom presentations. When learning plant systems and operation, the demonstrations will
allow students to follow key plant parameters and exercise plant maneuvering, thus getting
insight and feeling of integral plant behavior . To support learning process, the BPS manmachine interface is designed similarly to plant documentation. It is also important to note
that some features are included in BPS which will enable plant specific training. Example of
such is simulation of DEH (Digital Electro Hydraulic turbine control system). The simulator
will also be useful for training of equipment operators. Example of such is training of
electrical equipment operator who will be able to practice diesel generator operation and
synchronization of main generator or diesel generator to the grid. As the BPS will have plant
specific models and some areas simulation will be quite comprehensive, the BPS will be
suitable for demonstrations during retraining of licensed personnel.
10.0

Conclusion

The BPS project started when it was still not clear if full scope simulator will be
purchased. This situation requested specific definition of objectives for BPS. The goal at
that time was to obtain specific simulation device which will be plant specific, cost
effective, will incorporate specific features (DEH), will enable some specific training for
equipment operators, will be useful even after full scope simulator will be built, will be
complex enough to get good experience for envisaged full scope simulator project and
not too manpower demanding during fabrication.
Consistently with the goals above, there are benefits of this project in addition to the
value, the BPS will represent as a training device. The involnement of the plant
personnel in BPS project and preparation for utilisation of BPS will enable use of this
experience in NPP Krsko full scope simulator project: modelling, software tools, data
requirements, preparation for cooperation, verification of the quality of plant data,
completeness of the documentation.
Effective utilization of the BPS will assure better understanding and increased knowledge
level of trainees during initial training, support retraining and introduce training in the areas
where it was not available in suitable form before.

11.0
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Abstract
NEK management has undertaken a set of actions to improve the ability to provide
equipment, spare parts and material needed to support operation and maintenance of the
Krsko plant. These actions are necessary due primarily to the fact that NEK is more and
more confronted (increasing trend) with the issue that suppliers of safety-related equipment
and spare parts have decided not to pursue the nuclear portion of their business, incl.
specific QA systems and qualifications.. The purchase orders imposing these requirements
are no longer accepted. In order to continue to obtain the necessary materials at the
required quality level, a "Commercial Grade Item" (CGI) procurement and dedication
program has been developed based on similar practices in the USA.

Introduction
CGI procurement is a process whereby parts are bought without imposing Appendix B
Quality Assurance requirements on the supplier, and then dedicated for use in safetyrelated applications. The dedication process involves 1) based upon the required safety
function, an engineering evaluation to identify critical characteristics of the item and
specification of acceptance criteria; and 2) quality control activities to ensure the item(s)
supplied meets the acceptance criteria specified.
The key to implementation of an effective program at NEK is to take advantage of the
lessons learned in the USA, and implement those practices which were most effective,
while avoiding those which were of limited value. There are two elements to developing
such a program: 1) use of appropriate criteria for safety classification of parts within
safety-related components; and 2) use of a dedication process: which optimizes CGI
dedication efforts by selecting the minimum set of critical characteristics necessary to
reasonably assure that the item received is the item ordered. Each of these elements, and
the options available to NEK, are discussed in the article.
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Background
In 1988, Electrical Power Research Institute, USA (EPRI) published "Guidance for the
Utilization of Commercial Grade Items in Nuclear Safety-Related Applications, NCIG-07"
(NP-5652) in response to a growing industry concern over an effective methodology to
ensure the proper dedication of CGIs to be used in safety-related applications. This
guidance received industry-wide acceptance.
Since the issuance of NP-5652, several industry and Nuclear Regulatory Commission
(NRC) activities have occurred which have indicated the need for further clarification and
guidance regarding the implementation of the process for dedicating commercial grade
items for safety-related applications. In 1994, "Supplemental Guidance for the Application
of EPRI Report NP-5652 on the Utilization of Commercial Grade Items" (TR-102269) was
developed by EPRI's Plant Support Engineering (PSE) at the request of its member
utilities.
Being a member on EPRI's-Plant Support Engineering module, NEK was able to
understand and implement the guidance and the supplemental guidance and to develop its
own "Program for the Procurement and Dedication of Commercial Grade Items" (ED-10)
in 1995., under strict directives of NEK internal policies and objectives as presented in
MD-1 ("NEK policies and objectives"), and other applicable programs e.g. Procurement
Program (PD-1), Design Modifications Control Program (ED-1), Quality Assurance
Program (QD-1), Quality Control Program (QD-2), etc.

Policy
NEK's policy for utilizing commercial grade items in safety-related applications fully
complies with USA Code of Federal Regulations 10CFR50, Appendix B "Quality
Assurance Criteria for Nuclear Power Plants and Fuel Reprocessing Plants" requirements,
and current industry guidance as provided by the EPRI. Commercial grade items shall be
procured in lieu of a basic component under one of the following circumstances:
•
•
•

The supplier of the item cannot furnish the item under a nuclear quality assurance
program meeting the full intent of 10CFR50, App. B.
The original supplier can no longer furnish the item and a suitable alternate
replacement can only be furnished as a commercial grade item.
Delegating the acceptance of a finished commercial grade item either to an original
equipment supplier, a third party organization, or the nuclear steam system supplier is
more costly then NEK dedicating the item under NEK 10CFR50, Appendix B program.

In order to comply with 10CFR21 "Reporting of Defects and Noncompliance", all
commercial grade items shall be dedicated prior to their use in safety related applications.
The scope of this policy and the application of the procedures discussed in NEK Program
ED-10 ( "Program for the Procurement and Dedication of Commercial Grade Items") apply
to current and future procurements
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procurement process
NEK procurement process involves various parties inside NEK (TO, ING, NAB, SKV) and
outside NEK (Vendors, Manufacturers, Agencies, Regulatory bodies etc.) participating in
different procurement scenarios (Basic component procurement, commercial grade item
procurement, augmented quality item procurement, NSR item procurement etc.). In order
to provide proper item each time and to prevent degradation of designed safety and
reliability of the NEK plant this process is subjected to strict compliance with 10CFR50,
Appendix B and NEK Quality Assurance Program (Criterion's III, IV and VII).
In order to maintain the configuration control of the NEK plant the two basic elements
necessary for effective procurement were established:
•
•

Accurate technical and quality requirements specified in order to assure properties or
attributes of importance are imparted to the item.
Acceptance criteria determined in order to provide reasonable assurance that the
technical and quality requirements have been met.

Two more items were identified that enhanced the procurement process quality:
•

•

Training of personnel on items such as applicable NRC Regulatory Guides, Generic
Letters, Information Notices and Bulletins; NUMARC (Nuclear Management and
Resources Council - now Nuclear Energy Institute, NEI) Comprehensive Procurement
Initiative; plant-specific licensing commitments, plant design bases, configuration
management; and EPRI guidance.
Communication within utility (e.g. communication between design engineering
procurement engineering, quality assurance and control, maintenance, purchasing);
with the various suppliers; and with industry organizations. Sharing information is
essential for success.

Six steps of procurement process, corresponding to EPRI NP-6629 ("Guideline for the
Procurement and Receipt of Items for Nuclear Power Plants", NCIG-15), are addressed in
the NEK procedural requirements and responsible parties identified as follows:
•
•
•
•
•
•

Identification of needed item - maintenance (TO) and modifications (ESD)
Establishment of technical and quality requirements - engineering (ESD)
Selection of the procurement scenario and supplier - engineering (ESD/QSD)
Determination of the acceptance criteria and methods - engineering (ESD)
Preparation and placement of purchase order - purchasing (NAB)
Item acceptance - quality assurance/quality control (QSD)

The procedure ADP-1.1.007 ("Equipment, parts, materials, services procurement process")
sets for the administrative mechanisms for the procurement of equipment parts, materials,
services for the Krsko Nuclear Power Plant to ensure that applicable regulatory
requirements, design bases, and quality assurance requirements are included or referenced
in procurement documents. This is accomplished through implementation of the developed
procedures.
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The document structure given bellow relates to Engineering Service Division.
MD-1 NEK Policies and Objectives
QD-1 Quality Assurance Program
PD-1 Procurement Program
ED-1 Design Modifications Control Program
ED-10 Program for the procurement and dedication of commercial grade items
ADP-1.1.007
ADP-1.2.006

Equipment, parts, materials, services procurement process
Engineering in the procurement process

ESP-2.200
ESP-2.201
ESP-2.202
ESP-2.203
ESP-2.204
ESP-2.205
ESP-2.206
ESP-2.207
ESP-2.617

Procurement of Materials and Services
Component/Spare Parts Classification
Replacement Items Technical Evaluation
Inter-Utility Transfer of Material
Standardization of Equipment, Parts and
Materials Descriptions
Establishment of Shelf Life Criteria
Procurement, Management and Use of ASME
Code Material, Parts and Components
Specification and Dedication of Commercial
Grade Items
Engineering Services, Material and
Equipment Technical Specifications

There are five key elements providing overall assurance of item performance that have
been identified in NEK procurement process procedures:
•

•
•
•
•

Design and equipment qualification, 10CFR50, Appendix B, Criterion III,. Assures
suitability for application per ANSI N45.2.11 (American National Standard - Quality
Assurance Requirements for the Design of Nuclear Power Plants)
Supplier's product controls. Assures items are manufactured/assembled in accordance
with the design
Technical evaluation, 10CFR50, Appendix B, Criterion IV. Assures correct
requirements are specified.
Acceptance, 10CFR50, Appendix B, Criterion VII. Reasonably assures the item
received meets specified requirements.
Post receipt and installation quality controls. Monitors the normal operation and
performance of the item.

Commercial grade item
In order to properly describe the process of commercial grade items utilization in NEK
nuclear safety-related applications we must understand the definition of the term CGI
(commercial grade item) and the background for that definition.

Icommercial Grade Item as defined in 10CFR21 JR.ev.1 1978 is an Item satisfying ALL
Ithree criteria:
l-» Not subject to design or specification requirements that are unique to nuclear facilities;
•
•

Used in applications other than nuclear facilities; and
Is to be ordered from the manufacturer/supplier on the basis of specifications set forth
in the manufacturer's published product description (for example Catalog).

Commercial Grade Item as defined in 10CFR21 Rev.2 1995
• A structure, system or component, or part thereof that affects its safety function, that
was not designed and manufactured as the Basic Component.
• CGFs do not include items where the design and manufacturing process require many
in-process inspections and verifications to ensure that defects or failures to comply are
identified and corrected (i.e. one or more critical characteristic of the item cannot be
verified).
Commercial Grade Item as clarified by Nuclear Energy Institute (NEI, former NUMARC)
• An item is a commercial grade item if its critical characteristic can be verified during
dedication process.
NEK has accepted NEI clarification and specifies commercial grade item as an item whose
critical characteristic can be verified during dedication process and which imposes no
nuclear specification, catalogue shopping and general use by industry.

Critical characteristic
Critical characteristic are those important design, material, and performance characteristic
that, once verified, will provide reasonable assurance that the item will perform its
intended safety function.
In order to properly select the critical characteristics, the safety classification of that item's
designed function has to be determined.
NEK original plant classification of structures, systems and components was based upon
codes applicable at the time of construction (ASME, ANSI, IEEE etc.) and that was
transferred into plant documentation and licensing commitments. At that time part
classification issues were not specifically addressed. NEK procurement process was
primarily "Like for Like" from Westinghouse or Original Equipment Manufacturer and
conservative in imposing technical and quality requirements.
Recognizing the need to classify parts not only in accordance with manufacturing codes
(e.g. ASME) but also based upon the actual function within the plant and especially to
prevent that substandard, fraudulent and counterfeit items are installed in nuclear power
plants, NRC issued Generic Letters 89-02 "Actions to improve the detection of counterfeit
and fraudulently marketed products" and GL 91-05 "Licensee Commercial Grade
Procurement and Dedication Programs". Guidance for the USA utilities to make the
required enhancements to their procurement processes was provided by NUMARC's
"Comprehensive Procurement Initiative".
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Havijpg most of the nuclear safety equipment with USA origin, NEK adopted the sam
concept and , among others, developed procedure ESP-2.201 "Component and Spare Pan
Classification" utilizing the EPRI NP-&95 (NCIG-17) "Guidance for Classification of
Systems, Components and Parts, Used in Nuclear Power Plant Applications" which
introduces the functional based safety classification at NEK.
The process of selecting critical characteristics based on the functional safety classification
of items is performed through a technical evaluation process. As a part of procurement
process technical evaluation is based on EPRI NP-6404 (NCIG-11) "Guidance for the
Technical Evaluation of Replacement Items in Nuclear Power Plants" and transferred to
NEK procedure ESP-2.202 "Replacement Items Technical Evaluation". Two types of
critical characteristics are determined during technical evaluation process: Critical
Characteristics for Design (CCD) and Critical Characteristic for Acceptance (CCA).

Identify required
item
1

Perform functional
safety classification
r

<J3afety- related^>

No

•

Procure non safety

Yes

No—

Equivalency
evaluation

Like for like

I
Yes
*

Procure item as
basic component

Technical eveluation - CCD's
Identify critical
characteristic

Select acceptance
method(s)
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Acceptance process - CCA's
Procure item as
commercial grade
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Dedication
Pedication is an acceptance process undertaken to provide reasonable assurance that a
commercial grade item to be used as a basic component will perform its intended safety
function and, in this respect, is deemed equivalent to an item designed and manufactured
under a 10CFR Part 50, Appendix B, quality assurance program. This assurance is
achieved by the purchaser through identifying the critical characteristic of the item and
verifying their acceptability by inspections, tests or analysis.

Commercial Grade Item

Technical
Evaluation

Acceptance
Process

Dedicated Commercial
Grade Item

Item Purchased as a Basic Componrnt
to 10CFR50, Appendix B Requirements

NEK Procedure "Specification and Dedication of Commercial Grade Items" (ESP-2.207)
sets for the NEK acceptance process practices through the following methods:
•
•
•
•
•

Special tests and inspections
Commercial grade survey
Source verification
Supplier/item performance record
Combination of two or more of the four methods

Method
Method
Method
Method

1
2
3
4

These are four different ways to verify critical characteristic as developed by EPRI and
endorsed by NRC. Because of lack of historical data Method 4 is currently not
recommended as an acceptance process at NEK but it can be used for sampling plan
optimization when commodity items are purchased as CGI and are subject to a statistically
based dedication acceptance process.
The dedication of the commercial grade item should not be mixed with the qualification
process. The dedication process serves to verify that the item received is the item required
(purchased). The qualification process serves to demonstrate and verify that the item will
perform it's designed function.
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Conclusion
NEK has several reasons for the utilization of commercial grade item procurement and
dedication in its procurement cycle. These are:
•
•
•
•
•

Nuclear vendor drops qualification
Original parts not available - replacement parts are offered non qualified
Discrepancies between Manufacturing and Operations codes/standards
Reduced cost and lead time
Falsified/Fraudulent items and documents

Development of tools (procedures, methodologies and computer applications) and
personnel training programs present NEK investments into the future when the CGI
procurement will have no alternative because qualified parts and suppliers will not be
available. In this early phase the following limitations are to be considered when applying
the Commercial Grade Dedication process:
•
•
•

•
•

Simple items
Qualified product not available
Not above but all NEK requirements can be met:
- Identified critical characteristic (including seismic) can be verified against known
acceptance criteria
- Test/inspection equipment and qualified personal is available
- Significant cost reduction
Purchasing to specific application
Available resources

A survey performed by "Elektroinstitut Milan Vidmar", Ljubljana; within the Slovenian
industry and research institution laboratories has shown that significant resources for
inspections and tests are available but some additional effort will be needed in order to
generate and approve necessary specific procedures.
Acceptance criteria are often vendor proprietary data so information exchange of NEK with
US Utilities, NUPIC and EPRI memberships as well as vendor surveys performed by NEK
itself will be of increased importance for the successful implementation of CGI dedication.
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USAR Managing and Updating Process
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ABSTRACT
In this paper basis and background of the FSAR (Final Safety Analysis Report) document and its
conversion process to the USAR (Updated Safety Analysis Report) document are described. In
addition, there are internal and external reviews as well as approval process presented.
The following is included in our new approach to manage USAR changes: initiating the USAR
change, technical reviewing, preparing a safety evaluation, KSC (Krsko Safety Committee) and
KOC (Krsko Operating Committee) review, ESD Director approval, and the Regulatory Body
review or approval.
The intensive technological modification activities started in the year 1992 when the NEK
Engineering Services Division was established. These activities are one of the most important
reason for a very intensive USAR items change. The other reason for its conversion to an electronic
format is a possibility for easier and faster searching, updating and changing process and
introducing a new systematic USAR managing approach as mentioned above.

1.0

INTRODUCTION AND DEFINITION

Based on several requirements (regulations, regulatory body and NE Krsko initiatives)
decision for Safety Analysis Report (SAR) update was made.
Review of the NEK SAR status in 1991 identified the need for systematic, integrated and long
term activities which will assure that past as well as future changes to the plant and plant
documents will be adequately reflected in the NEK SAR.
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The following major activities were performed for the successfM implementation of
project:
1. Identification, documentation and reporting of all changes to the plant and
documents which were not described in the FSAR as submitted to regulatory body;
2. Preparation of the corresponding USAR text for each identified change and corresponding
review and approval process;
3. Conversion of the FSAR text, drawings and figures to the electrobnic media and
incorporation of all changes into the revision 0 of USAR;
4. Introduction of systematic and integrated process for all future changes to the USAR and
preparation of associated revisions.
The overall project was completed in a two year period by the NEK architect engineer
Gilbert/Commonwealth and NEK.
Change Package
A package of each individual change which modifies the USAR. Each change package
contains: a cover sheet, mark-up copies of all affected pages of the USAR, the list of
source documents for the change and list of references and Safety Evaluation Screening
and Safety Evaluation package.
FSAR
Final Safety Analysis Report. The Safety Analysis Report originally prepared for the
Licensing of Krsko, including any revisions or changes made prior to February 1, 1992 and
submitted to the regulatory body.
USAR
Updated Safety Analysis Report (USAR) is based upon the existing FSAR, but is updated
to include all applicable changes to the plant and plant documents.

2.0

START OF PROJECT

For that big project, Krsko NPP prepared the program which was based on the following
assumptions:
a.
b.
C.
d.

USAR has to follow the content and format of FSAR;
All changes and modifications which are implemented at least 6 months before USAR
issuance have to be incorporated in USAR rev.O;
New document, USAR, rev.O, will be the basic document for all future revisions;
USAR has to be prepared in such a way that revision process for future USAR revisions
is easy, and that tracking of each change and revision is available.

The FSAR to the USAR conversion process included all of the following activities:
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magnetic media storage;
computer text processing;
computer figures processing;
modifications review;
limiting conditions for operation review;
FSAR figures conversion into electronic format (CADD);
procedures development;
implementation of changes of Chapter 4 (reactor core, VANTAGE 5 - IFBA fuel,
enhancement in thermal-hydraulic analysis...) and Chapter 15 (safety analyses, NRC RG
1.70, rev.3 format, 18% SGTP criteria implementation, etc.).

The first step was updating the USAR procedure development. After that, the detailed review
of implemented modifications, license amendments, charts and diagrams and limiting
conditions for operation were performed. This approach included the USAR Change Packages
preparation which were necessary for the USAR changes.
About 200 of the most important flow diagrams and charts (drawings) as part of the USAR
modernisation program were reviewed and converted to CADD electronic format involving
the Krsko NPP personnel training and procedures development.
After all these activities the NEK USAR, rev. 0 was fully prepared and issued.
The benefits of USAR issuance are:
a.
b.
C.
d.

an excellent basis for future revisions and computer searching is enabled,
all changes in the USAR are documented,
effective pages control is implemented,
the USAR change packages as the USAR change process are incorporated and the
approval process is fully defined and documented,
e.
new procedures for the USAR changes are developed,
f. flow diagrams are updated and converted to electronic format.
The USAR, rev. 0 was issued with the effective date of October 26((l, 1992.
In accordance to the before mentioned procedure, the revisions 1 and 2 of the USAR were issued
.with effective date of September 1st, 1994 and August 3 rd , 1995, respectively.
In figure 1 the number of change packages per revision is shown.
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Figure 1
Number of USAR Change packages per revision

E9 Number of USAR Change packages

Rev. 0

3.0

Rev. 1

Rev. 2

Rev. 3
(forecasted)

USAR CHANGE PROCESS

The new procedure ESP-2.302 ADMINISTRATION OF CHANGES TO THE USAR is
developed to'assure that USAR Change process is in accordance with 10 CFR and the Slovenian
law and that each step of a process is controlled and well managed.
In Figure 2, the USAR Change process flow - chart is shown.
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Figure 2
Modification
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URSJV Approval

NEK Approval

Implementation

There is necessary to highlight that Pravilnik E2, PRAVTLNIK O IZDELAVI IN VSEBINI
VARNOSTNEGA POROCILA IN DRUGE DOKUMENTACIJE, POTREBNE ZA
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UGOTAVLJANJE VARNOSTI JEDRSKIH OBJEKTOV, Official Gazette SFRJ 68/88, defines
three change categories of the USAR:
a.
b.
C.

changes which may be implemented without prior approval of regulatory body a ^
regulatory body has to be informed of that changes after implementation,
changes which may be implemented without prior approval of regulatory body and
regulatory body has to be informed of that changes before implementation,
changes which must not be implemented prior approval of regulatory body.

Because there are no criteria for categorisation, Krsko NPP decided to implement the 10 CFR
50.59 rule. For that purpose, the new procedure ESP-2.303, AUTHORIZATION OF CHANGES
TESTS AND EXPERIMENTS (10 CFR 50.59 REVIEWS) was developed. The adoption of that
rule in the specific case of the USAR changes is shown on previous flow chart in Safety Evaluation
Screening and Safety Evaluation preparation step.
Krsko NPP takes the following approach: if an unreviewed safety question appears, the whole
licensing process starts; if there are no unreviewed safety questions, the regulatory body is informed
about the modification or other activities which involve the USAR change, and the USAR Change
Package is sent to the Regulatory Body before the USAR change is implemented.

4.0

FUTURE ACTIVITIES

Of course, after all that hard work which has been done, there is some work still remaining for the
future. Our wish is to fix all eventually missing information to get the best possible document
representing Krsko NPP, and we will keep working very hard to reach our goal.
In order to intensify the usage of the USAR, the continuous activities of the USAR updating as
well as before mentioned procedures enhancement are in progress. In addition, Krsko NPP plans to
transform all the USAR chapters and drawings to a special electronic format, called HTML which
will be used in Krsko NPP IntraNet system. That will allow everybody who will have the access to
use the Krsko NPP IntraNet to full text and drawing searching, copying and printing any part of
Krsko NPP USAR.

5.0

REFERENCES

5.1

Title 10 Code of Federal Regulations;

5.2

Regulatory Guide 1.70, Rev. 1 and Rev.3;

5.3

ESP-2.301 "Technical Specification Changes and Licence Amendment";

5.4

ESP-2.302 "Administration of changes to the USAR";

5.5

ESP-2.303 "Authorisation of changes, tests and experiments (10 CFR 50.59 reviews)";
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AN EXPERT SYSTEM - BASED AID FOR ANALYSIS OF EMERGENCY
OPERATING PROCEDURES IN NPPs
Z. Jakubowski, D. Beraha
Gesellschaft fur Anlagen und Reaktorsicherheit (GRS), Postfach 1313, 85739 Garching b. Miinchen, Germany

ABSTRACT
Emergency Operating Procedures (EOPs) generally and an accident managment (AM)
particulary play a significant part in the safety philosophy of NPPs since many years. A better
methodology for development and validation of EOPs is desired. A prototype of an
Emergency Operating Procedures Analysis System (EOPAS), which has been developed at
GRS, is presented in the paper. The hardware configuration and software organisation of the
system is briefly reviewed. The main components of the system such as the knowledge base of
an expert system and the engineering simulator are described.
INTRODUCTION
Since many years Emergency Operating Procedures (EOPs) play a significant part in the safety
philosophy of NPPs as a further strengthening of the defence in depth principles. Existing
conventional event-oriented procedures have been optimized and complemented by symptomoriented procedures, particularly for beyond design bases conditions. An important step in the
development and implementation of EOPs is their validation. For this purpose, different
methods based on reviews, walk-throughs or simulations may be used. Concerning simulation
methods in real-time, plant specific training simulators are largely used for validation due to
their large field of application and effectivity. In practice, for many NPPs, such simulators do
not exist or are inaccessible, and/or the existing simulators do not cover the full spectrum of
accidents for which the EOPs have to be validated. This makes the application of this method
impossible in many cases.
This paper describes a segment of an investigation that was conducted by the Gesellschaft fur
Anlagen und Reaktorsicherheit (GRS) in the area of EOPs for beyond design base accident to
assess and demonstrate the feasibility of using an expert system as an aid for the analysis of
EOPs,in NPPs. The objective of the effort was to create and evaluate the EOPs knowledge
base within the expert system, and to validate some characteristics of EOPs for suitable
accident scenarios, simulated with a nuclear plant analyser. A prototype of an Emergency
Operating Procedures Analysis System (EOPAS) [Ber96, Jak95] was developed, based on an
expert system, and on the nuclear plant analyser ATLAS (ATHLET Analysis Simulator)
[Vog93]ofGRS.
The research presented in this paper has been funded by the the German Federal Ministry of
Environment, Nature Conservation and Reactor Safety and the Federal Minister for Education,
Research and Technology.
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GENERAL STRUCTURE OF EOPAS
The EOPAS consist of three main components:
•
•
•

The expert system containing the EOP's knowledge base.
The nuclear plant analyser ATLAS including the simulation code ATHLET and an
interactive visualisation system.
The central data server (Q-server) connected to the expert system and to ATLAS
providing data exchange in both directions.

Figure 1 illustrates the relationship between cooperating components of EOPAS. The system
runs in the GRS Test Control Room (TCR) facility, which includes the computer architecture,
model software, data software and communication system. The main frame, UNIXworkstations (DEC, IBM) and PCs connected in a network represent the hardware of the
TCR.
MONITOR
DISPLAYS

EXSPERT SYSTEM
G2

SIMULATION
ATHLET

PROCEDURES

Figure 1. EOPAS configuration
EXPERT SYSTEM AND EOPs
The EOPs are specific, abstract systems existing in description form or as graphical diagrams.
The spectrum of EOPs knowledge is not very large, and is mainly represented by rules. The
rule is a method of knowledge representation characterized by an 'If-Then' format. Boolean
algebra and fuzzy logic can be used within a rule to store the knowledge in an efficient manner.
The expert system with its general structure being composed, the specific knowledge base and
inference engine are very well suited for modelling EOPs due their great flexibility.
The expert system shell G2 implemented on a DEC-workstation has been used to describe the
EOPs. G2 is an object oriented programm with graphical workspaces [G2-90]. It includes the
development tools, such as the interactive text editor, the graphical editor and predefined
functions and objects to create the knowledge base and its graphical representation. Structured
natural language commands enable the user to create knowledge quickly and easily. The EOPs
representation on G2 consist of following functional components:
•
•
•

a general knowledge base including the basic elements to design the EOPs
a specific knowledge base including the NPP's specific EOPs
a control module which verifies the facts and rules, interprets the user interactions and
controls he realization of the procedure.

General knowledge base
Due to the functional similarity of the pieces of knowledge describing the EOPs, it a
sufficient to create a limited number of basic elements, in order to cover all facts and relations
from which the procedures are constructed. The set can be easily complemented with user
defined elements to meet specific application requirements. The basic elements form a library
which consists of the following groups:
•
•
•
•

procedure-elements
logical-gates
alarms
interface-elements.
PROCEDURE-ELEMENTS

I
decision
monitoring

actxem

continuation
stop
Figure 2. Procedure-elements
The Figure 2 shows examples of the procedure-elements. The procedures can be represented
by only a few basic elements, such as decision-step, advice or action. The functional and
graphical properties of the elements allow the creation of a specific knowlegde base, and form
a graphical surface by interactive object-oriented editing supported by specific G2 tools. The
elements can be treated almost as physical objects. They can be cloned, transferred between
graphical surfaces, connected to each other (when functional reasons permit) or deleted. The
editing gives the possibility to change the sequence of steps in the procedure, pass over the
action steps or go through wrong action steps (e.g. for simulating deviations from the normal
procedure), without destructing the consistency between graphical representation of a

procedure and its knowledge base. Such changes can be made during the run of the EOPs
without interruption of the dynamical data flow from the simulator.
Specific knowledge base
In the specific knowledge base the EOPs knowledge with reference to specific NPPs is stored.
In the prototype knowledge bases, the description of the symptom oriented approach and the
secondary bleed&feed (B&F) procedure for PWRs have been generated. From functional and
knowledge representation reasons the whole specific knowledge can be divided into following
groups:
•
•
•
•

interface
procedures
events
lead-in criterions.

It is possible to organize each of these groups hierarchically in order to simplify the
administration of the knowledge base.
The interface group contains a set of analog values and logical states which are represented by
elements from the group of interface-elements. The variables are updated in a defined time
interval by the simulator. The elements are described by attributes, such as specific simulator
keywords for communication with the simulator, the name of variables in G2, initial values, last
recorded values, update interval, history keeping interval.
Two procedures have been created in a specific knowledge base using the procedure-elements,
the symptom-oriented approach and the secondary B&F procedure. The symptom-oriented
procedures are dedicated to operation at incidents and accidents. They depend on the status of
the critical safety functions. This status is regularly scanned by the expert system. The
symptom-oriented procedures include accident diagnosis procedures in form of subprocedures,
which provide the identification of the reason of the accident for a limited number of scenarios.
The secondary B&F procedure is the main procedure in the specific knowledge base. The
secondary B&F is a basic procedure for beyond design base accident for German NPPs. The
procedure can automatically influence the simulation process ATLAS through action elements.
Because of its length (130 procedure steps), the B&F procedure has been divided into three
workspaces. The first one is shown in Figure 3.
The status of the critical safety functions and the occurence of different events is represented
by alarm-elements. Their graphical representation (icons) can be different in spite of the same
functional description. The critical safety functions play a basic role in the disturbance and
accident control since their status allows to decide whether the process is in a safe conditon or
not. Fuzzy logic has been used in order to show the gradual degree of fulfilment of the safety
criteria by colour coding.
A separate lead-in criterion group has been created. This gives the user a better look into the
process phase in which the procedure is led-in. The lead-in criterions are represented by
connection of logical-gates.
Control module
A control module has been developed that:

synchronizes the data flow from the plant analyzer ATLAS to the expert system
controls the snapshots and the backtrack of the process on G2
switches between automatic and manual mode
initiates, breaks and restores the connection with the data server.
Graphical surface
The procedure diagram, the status of the safety functions and other events are presented on
displays in order to give the user fast and extensive information about the procedure which is
run. The user can require interactive displays from 22 individual graphical workspaces
Different levels of a display hierarchy are possible, ranging from a general view to a detailed
presentation. The important events are signalled by intensive colours. The active procedure
steps are recognised immediately due to changes of colours. An interactive manual control for
running procedures is possible, whereby the user is requested to acknowledge the actions of
the system after each procedure step. Figure 3 presents a G2 display, which was used for the
analysis of the influence of human errors on the process after a total loss of feedwater supply in
a PWR.
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Figure 3. Overview display of EOPs on the expert system screen.
DATA SERVER
The EOPs simulation on an expert system is one of the many processes that run in the TCR.
The processes which perform the simulation are usually run on different computers. An

lyccharfge of information is accomplished byusingjaxentral data server (Q-server) [Ber96] with
Ithe following features:
*V
•

•
•

functions as an active interface between different software products
restores the history of simulation process
provides fast access to data
synchronises different sources of data.

The use of the Q-server allows the repetition of simulation runs without rerunning the
simulation code.
THE PLANT ANALYZER
Generally, the spectrum of validated EOPs is very large, from event-oriented procedures to
accident managment (AM). Practically, in the last years the emphasis was placed on the
investigation of the symptom oriented procedures and particulary on AM. Therefore, in order
to successfully validate the EOPs, the plant analyzer must be able to simulate different accident
scenarios including severe accidents.
The GRS plant analyzer ATLAS is designed as an engineering simulator for analysis of reactor
transients and accidents, the investigation of EOPs and the validation of diagnosis and control
systems. The simulation basis of ATLAS is the thermohydraulic best-estimate code ATHLET.
An interface to the containment code RALOC and the integral code MELCOR has been
developed. Also, an integration of other simulation codes into the ATLAS software
environment is possible.
A significant part of the analyzer is a description of the control, trip and auxiliary sytems
referred to as Balance of Plant (BOP) systems. The BOP is necessary not only because all plant
transients and non-LOCA accidents are initiated by operation or malfunctions within those
sytems, but also since the response of the plant to transients or accidents is strongly influenced
by the automatic operation of the BOP systems.
The simulation code
The system code ATHLET (Analyses of THermohydraulics of LEaks and Transients) belongs
to the group of detailed mechanistic codes. More information about this code is given in
[ATH95]. The field of application of ATHLET comprises the whole spectrum of operational
and abnormal transients, small and intermediate leaks up to large breaks for BWRs and PWRs
including WWER. For the analyses of severe accidents with core degradation, an extended
version ATHLET-CD is being developed.
ATHLET includes a dedicated high level simulation language (General Control Simulation
Module - GCSM) for the simulation of BOPs. By connecting basic functional blocks
(switching elements, logical elements, function generators and other) within the input deck, the
user can model the desired control circuit of fluid systems as a block diagram. The process
variables can be used as an input to user defined block diagrams. Output signals are for
instance rod positions, valve cross sectional areas or boundary conditions for mass or heat
addition rate, pressures and temperatures. The connection of external models programmed in
FORTRAN is possible through a special interface to ATHLET.

Visualisation
The visualisation system of ATLAS presents graphically the results of the simulation and
allows interactively to influence the execution of the simulation process (malfunctions, manual
control).

.. 7'Fomnw '

Figure 4. Synopsis for PWR
The sytem is based on the GKS (Graphical Kernel System) international graphics standard.
There are possibilities to manage the diplays of the simulator in windows (creating, moving,
deleting, printing). A package for trend displays is included in the visualisation system.
Different type of displays are available in ATLAS:
•
•
•

synopses which indicate the general status of the plant
nodalisation displays generated directly from the simulation codes providing
information on the nodalisation of the plant
subsystem diagrams for showing the subsystem status and for interactive control of
malfunctions and manual actions.

Figure 4 shows the synopsis for a German 1300MWe PWR. This display was created to help
the user in achieving a greater comprehension of the complicated thermalhydraulic process that
occur in the reactor and coolant systems during an accident. Information on the process status
is displayed as a two-dimensional dynamic distribution of important parameters along the
primary circuit by colour shading and by a set of pictorial elements representing valves, pumps,
fluid levels, flow directions by combination of shape and colour.

^VALUATION AND CONCLUSION
!

•

•

:

.

tThe influence of human errors on the plant process during execution of the B&F procedure
'after a total loss of feedwater supply in a PWR 1300 has been studied in order to evaluate the
1
effectivness of the expert system and to demonstrate the feasibility of the EOPAS [Jak95]. The
"human errors have been restricted to variations of the delay time between the individual actions
of the operator. The results of this study show that the methodology developed within EOPAS
has a high degree of potential for evaluating important EOPs characteristics with respect to the
plant-specific man-machine communication system. A point of specific interest has been found
when considering the technical accuracy of the EOPs instructions. Grammatical terms such as
'rising', 'high', 'low' without further specifications often give rise to misleading
interpretations. The transfer of EOPs from the manual to EOPAS has contributed to detect
such inaccuracies and to an improved reformulation of the instructions.
In the light of the restricted scope, the limited availability and the high cost of employing plant
specific full-scope simulators for procedure assessment, the EOPAS can represent a very
convenient and efficient tool for development and validatation of EOPs. Further applications of
EOPAS are envisaged in training and education, particularly in the AM area.
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Abstract
Nuklearna Elektrarna Krsko (NEK) was constructed as a turnkey plant, entering commercial
service in 1981. NEK operates the plant with a unique management philosophy which has
adapted well to the demands of today's business environment. Contributing to this success
has been the NEK Management Information System (MIS) that has assisted NEK in "making
more with less". A key element of the MIS is the Technical Document system, which
includes the DCM (Document Control Module) and QRM (Quality Records Management),
enabling the successful retrofit of the existing document management and "turnkey" plant
records environment to a new, thoroughly integrated system controlling plant operation and
configuration management.
The system integrates the Engineering Equipment and
Configuration Management data systems, providing immediate, realtime cross-reference of
plant equipment and plant modifications with technical documentation.

/.

Introduction

The concept of a lean, integrated generation company is alive and well at Slovenia's one and
only nuclear power plant. The NEK plant is well-regarded in the nuclear power industry for
its operation and safety record. The plant has been cited by world regulatory and inspection
agencies for excellence, as well as high capacity and availability factors. NEK has also set
an example for the industry with its innovative construction and management paradigm; NEK
was constructed in a unique "turnkey" agreement with builders Westinghouse and
Gilbert/Commonwealth, which rigidly defined NEK's role in construction of the plant and
certainly contributed to the record construction time, efficient utilization of resources, and
relatively low cost for its size and era of construction.
In addition to the technical organizations incumbent to a nuclear plant site, NEK's
organization includes complete corporate financial, commercial procurement, human
resources, design engineering, information systems, warehouse, corporate records and other
functions normally associated with a parent utility. There is no "office downtown", no
"electric building": "corporate" is inside the fence ...

[||EK is possibly the original, and certainly the best-known, Type " 1 " utility, operating for
gfrer 10 years as an autonomous, integrated "storefront" G&T utility serving the local electric
^Utilities directly from the switchyard. NEK operation is regulated by the Uprava Republike
'Slovenije za Jedrsko Varnost (URSJV) (Slovene Agency for Nuclear Safety). Due to the
"physical location of the plant, Slovenia has always exercised licensing and legal responsibility
for the KrSko plant. Slovenia regulates NEK as an "agreement state", where all applicable
United States Nuclear Regulatory Commission (USNRC) and International Atomic Energy
Agency (IAEA) regulations are "passed-through" to NEK Quality Assurance and licensing
organizations.
The best description of this phenomenon is Rightsizing: determining a corporate strategy that
conserves resources and capital in a rapidly changing economic and social environment while
meeting corporate goals, which in turn "tunes" utilization of resources at each level and for
each function in the company on an individual basis.

//.

NEK at the Crossroads

The year 1991 marked a crossroads; NEK had already embarked upon an ambitious program
to improve information management with a suite of integrated, standardized Oracle-based
client-server management information system modules. NEK recognized the challenge to
better quantify, document and demonstrate the quality of plant operation in the face of an
increasingly stringent regulatory environment and austere economics by taking advantage of
affordable, cost-effective information technology that has rapidly become available
everywhere. Several reasons may be offered for this commitment to management information
systems by NEK:
1.

The transition of public companies and industry in Slovenia to a market economy is
relatively passive because of the independent and decidedly enterprise-oriented "selfmanagement" philosophy already practiced by most Slovenian companies and the
anticipation of changing times. This is particularly true with NEK, and no profound
economic or management philosophical barriers were faced; the management changes
going on with NEK may be characterized more as refinement.

2.

A familial, intimate work environment has provided efficient communication
information among plant staff; truly, one of NEK's "secrets of success". Increased
mobility and rising economic prosperity, however, may introduce demographic and
social changes that are likely to increase the turnover of plant employees in the future.
The decision by NEK management to develop and implement a corporate-wide,
integrated information system has been made at least in part in anticipation of this
potential change in NEK's fundamental business culture. Integrated management
information systems are deemed to be the best way to homogenize technical talent and
information at NEK while reducing reliance on corporate knowledge.

3.

NEK is challenged to meet the increasingly rigid regulatory and licensing requirement ^
imposed upon nuclear plant operations and management around the world (includin
document control and records management) with its traditional sober thoroughness and
attention to detail, while simultaneously faced with the dilemma of increasing plant
cost obligations vis-a-vis current financial and revenue uncertainties and dynamics
NEK management is committed to integrated management information systems as a
primary means of mitigating the effects of these new forces on its corporate strategic
goals.

4.

NEK has traditionally outsourced most major plant projects and upgrades to
Westinghouse or other vendors, in keeping with the "turnkey" philosophy. Recently
though, NEK has assumed a much greater role in managing and controlling projects'
primarily through greater company participation at all project levels and formal
establishment of the Engineering Services Division. The ability to directly manage
and control projects and procurement of materials through in-house information
systems gives NEK a substantial advantage in commercial dealings as well as the
potential for significant reductions in costs of doing business.

So, NEK is a prototype for electric utilities in the "rightsized" 90's and beyond, in ways
other than its organization and autonomous corporate structure. NEK is relying heavily on
management information systems to "make more with less".

///.

Jnfonnation Systems for Righlsizing

Data generated and collected in the process of operating a commercial nuclear power plant
are, to a great extent, interrelated and associated through the processes that generate them;
the software applications that are used to record and manage them are conventionally divided
into MIS software applications. The NEK Plant Management Information System (MIS) is
organized into an integrated Equipment/Component, Document/Records Management, Work
Management, and Materials system aimed at plant configuration management. The ability
to integrate these applications eliminates data redundancies (which introduce error and
compromise quality), as well as permit system users to take advantage of the inherent
relationships all of these applications share with each other through commonality of data; over
70% of MIS application traffic addresses data shared between two or more applications.
More so than other MIS applications, the Technical Documentation program serves to provide
to drive the process of document and records control, as well as provide data to the entire
MIS to "tie together" plant functions with documentation. The system supports an
organization and processes that manage control and distribution of over 80,000 plant
documents, over 1.8 million pages of quality records, 2 controlled vault storage sites and 3
document satellite stations. NEK designed, built and implemented the required databases for
electronic technical documentation management through the DCM (Document Control
Management) and the QRM (Quality Records Management).
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[jese two components of the MIS integrate with each other and the other components of the
fS to provide "total solution" information resources to NEK staff and satisfy the. strategic
goals' as well as departmental "workday" responsibilities. Procedures controlling the
[Ichnical Documentation process are classed as Safety-Related; software is classified as
pigmented Quality, ensuring appropriate levels of user- and owner-review.
hie development of the document management systems involved a 4-step process:
Assessment - The effort of assessing the scope and requirements of NEK document
"management was compounded by the legacy records from a "turnkey" construction
^environment, where documentation responsibilities for the plant were frequently assumed by
the constructor or vendors prior to commissioning. The document assessment:
•

defined the document/quality records inventory at NEK for use in the DCM/QRM.

t

established the procedural requirements for system users to ensure system suitabilityto-task and regulatory compliance.

•

have, additionally, assisted the Engineering Services Division in establishing the plant
design basis and those modifications made since construction, to describe the current
configuration of the plant and provide a baseline for configuration management and
future plant modifications and design changes.

•

determined the quality requirements for document and records management.

•

evaluated and defined the interfaces and data relationships required to fully integrate
the documentation program with plant processes and MIS.

Design - Once the nature of the document and records inventory was better known, the
software and its functions could be better defined:
•

Management, tracking and timely retrieval of document and record inventory.

•

Control of document distribution, review, revision, and supersede/replacement
management.

•

Procedure development, review, and inventory control.

•

Quality records turnover, receiving, review, archiving, and release control.

•

Integration of document and equipment systems to match documents and records with
specific plant components.

•

Defined the "Document Owners" at NEK responsible for identification, submittal,
review, and revision (as required) of plant documents.

System Development - The software was developed to satisfy:
•

Industry standards and regulatory mandates as determined from NQA-1, ANSI N45.2
EPRI NR-series advice, and USNRC mandates and regulatory guides controlling the
creation and use of document and quality records and nuclear generation facilities.

•

Requirements and wishes of NEK staff determined during the assessment, as well as
management of a large volume of vendor-based and NEK-generated controlled
documents.

•

NEK MIS requirements for total integration with Equipment, Work Management,
Materials Management, Commercial/Purchasing, and other mission-critical plant
applications.

•

Future accommodation of storage, quality requirements, and mandates (such as GL
88-18) and new storage media technologies such as digitizing/optical storage/retrieval
and distributed imaging information and display.

Data Acquisition - In order to populate the database:
•

The (then) 70,000-count document and 1.2 million-count records inventory at NEK
was located, identified, evaluated with Document/Record Owners for plant relevance
and applicability.

•

The Data Acquisition team subsequently reviewed captured, reviewed and entered
document data into the system. This "ground-zero" data collection and evaluation
project examined the NEK document inventory from active and "turnkey" plant
documents and records.

•

The data was then reviewed by records analysts and validated/corrected as necessary
in accordance with the quality requirements established for the project.

IV.

Results of "Rightsized" Technical Documentation

Configuration Management
Other than pure statutory requirements, the principal objective for document and quality
records control is to establish, along with the NEK Master Equipment/Component List
tracking system (MECL), a snapshot of NEK plant configuration on demand. This in turn
permits the correct documents and quality records to be related to a particular plant equipment
item or plant event to support plant design changes, operations, safety, or event analysis.

document and record inventory is fluid and changing; documents and records are
instantly being created, changed, and even deleted as the plant and its configuration change
[through design modifications, component replacements, procedure reviews, license and
Iquality commitments, etc. By integrating Engineering Equipment and Configuration
Management data systems, Equipment, Plant Modifications, and the affected plant controlled
ipocuments are electronically co-managed to provide online cross-reference of plant equipment
'and plant modifications with controlled documents, change documents and interim drawings
and their revision/distribution status and location.

Quality Assurance and Operating Commitments
With a system to immediately access plant quality documents, NEK is continuously able to
demonstrate plant quality and license compliance on demand through documents and quality
records, with the ability to relate them directly to plant safety and quality commitments. The
traditional method for compliance verification by regulators is inspection of documents, and
NEK relies upon the Technical Documentation system to furnish a relevant and accurate plant
design, operating and quality history in a timely manner. The ability to locate and retrieve
documentation quickly and accurately has no small effect on the perception of NEK credibility
and competence for examiners and regulators for whom documents and records are often the
principal means to judge the quality of NEK operations and safety, as well as management
and betterment programs.

Living Plant Design Basis
The NEK plant Design Basis is continuously updated and verified through the document and
record management programs. An essential component of NEK's greater responsibility for
plant design, modification, and betterment programs includes an up-to-date and reliable plant
design basis on which nearly all design, modification and operating decisions are made. This
includes the ability to store and access those design documents, essential drawings, studies,
specifications, calculations, materials, compliance and quality decisions, licensing
requirements, operating criteria and other design input used to determine the requirements and
limitations of plant design changes to meet the goal of plant betterment within the safety and
license compliance commitments of NEK. When plant documents and quality records are
created, maintained, reviewed and discarded as necessary in a controlled manner, the plant
design basis is automatically reflected in the plant technical documentation system. This, in
turn creates an efficient environment for ascertaining current design basis and recording plant
changes and modifications to create a living design basis record.

V.

Tlie Future

NEK represents, for many electric utilities in the de-regulated 90's, the paradigm for power
generation in the future. Many nuclear generation facilities in Europe and the USA are
.already finding themselves targets for reorganization into stand-alone companies to relieve
their corporate parents of regulatory and liability (not to mention political) concerns.
Operating as a credible, self-managed autonomous electricity provider with no "corporate
parent" to fall back on has been "business as usual" for NEK since 1974, and power
generation executives from all over the world have turned the path to Slovenia to see for
themselves. A world where powerful new information technologies seem to reach
commodity-level economics practically overnight has arrived just in time for NEK to acquire
the information technology it needs to "make more with less" - as it has for over 20 years
while garnering the world's attention as an example for nuclear operators everywhere.

Authors' Biographical
Ms. Dunja GRADI&AR, dipl. ing., is a graduate of the University Faculty of Zagreb,
Croatia, with major in Chemical Engineering. A native of Zagreb, Ms. GRADISAR
established the Records Management and Document Control function for the Nuklearna
Elektrarna Krsko (NEK) power plant in Krsko, Slovenia in 1976, while the plant was still
under construction, and has served as the plant Lead Engineer for Documentation since then.
In addition to managing daily plant RM/DC operations, Ms. GRADISAR has been
responsible for assisting in design and implementing the procedures and process associated
with the new Document Control Module (DCM) and Quality Records Management (QRM)
systems developed at NEK.

Mr. Kent R. FREELAND is a plant engineering and information systems consultant in
nuclear operations, engineering, and data systems. A native of San Diego, California, Mr.
FREELAND holds a B.S. in Industrial & Systems Engineering from the University of
Southern California, and served as a Captain in the U.S. Marine Corps. Mr. FREELAND
graduated from the Westinghouse Nuclear Plant Engineering School in Idaho Falls, w.liere he
also received SRO-level plant operator training. In the following years, Mr. Freeland has
been a consultant to several U.S. nuclear utilities in the areas of plant operations, licensing
and control room decision support, maintenance management, materials management and
document/records management systems. Mr. FREELAND was most recently an analyst and
project manager with the INDUS Group developing the PASSPORT software before
undertaking the Document Control Module (DCM) and Quality Records Management (QRM)
projects at NEK as a private consultant in 1991.

Document/Records Lifecycle
I

NEK RECORDS

SUPERSEDED
AND REPLACED
DOCUMENTS

TYPE LIST (RTU/DOCUHENT TYPE LIST (DTL)

COMPLETED FORHS
GENERATED FROM
PLANT OPERATIONS

INFORMATION REQUIRED
FOR QUALITY RECORDS
t RECORDS TYPE LIST
VERIFICATION
. INDEXING & RETRIEVAL
• GUIDELINES
. RETENTION CRITERIA
& BASIS

VENDOR-GENERATED
RECORDS

DOCUMENT/RECORD OUNER
DETERHINE
AND COLLECT
DOCUHENTS/RECORDS

IDENTIFY DOCUMENT OWNER
IDENTIFY QUALITY RECORDS
DETERMINE INDEX CRITERIA:
DATE RANGE, FORM NUMBERS,
IDENTIFY DOCUMENTS
PERIODIC REVIEW REQ'MENTS
DOCUMENT DISTRIBUTION

DOCUMENT/
RECORDS
PROCESSING
BACKLOG

DOCUMENT CENTER
QUALITY RECORD RECEIVING AND PROCESSING
DOCUMENT SUBMITTAL AND PROCESSING

INDEXING
GUIDELINES

SUPPLEMENTS

REVIEW
CROSS-REFERENCES

MARK RECORDS
WITH INDEX NUMBERS

DOCUMENT/RECORDS
STORAGE

RECORDS
RETRIEVAL

DISPOSITION
OF
DOCUMENTS/RECORDS

OFFSITE
RECORDS
STORAGE

DISPOSAL OF
VOID RECORDS

Nuclear F.nenrv in Central Knrane.. Pnrtoro*. Slovenia. 16-19 Sente.mher 1996

REPRODUCTION &
DISTRIBUTION
OF DOCUMENTS

/
'

*r ,
c •
rn
•
Nuclear Society of Slovenia
3rd Regional Meeting: Nuclear Energy in Central Europe
i.

SI0000053

Portoroz, SLOVENIA, 16 - 19 September 1996

MOTOR OPERATED VALVES ENGINEERING AND TESTING

Darko Korosec, Slovenian Nuclear Safety Administration

1.0 Introduction.
Motor Operated Valves (MOV) are in many plant systems safety-related part of equipment.
From their proper function depends response of a safety system and its essential function.
Their proper maintenance and testing is an important part of every nuclear power plant
surveillance and testing programs.
2.0 Regulatory requirements
The ASME Code Section XI stroke-timing test for MOVs is performed to meet the inservice
testing requirements of 10 CFR 50.55 a (g). Section XI testing for MOVs consists of stroking
Class 1, 2 and 3 valves, that means opening and closing the valves, usually without fluid
pressure of flow in the lines and measuring stroke time. Performing this tests in connection
with other system tests the plant personnel can verify MOV operability.
Generic Letter (GL) issued by the United States Nuclear Regulatory Commission (US NRC)
recommends periodic verifications of the capabilities of MOV to perform their design basis
functions This GL does not specify the type of verification testing to be performed, nor a
specific interval between verification tests. Rather, an interval of four and one half years to
six years in suggested, unless justification is provided for another interval. The main goal
of each nuclear power plant should be to verify each MOV's continued preparedness to
operate under the worst-case operating conditions postulated within the plant design basis (1). -

3.0 Assessment of MOV performances.
The program to verify MOV switch settings should be extended in order to ensure operability
of all safety-related fluid systems. The NRC's staff evaluation of the data indicates that,
unless additional measures are taken, failure of safety-related MOVs will occur much more
often than had previously been estimated.
The nuclear power industry has developed methods to determine the relative contributions
each MOV makes toward safe plant operation and is being encouraged to use these methods.
The NRC allows different safety significance to be the bases for different treatments of
MOV's in GL 89-10 programs, and what is more important, utility personnel have the

capability of determining the design margin of each MOV.
py combining relative safety significance and design margin information, the MOVs can be
ranked according to their relative overall significance, that means, their relative potential to
cause negative effects if they should fail to perform their design basis functions. In
accordance with this approach, the group of MOVs, which has greater potential to cause
negative effects should receive more attention in a maintenance and testing program.

4.0 Assurance of MOV operability.

Assurance of MOV operability is a complex task. It involves many factors such as
development of strong testing and maintenance programs, management support and
coordination of engineering, maintenance and testing.
All these effects should be viewed by all concerned as a long-term ongoing program. Specific
training for personnel dealing with this program should be required.
As first step in this process, licensee must develop MOV diagnostic test system. On this base
licensee should establish their needs for training of plant personnel. Training program should
include following steps:
a) interaction of different MOV parameters on valve performance
b) which parameters and their changes, as a minimum should be monitored:
-

motor efficiency,
actuator gear train efficiency,
stem factor,
packing or torsion spring in the torque switch,
spring pack preload or stiffness,
torque switch balance,

c) adequate testing equipment function,
d) technical documentation review,
e) practical work with this type of equipment on a test stand,
f) verification and comparation of results (accuracy).
Actuator output torque of MOV is often a performance parameter of interest as could be
concluded from nuclear industry reports and practice. One of the most common failures is
improper torque switch setting. As the consequence, in the case of this improper setting the
actuator motor will burn-out and the MOV will be inoperable.
Inoperability of MOV is important contributor to safety system failure and in last stage to
core damage;

Well trained maintenance personnel will be able to proper set torque switches. It can be
expected that this type of equipment will perfo#m its function properly.

5.0 General guidance for developing MOV program.
MOV valve program design standard should include following sections:
-

Valve Population Verification
Operational Basis Calculation
Degraded Voltage Calculation
Weak Link Calculation
Set Point Calculation
Test Data Reconciliation
Computer applications to efficiently handle calculations and data storage.

The causes of MOV failure could be mainly:
-

Torque switch setting
Stem binding
Packing binding
Motor failure
MCC failure
AC power failure.

6.0 A review of MOV performances.
US NRC department of Assessment and Evaluation of Operational Data (AEOD) has made
a review of MOV performance (4).
Major licence's problems should be solved by following recommendations
- improve methods for torque switch setting,
- * reliable signature tracing technique~(measurements of current and voltage, which serve
as an indicator of changes in operability and also as a predictor of the remaining margins
of failure),
- guidance to by pass thermal overload protective devices of MOV should be reassessed.
In the case of undetected valve failure the MOV would be deemed operable based on a
surveillance test, but actually would not operate during the next demand. There is a
possibility that there are the failures that were not detected during testing. Most important
conclusions issued by AEOD department were that currently used methods and procedures
used for testing MOV in many plants were not adequate (3).
Measured parameters during testing MOV:
-

axial displacement of the warm to compress the operator spring pack (this displacement
is proportional to the thrust delivered to the valve stem, measured by thrust measuring

device - load cell),
-

time of actuation of torque and limit switches
time dependent motor current.

Systems most affected by MOV inoperability are, for a typical PWR approximately as
follows:
-

Residual Heat Removal (PHR)/Containment Spray: 27,5%
Essential Service Water (ESW): 15%
High Pressure Safety Injection (HPSI): 11,6%
Auxiliary Feed Water: 8,5%
Main Steam (MS): 7,6%
Reactor Coolant System (RCS): 6,9%.2

7.0 Relative Safety significance of MOV.
The relative safety significance of each MOV in certain system should be first determinated
by a Probabilistic Risk Assessment (PRA). The MOVs are then ranked such that those MOVs
with the greatest safety significance have highest factor of safety significance and those which
the least safety significance have a minimal factor.
Then the minimum design margin (the minimum of the ratios of the differences between the
calculated minimum loads required to ensure proper MOV operation and the maximum
allowable loads which ensure structural and motor integrity divided by the respective
maximum allowable loads) is also determined for each MOV.
The ranking of MOV by these two parameters was done in Comanche Peak Steam Electric
Station (Texas, USA) in order to determine MOV relative overall significance. On these
bases the utility should determine the maximum suggested testing interval for specific MOV
(2).
For the near future, a less conservative and more realistic MOV safety significance analysis
is planned in several nuclear power plants.

8.0 Conclusions.
In NPP Krsko exists a systematic approach to establish a MOV testing and surveillance
program. Determination of MOV groups that will be involved in this program is under
process and based on PRA studies the safety significance of specific MOV's will be
determined.
The measuring devices (testing equipment with data acquisition system) are provided and
operating personnel was trained.
Compliance with the NRC recommendations, issued in GL89-10 and their supplements is not

an easy task for any nuclear power plant.
There are still many challenges, which include a certain amount of uncertainty a.
example:
-

MOV performance verification by testing installed valves at design basis conditions
not be possible or may result in valve damage,

-

analytical methods commonly used for calculating the required stem load do not alwavt
yield accurate results,

-

stem load obtained by measuring actuator spring pack deflection may contain significant
uncertainty,

-

test results for conditions less severe than the design basis conditions, linearly
extrapolated, may not be sufficient to assure valve performance at design basis conditions,

-

using previous MOVs testing results to completely characterize MOV performance,

-

valve or actuator performance changes due to wear, aging or maintenance activities must
be accounted for in assessing continued MOV switch setting adequacy.

Slovenian Nuclear Safety Administration is following all above mentioned activities and
trends, ongoing activities on this field in NPP Krsko and worldwide published reports about
this nuclear technology field.

References:
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ABSTRACT
This is a summary of the application for and development of an international standard on
instrument setpoints, based on the Instrument Society of America (ISA) Standard S67.04 1994. The forum this new standard was proposed in is the International Electrotechnique
Commission (IEC), based in Geneva, Switzerland, which is the international commission
which oversees electrical and instrumentation standards for all applications around the world.
The Instrument Society of America (ISA) is a United States based Society for the
advancement of instrumentation and controls related science and technology and has 30,000
members. A division within the ISA is the Standards and Practices board which has over
5000 members actively involved in standards development and approval.
In 1994, the ISA SP67, Nuclear Power Plant Standards Committee authorized that the IEC
be approached to develop and issue an IEC standard on Instrument Setpoints. This application
was formally submitted in January, 1995 to the IEC and approved for ballot to member
countries in June, 1995. Approval for standard development by IEC was received in October,
1995 and the first draft was issued in February, 1996, and is currently under review by the
IEC working group.
It is very important to focus on the approach that the U.S. and other countries are taking
toward development of IEC standards that can apply to all nuclear instrumentation
applications around the world. By referencing IEC standards in design specification, vendors
can be solicited from many different countries, thereby ensuring that the highest quality
products can be used. This also offsets the need to specify individual standards in the
specification, based on the country that each vendor solicited, represents.
In summary, this standard development process, with support from the American National
Standards Institute (ANSI) will assist U.S. suppliers in competing in the global market for
products and services into the next century.

I.

INTRODUCTION

This is a summary of the application for and development of an international standard on
instrument setpoints, based on the Instrument Society of America (ISA) Standard S67.04 1994. The forum this new standard was proposed in is the International Electro technique
Commission (IEC), based in Geneva, Switzerland, which is the international commission
which oversees electrical and instrumentation standards for all applications around the world
The Instrument Society of America (ISA) is a United States based Society for the
advancement of instrumentation and controls related science and technology and has 30,000
members. A division within the ISA is the Standards and Practices board which has over
5000 members actively involved in standards development and approval.
In 1994, the ISA SP67, Nuclear Power Plant Standards Committee authorized that the IEC
be approached to develop and issue an IEC standard on Instrument Setpoints. This application
was formally submitted in January, 1995 to the IEC and approved for ballot to member
countries in June, 1995. Approval for standard development was granted in October, 1995
and the first draft was issued for review prior to the May, 1996 IEC Meeting in Sweden.
Member countries are now developing comments to the first draft.
II.

INSTRUMENT SOCIETY OF AMERICA STANDARD S67.04

ISA S67.04, Setpoints for Nuclear Safety-Related Instrumentation, was first issued in 1982
to develop a basis for establishing nuclear safety-related instrumentation setpoints for actions
determined by the design basis. This standard accounts for instrument errors and drift in the
channel from the sensor, including the primary element, through and including the bistable
trip device.
Instrument setpoint drift is a problem which has led to numerous abnormal occurrence
reports(not referred to as "Licensee Event Reports"). Section 50.36 "Technical
Specifications" of 10CFR50 requires that, when a Limiting Safety System Setting (LSSS) is
specified for a variable on which a safety limit has been placed, the setting be so chosen that
automatic protective action will correct the most severe abnormal situation anticipated, before
a safety limit is exceeded. Protective instruments are provided with setpoints where specific
actions are either initiated, terminated, or prohibited. Setpoints correspond to certain
provisions of Technical Specifications that are incorporated into the facility operating license.
The single most prevalent reason for drift of a setpoint out of compliance with a technical
specification has been the selection of a setpoint that does not allow a sufficient margin
between the setpoint and the technical specification limit to account for instrument accuracy,
the expected environment, and minor calibration variations. In some cases, the setpoint
selected was numerically equal to the technical specification limit and stated as an absolute
value, thus leaving no apparent margin for uncertainties. In other cases, the setpoint was so
close to the upper or lower limit of the instrument's range that instrument drift placed the
setpoint beyond the instruments range, nullifying the trip function.. Other causes for drift of
a setpoint our of conformity with the technical specifications have been instrumentatior
design inadequacies and questionable calibration procedures. Figure 1 provides a graphic
representation of the major elements of setpoint methodology and their relationship to eacr
other and to the licensing issues related to exceeding authorized margins.

jjjA S67.04 - 1982 was updated in 1988 and again in 1994. The 1988 standard provided
Hiore guidance on evaluating the specific elements of uncertainty which should be included
||n a setpoint calculation, the 1994 revision took 5 years to prepare and includes an updated
Standard as Part I, and a Recommended Practice as Part II. Part II was developed to provide
ti significant level of guidance to a user in the actual development of the instrument
uncertainty and setpoint calculation. It was developed to provide an engineer with two years
of experience, the guidance necessary to prepare and issue a safety-related instrument
setpoint calculation for a nuclear facility. The Recommended Practice includes a description
of each element of uncertainty and where to get the data from, how to prepare a calculation
and gives a few example calculations for review.
In 1994, after 5 years of preparation, S67.04 Part I and Part II were issued formally. This
was a major milestone for the S67.04 committee and involved the input from utilities,
vendors and the Nuclear Regulatory Commission (NRC) in developing a consensus for the
final product. There are a number of important contributions to the technology and approved
methods currently endorsed by this standard and recommended practice including:
o Graded approach guidelines
o Use of plant specific drift data
o Allowable Value detemination
Additional work, in the form of Technical Reports, is currently being conducted by the ISA
67.04 committee in the following areas:
•
•
•
•
•
•
•
•
•

EOP/EOI Indication Uncertainties and Their Relationship with Indicated Value
Effect of EMI/RFI on Instrumentation Setpoints
Seismic Effects
Use of As-Found/As-Left Data
Setpoints for Sequenced Actions
Graded Approach to Setpoints Determination
Vendor Data
Dependent Error Definition
Use of Monte Carlo

These Technical Reports are scheduled to be issued in 1996 and 1997 and provide additional
guidance to the Standard Part I and Part II.

III.

The INTERNATIONAL ELECTROTECHNIQUE COMMISSION (IEC

The IEC is a world-wide organization for standardization comprising all national
electrotechnical committee's (IEC National Committee's). The object of the IEC is to
promote international cooperation on all questions concerning standardization in the electrical
and electronic fields. To this end and in addition to other activities, the IEC publishes
International Standards. Their preparation is entrusted to technical committee; any IEC
National Committee interested in the subject dealt with may participate in this preparation
work. International, governmental and non-governmental organizations liaising with the IEC
also participate in this preparation. The IEC collaborates closely with the International
Standardization Organization (ISO) in accordance with the conditions determined by
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agreement between the organizations.
1. The formal decisions or agreements of the IEC on technical matters, prepared by technical
committees on which all the National Committees have a special interest therein are
represented, express as nearly as possible, an international consensus of opinion on the
subject dealt with.
2. They have the form of recommendations for international use published in the form of
standards, technical reports or guides and they are accepted by the National Committees
in that sense.
3. In order to promote international unification, IEC National Committees undertake to
apply IEC International Standards transparently to the maximum extent possible in their
national and regional standards. Any divergence between the IEC standard and the
corresponding national or regional standard shall be clearly indicated in the latter.
In October, 1994, the S67.04 Committee approved a motion to request IEC to consider
development and issue of an IEC standard based on the recently issued ISA S67.04. This
proposal was formally issued to IEC in January, 1995. At an IEC meeting in February, 1995
in Frankfurt, Germany, an ISA representative presented the proposal and the IEC SC45A
subcommittee and full committee approved the proposal for New Work Item Proposal(NWIP)
status. As part of the approval process, the NWIP was approved by the U.S. National
Committee of the JEC and the Secretary of the U.S. National Committee forwarded the
proposal to the IEC on June 8, 1995. Subsequently, the NWIP was issued to member
countries and approval was granted in October, 1995 by the following IEC member
countries:
Belgium
China
Finland
France

Italy
South Africa
Sweden
Switzerland

United Kingdom
United States of America

The following goals and objectives were developed, reviewed by the member countries and
modified to accomodate the comments:
A: A new standard is needed to represent the IEC equivalent of ISA S67.04 Part I.
Although, out of the scope of the present proposition, an IEC Technical Report would be
also useful to represent the equivalent of ISA S67.04 Part II.
B: The challenges are to identify and compare all methods currently used by IEC members
for the determination of setpoints and develop a standard that encompasses the known and
conservative methods and provides prescriptions and recommendations to those who
would like to upgrade their programs to the latest standard. The allowance for manual
and computerized determination of setpoints, including Monte Carlo analysis, needs to
be documented and justified in the IEC standard process.
C: At present, our research has identified no existing standards that provide prescriptions and
guidance to any national committees and user groups, outside the U.S., in this subject.
As a result, an adequate evaluation of existing practices is not possible, until a consensus
is reached on the acceptable practices that the IEC recognizes for all nuclear plants
operated by IEC members.
D: In the U.S., the state of the art is stabilized and, after a 10 year process, the S67.04-1994
Part I and Part II standard was issued in 1994. We believe that the development of the

equivalent IEC standard will have a stabilizing influence on the IEC members in
providing prescriptions and recommendations on how to develop these calculations on a
consistent basis.
E: The standard is supposed to define the criteria that must be applied to any method and
include the principal elements that must be in every methodology, independent of the type
of reactor or setpoint that the methodology covers. It should not identify the acceptability
of a particular method, to the exclusion of all others in this standard. In the future, in
another NWIP on a Technical Report equivalent to Part II of S67.04, a number of
acceptable methodologies could be identified and guidance could be provided on how to
choose a specific methodology for a particular application.
F: The project is supposed to provide prescriptions and recommendations on how to perform
and maintain setpoints, not to provide explicitly numerical values.
G: The proposed document supports maintaining the physical barriers for safety systems,
and, in particular, supports the safety classification included in IEC 1226. Also, there is
a tie to IEC work by Working Group A3, because of the development and implementation
of digital safety systems that include setpoints for FSE's.
H: We believe that the IEC standard can be developed at a level roughly equivalent to
S67.04 Part I, which is 22 pages. We believe that a working draft can be proposed before
the next SC45A meeting,"
The Technical Report development of Part II, would take longer, as approximately
another year will be required to assemble and evaluate the current methods of setpoint
analyses and classify and develop the guidelines that can be considered acceptable to all
IEC members.
I. In development of this new standard, it must be kept in mind that, for existing plants, the
Technical Specifications, for which many of these setpoint apply, were originally
developed by the plant's supplier, with close ties to the Safety Analysis for the plant.
Today, it is a cumbersome task to revise the Technical Specifications. Therefore, it is
important that the new standard reflect and support the many and varied methods of
safety margin development and maintenance that are currently in use, so as to minimize
the changes needed to existing Technical Specifications as a result of endorsement by a
country's technical committee, of this standard (Reference: Swedish National Committee
Comment No. 1 to NWIP)
J. This standard should also mention and describe PSA/PRA methods for determining trip
setpoints. (Ref. TECDOC 669. "Case Study on the Use of PRA Methods, Assessment
of Technical Specifications for Reactor Protection System Instrumentation." (Reference:
Swedish National Committee Comment No. 2 to NWIP)
K. In development of this standard, the following shall be incorporated in the scope, outline,
and standard methodology:
1.) The document should identify that the performance studies should be done, but not
define how, and that the errors in those studies should be identified.
2.) The document should discuss through-life issues of configuration control of setpoints
and their alteration, both for short-term(e.g. due to flux chamber burn-up) and longterm (e.g. due to changes of operating regime), and during commissioning or tests
when protection setpoints may be changed temporarily.
3.) The document should discuss the instrumentation errors or calibration,;drift, etc.
4.) The document should consider and discuss the total build-up of errors due to errors
in performance studies and due to instrumentation errors.
5.) The document should consider the plant trip settings required to handle abnormal
operating conditions, which may include refueling, prolonged outages and reduced

power operation due to plant limitations.
6.) The recommended techniques for error estimation should be described or referenced
fully, or possibly given in details in an annex.
7.) The document should discuss the principles and application of hysteresis (back-lash)
on trip settings.
8.) The document should be prepared in the form of a document agreed by the ISO/IEC
and a scope and contents produces as soon as practicable to that form by the working
group charged to draft the document.
9.) The title should use the IAEA term, "Instrumentation Important to Safety," rather
than "Safety Instrumentation."
Reference: UK National Committee comments to NWIP.
L. The standard shall address the following:
1.) Setpoint determination principles for local scram and alarm functions based on incore detectors.
2.) The monitoring of measurement error for distributed core parameters. It shall
account for the allowance of some detector failures and this impact on the total error
value for different parameters and on the applicable setpoints for the rest of the
detectors.
3.) The usage of table or analytical dependencies for setpoints from outer disturbancing
values.
Reference: Russia National Committee comments to NWIP.
M.

The standard shall address the following, in comparison with IEC 1226 and the method
of setpoint setting:
(See attached Figure 1 as noted in the comments)
1.) Describe the graded approach to setpoint analyses, as shown in the attached Figure
1. Categorization assumes that various functions contribute with different weight and
kind to the safety of the plant. This leads more or less to a kind of "Defense-inDepth" of barriers, and again, separate for each of these barriers, as protective
functions, which in German plants historically have been implemented as automatic
control, several kinds of condition or protection limitations and finally, tripping
protection functions. The kind of design of these functions is important; how they
work together in each situation; e.g.
- the Cat A functions to govern each Postulated Initial Event (PIE), may be designed as
diverse sub-functions (in function, hardware and software).
- the activities of Cat.B functions may minimize the consequences or only the frequency
of any PIE by early and sensitive diagnosis of the first, typical deviation will follow
quick and well-aimed countermeasures. Then the importance of Cat. A setpoints may
be different.
- And because each function may be used for governing more than one PIE, the most
important requirement needs to be applied to each setpoint(Limiting event response).
In the cases of incredible, beyond all design basis accidents, all functions shall be used.
(NOTE: The frequency expressions are taken from the newest version of the paper to
TC 56 (Dependability): 56 Secretariat 410.)
2.) The standard shall also account for the following:

- Dead-bands and overshoots(of controlled variables as well as PIE deviations) shall be
taken into account. For the last ones, certain margins shall be reserved and used (may
be those oriented margins, which are indicated for the case of local core protection;
top left of Figure 1).
- For each PIE, a separate importance analysis needs to be made, dependent and
independent uncertainties being added either arithmetically or geometric (top right of
Figure 1).
- The accuracy of measurement and setpoint-setting needs to be carefully taken into
account. This is true especially for the more complex functions like those of varying
setpoints such as those for DNBR and PCI (bottom left of Figure 1).
- Uncertainty and drift tolerances of setpoint setting of functions of different categories
may overlap (middle right of Figure 1).
Reference: German National Committee Comments to NWIP.
The first draft of this new standard was issued in February, 1996, for discussion at the April
IEC Meeting in Kista, Sweden. At this meeting, member comments were formally requested
on the first draft by late 1996. A new draft, incorporating the member country comments will
be issued in early 1997.
IV.

CONCLUSIONS

In summary, the benefits of approval of an IEC standard, based on a recently updated U.S.
standard, are directly related to the goals of the U.S. National Committee and the IEC itself.
It is believed that thru these efforts, improvements in nuclear safety for existing and new
nuclear power plants can be realized as a safe and reliable method of producing electricity.
V.
1.)
2.)

REFERENCES
ISA S67.04-1994, Part I and II, Setpoints for Nuclear Safety-Related Instrumentation
IEC Standard 1226-1993, Nuclear Power Plants - Instrumentation and Control Systems
Important For Safety - Classification

SAFETY
LIMIT
W/1T O X X XIX11A X
•

ANALYTICAL
LIMIT
jnLXrXAJX X X> w^U>J XJ^J.XJL X
A

NOTE: THIS FIGURE I S INTENDED
TO PROVIDE RELATIVE
POSITION AND NOT TO
IMPLY DIRECTION

A

A

c
T

ALLOWABLE
TTTVT TTTJ

i

k

(LSSS)

B

A

T

T
—

r

A

TRIP
^ - - p — y.—p

(LSSS)

D

r

A.
B.
C.
D.
E.

ALLOWANCE DESCRIBED I N PARAGRAPH 4 . 3 . 1
ALLOWANCE DESCRIBED I N PARAGRAPH 4 . 3 . 2
REGION WHERE CHANNEL MAY BE DETERMINED INOPERABLE
PLANT OPERATING MARGIN
REGION OF CALIBRATION TOLERANCE (ACCEPTABLE AS LEFT CONDITION)
DESCRIBED I N PARAGRAPH 4 . 3 . 1

Figure 1— Nuclear safety-related setpoint relationships

SI0000055

Nuclear Society of Slovenia
3 rd Regional Meeting: Nuclear Energy in Central Europe
Portoroz, SLOVENIA, 16 - 19 September 1996

Experience with Humidity Monitoring and Leak Detection
System SMU-V at the Jaslovske Bohunice V-1 NPP
OndrejMacko, VUEZ, Sv. Michala 4, P.O.Box 153, 934 01 Levice, Slovakia

Abstract
Within the paper a brief technical description of SMU-V system is presented including
algorithms for measured data evaluation, assessment of experience acquired during the system
operation and prospective VUEZ activities aimed at the development of systems for NPP
primary circuit leak detection based on humidity monitoring. System SMU-V is used to
diagnose dangerous conditions during which integrity of the pipeline could be impaired
resulting in absolute humidity increase in the monitored volume.
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Fig. 1: Principle structure of system SMU-V

System technical description
The system parameters are in compliance with requirements and international criteria applied
to LBB (Leakage Before Break) safety systems:

•
•
•
•

Diagnostic of leakage amounting to 4 1/min during 1 hour
Leakage localization in the SG compartment and reactor cap
Remote physical testing of sensors
Seismic resistance

The coolant leakage from the primary circuit to the hermetic zone free volume is monitored
continually by a system of relative humidity and temperature sensors distributed effectively in
the monitored volume and in the recirculating vent system. The essential principle of the
whole system consists of placing a set of 19 sensors within the SG compartment volume.
These sensors are used to monitor relative humidity and temperature and they are distributed
within the volume in accordance with air flow direction. Relative humidity and temperature
measured are converted to absolute humidity and the evaluation system evaluates changes in
absolute humidity within the volume depending on time. In such a way the operating
personnel is informed on impendent dangerous conditions threatening with impairment of
pipeline integrity as well as on the location of the pending failure. With regard to the pipeline
material, instantaneous break (the so called guillotine effect) can be excluded and a slow
progress of break formation is anticipated. The system is designed to monitor two NPP Units
simultaneously and therefore the total number of installed sensors equals 38 except of
additional sensors to sense auxiliary data of the outside atmosphere and cooling water
temperature. The parameters measured are evaluated continually by an intelligent
measurement system with optical and acoustic signaling of the above-limit states, controlling
and evaluating simultaneously also physical testing of the sensors. The sensor outputs from
individual units are redundantly interconnected having backup evaluation, display and storage
features. Stress is laid on maximum reliability of the system being in addition enhanced by
mutual interconnection of evaluation systems and their resultant redundancy. In principle,
normal operation of the evaluation system is possible with any failure encountered in one of
the systems including computer or data logger failure or failure of power supply to individual
sensors.
At present the system is operated under the operating system Windows 95 and can be
controlled very simply by means of a mouse. Data acquisition is controlled by a singlepurpose program and enabled by additional hardware assuring data acquisition in a predetermined time intervals regardless of the actual condition of the operating system. A
complete restoration of the previous condition after potential operating system collapse or
hardware failure is provided.
After a positive operating experience, the system has been extended with another feature,
namely humidity monitoring under the reactor«xap on both NPP Units. Evaluation of these
additional signals is fully incorporated into the existing system and operating personnel uses
the operating system already known. Depending on the monitored data behavior, alarms can
be generated.

Users important characteristics of the system
•
•
•
•
•

minute, hourly, daily time-behavior of measured parameters
predictions and automatic activity restoration after power failure
storage of measured parameters, storage of system alarm and failure states
visualization of stored data, log printing
automatic activity restoration after power failure

Experience with system operation
System SMU-V was put into the operation at the V-l NPP, Unit 1 in May 1992 and at Unit 2
jn October 1993. Complex tests of the system demonstrated its high sensitivity and fair
dynamics. The system detects reliably steam leakage at the level of 0.1 kg/min and intensive
mixing of air by means of recirculation vent system assures a global response of all the
installed sensors to a local leakage source. In the initial phase of, the emergency water storage
tank (800 m3 tank) was identified operation as an undesirable steam source in the SG
compartment and the presence of the aforementioned source made detection of leakage much
more difficult. Steam was released into the SG compartment in two ways:
1. A path under a comparatively short water seal in the sump opened for free evaporation in
case of lower level in the tank. To identify and take into account the aforementioned
condition, the system was supplemented by additional level measurement in the emergency
water storage tank.
2. Release through vent opening in the tank. Steam release into the SG compartment was
prevented by closing two vent openings with regenerative siphon closures developed and
manufactured in VUEZ.
In addition, humidity in the SG compartment is influenced by short-term water temperature
changes in recirculation vent system coolers and also by external atmosphere humidity
changes. These impacts are known, measured and eliminated by software.
Long-term functionality of sensors in radioactive environment is assured by upgrading the
sensors by means of shielding and software corrections of sensor characteristics based on each
sensor continual physical test results.
From the physical principle of the system and its high sensitivity to steam leakage it follows
that in addition to leakages from primary circuit, the system detects also water leakages from
the secondary circuit and auxiliary technological systems situated within hermetic
compartments. This feature resulted in isolated occurrence of alarms for example due to
technological manipulations with recirculation vent system fans or due to manipulations with
spray system which exhibit specific response in time behavior of humidity and temperature.
As a result, when evaluating information from the system, the overall situation, secondary
technological impacts, information from other diagnostic and information systems shall be
thoroughly considered and acquired experience applied.
On the other hand, characteristic features of leakage detection are used to signalize a
contingent technological problem to the operating staff and in several cases leakages from the
NPP secondary circuit systems were localized early after leakage initiation.

Prospective VUEZ activities
Long-term experience with SMU-V system operation at V-230 Units was utilized for
development of detection systems based on humidity monitoring for V-213 Units. The new
generation of detection systems is based on sensors characterized by high radiation resistance
and long-term stability of characteristics. The sensors are tested in operation through a
double-value physical calibration developed in VUEZ Levice. Evaluation electronics of the
sensors is placed outside of the NPP hermetic compartment system. The number of used
sensors depends on requirements for localization capabilities of the system.

SMU-V SYSTEM - Basic Technical Parameters
Relative humidity and temperature sensors:
•
•
•
•

operating range
output signal
testing
seismic resistance

0+100 % R.H.; 0 4- 90 °C
4 + 20 mA
remote, physical with electrical excitation
8 ° MSK 64

Measuring system
• personal computer, control of data acquisition through a GPIB (IEEE 488) bus
• channel switching speed: 40/sec
• redundant interconnection between systems

Evaluation system
• PC/AT Pentium, Super VGA color monitor, laser printer A4, mouse, Windows 95
operation system
• redundant interconnection between units through a RS 232C bus

Testing unit
• software controlled power D/A converter with a relay switching unit
• physical testing of sensors in background of normal operation

Software
•
•
•
•
•
•
•
•
•

integrated user environment under Windows 95
specialized software and hardware items for data acquisition
minute, hourly, daily time-behavior of parameters
prediction of trends
visualization of stored data and log printing
humidity monitoring under the reactor cap
storage of system alarm and failure states
automatic activity restoration after power failure
execution of additional tasks during normal monitoring

Reference: Two units of the Jaslovske Bohunice V1 NPP, 1992

Contact to author:
Ing. Ondrej Macko, VUEZ spol. s r. o., Sv. Michala 4, P.O.Box 153, 934 01 Levice, Slovakia
tel.: +42-813-313 664, fax: +42-813-313 663, e-mail: vuez2@uniag.sk

Experimental results of real operation
Time history of simulated leakage
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Fig. 2: Time behavior of simulated steam leakage in the SG compartment measured at the
external steam source outlet
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Fig. 3: Response of the system to simulated leakage in the SG compartment
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Arrangement of the Krsko NPP Protection Scheme for the
Power System Malfunction Cases
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Vladimir Dirnbek
Nuklearna elektrama Krsko, Krsko, Vrbina 12, Slovenia

ABSTRACT. The Krsko NPP has been designed with the capability to reject 100% of its
rated power and runback to the station electrical load. However, an adequate detection
system of the outside network degradation is needed for the activation of the existing load
drop anticipated (LDA) function.
The Krsko NPP electrical, turbine and generator protection systems were carefully
evaluated in order to redesign some of its functions. These additional functions should be able
to protect and disconnect the plant from the system whenever some serious trouble of the
outside electric power system is detected. On the other side, preventive measures should be
introduced to avoid unnecessary plant disconnection or unnecessary power system collapse
due to such disconnection.
At the end, the paper presents a precise design of additional function possibilities for
the Krsko NPP electrical protection system. A critical evaluation of these functions is given
and the best option is proposed.

1.

Introduction

Following the Krsko Nuclear Power Plant (NPP) Investor's request, the plant has been
designed with the capability to reject 100% of its rated power and runback to the station
electrical load. As a result, the load drop anticipated (LDA) function is provided by the plant
supplier. The LDA function activates corresponding turbine controls based on its overspeed
signal, obtained after the load rejection by the 400-kV switchyard breaker opening. The loss of
the off-site power or power system degradation signal should be served for the switchyard
breaker opening. Recognition of the mentioned power system malfunction is left to be
arranged by the local utilities standard practice.
The Krsko NPP is connected with the 400-kV transmission network of the electric
power systems (EPS) of Slovenia and Croatia. The plant is sited at the very boundary of the
two systems. At the same time, the double 400-kV transmission line from the Krsko NPP
towards Zagreb constitutes the interconnection with the neighbouring EPS of Croatia and
potentially also with other systems on the territory of the Balkan. The Krsko NPP is connected
with the Slovenian EPS through the 400-kV Krsko-Maribor line. To assure operation in the
post-contingency states, that may occur in EPS, each NPP should be connected to EPS

through a number of connections. The Updated Safety Analysis Report (USAR) [1] of the
Kr§ko NPP foresees that EPS should operate so that failures in one of its sections would not
endanger operation of the plant over another part of the system. The analysis of our experience
with interaction of the Krsko NPP and external EPS operation shows certain facts that
sometimes differ from expectations.
As a result of the recent plant trip [2], and upon the Krsko NPP request, a careful
examination of the existing protection system design and possibilities of an additional
detection feature of the power system degradation was made in document [3],.

2.

Electrical protection systems and on-site power supply

Fig. 1 shows the Krsko NPP on-site power supply. During the regular operation, the
generator supplies over unit transformers Tl and T2 the on-site power supply and over main
transformers GT1 and GT2 the network.
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Fig. 1. Krsko NPP on-site power supply and protection systems arrangement
In case of the 400-kV network disconnection, the on-site power supply is assured from
the generator over the 21-kV load breaker and unit transformers Tl and T2. During the shut
down, the on-site power supply is provided from the 400-kV network over the switchyard
breaker and transformers GT1, GT2, Tl and T2. In case of the generator-transformers unit
failure, the on-site power supply is facilitated from the 110-kV network over station auxiliary
transformer T3.
The above described design of the Krsko NPP on-site power supply results from the
Investor's request that the Kr§ko plant should remain on the on-site power supply in case of

the 400-kV network trip, and request imposed on nuclear power plants specifying that the onsite power supply should be provided by two independent external sources.
The action of the generator primary protective relaying lockout relay 86G, and generator
backup protective relaying lockout relay 86U disconnects the 400-kV breaker in the
transformer field and switches the on-site power supply to the 110-kV network. The load
breaker being foreseen solely for the rated current disconnection and should remains
connected. Executive relays 86G and 86U are protections of the generator-transformers GT1,
GT2, Tl and T2 unit (generator differential, generator ground overvoltage, phase balance,
directional power, Tl, T2 <j)A, B, C transformer differential, GT1, GT2 transformer fault
pressure, §A, B, C generator differential, Tl, T2 transformer fault pressure, GT1, GT2 time
overcurrent, Tl, T2 overcurrent, GT1, GT2 ground relays time overcurrent, distance).
The action of the generator control protective relaying lockout relay 86GC opens the 21kV load breaker and the on-site power supply is supplied through the 400-kV network. The
86GC operates in case of the generator loss of field, stator water cooling failure, excessive
V/Hz and overexcitation.
The turbine is protected against the overspeed with the overspeed controller (OPC),
mechanical and electrical speed protection and load drop anticipation (LDA).
In case of a too low voltage on safety buses, a blackout occurs resulting in the reactor
trip and connection of the on-site power supply to the Diesel generators. In case of a too low
voltage or a too low frequency on servicing buses, reactor trip takes place.
The 21-kV load breaker opens at the 86GC protection operation, turbine trips, thrust
bearing trip device actuates and reactor trips, if the latter has not tripped due to the 86G and
86U trip.
The 400-kV switchyard breaker opens in case of operation of 86G, 86U, bus protection
and protection prior to the circuit breaker failure.

3.

External power system malfunction detection possibilities

After the Krsko NPP 400-kV switchyard breaker trip, i.e. the plant electrical load
rejection and turbine speed raising, the turbine OPC and LDA functions become active. The
functional diagram of the OPC and LDA logic is shown in Fig. 2. The OPC function becomes
active when 103% of the turbine speed is exceeded while the LDA function is activated
immediately after the 400-kV breaker trip resulting on the extensive plant power reduction,
just for its own electrical supply.
As shown in Fig. 2, only the 400-kV bus protection signal activates the LDA function.
Currently, there is no special protection feature for the external power system malfunction
detection. Following the above, two questions remain to be answered:
•
•

Why there has been no such protection logic installed?
What were the original reasons for the LDA function request?

Indicative answers to the above questions have been obtained, conclusions were taken
and solutions proposed. Namely, at the time when the Krsko NPP construction contract was
prepared, the external power system was very unreliable ex-Yugoslavian EPS in isolated
operation. During the plant final design and construction, the external power system was
interconnected with the very reliable UCPTE interconnection. The original reason for the
LDA function implementation thus vanished and it is probably due to this fact, that the
appropriate protection logic was not included.
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Functional diagram of the OPC and LDA turbine protection functions

It is not an easy task to generate an effective detection of the EPS malfunction as the
selectivity of such feature should be 100% certain. The best functional solution is shown
schematically in Fig. 3. Following Fig. 3 proposal, the system malfunction signal is generated
via a complex computer expert system decision program, based on a wide area power system
data collection. It is obvious, that a practical solution of such proposal would be very complex
and extremelv exnensive.
Power system operation doto
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Fig. 3. Example of a solution concerning external power system degradation detection
Speaking in terms of the power system degradation, the underfrequency is a reliable
method to detect the network problem. It is typically used to provide the trip function for the
plant switchyard breaker. However, EPS operating with the very reliable UCPTE
interconnection is not frequently affected by frequency variations, and the last Krsko NPP trip
;ase [2] shows, that the network frequency can not be the only indicator of the EPS problem.

'4.

Network problem indication proposal

Taking into account the fact that the 400-kV switchyard breaker switching effects th#*
Krsko plant two main functions, namely
•
•

connection to the external EPS and to an electrical load for the produced plant energy,
primary source of the electrical supply for the plant local electrical load,

the protection logic for the 400-kV breaker trip should be designed very carefully avoiding the
generation of the unnecessary trip signal.
On the other hand, many of the plant trip functions are realised via the 21-kV generator
load breaker, i.e. the OPC function. There exist a danger that the turbine trip can open the 21kV load breaker under external network problems and generator heavy current loading, as
described in ref. [2] trip case.
In order to detect external network problems in the selective sense and to prevent
the 21-kV load breaker to open under heavy current conditions, the additional 400-kV
switchyard breaker trip logic is proposed, as shown in Fig. 4. The network voltage and
frequency measurements are used to detect the external EPS malfunction, and the generator
speed and current signals are used to prevent the 21 -kV load breaker opening under the heavy
current condition.
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Fig. 4. Practical solution function diagram of the 400-kV system malfunction detection
The external network voltage and frequency measurements are made very carefully with
the target of assuring selectivity of the trip logic. Namely, the external network protection
system (the distance protection system) and the undervoltage and underfrequency plant trip
logic already exist (RCP motor undervoltage and underfrequency protection - reactor trip).

The proposed additional trip logic from Fig. 4. should be activated before the plant electrical
load protection system trip takes place and after the external network distance protection
system is activated.

5.

Conclusion

The size and reliability of the Krsko NPP external power system have considerably
changed from the time of the plant contract preparation to the time of the plant construction
and thereafter. It is probably for this reason that the plant LDA function protection logic (400kV switchyard breaker trip logic) has not been developed completely.
An additional 400-kV switchyard breaker trip logic is proposed in [3] and Chapter 4 in
order to detect external power system degradation. The protection logic is activated upon the
network undervoltage and underfrequency time dependent trip signal, as well as upon the
generator overspeed signal under the heavy current condition. Since
•
•

•

the external power system under present conditions is very reliable,
the plant turbine executive actions of the LDA function are not effective in accordance
with the plant design (the 100% load rejection and runback to the plant electrical load
have never succeeded), and
the 400-kV switchyard breaker serves as a gate to the plant external electrical load, as well
as the primary electrical supply breaker of the plant local load,

the installation of an additional 400-kV switchyard breaker trip logic is possible, but not
recommended.
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COMPLETION OF THE VVER 440/213 NPP MOCHOVCE
INCORPORATION ENCHANCED SAFETY FEATURES
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The cooperation between the western countries and the countries of ex-eastern block in the
field of nuclear safety is recent and still limited.
The main reasons for this situation are limited or non existent capabilities of these countries
for financing as well as non acceptable legal conditions concerning the third party nuclear
liability in this part of Europe.
Nevertheless, Framatome and Siemens associated in the consortium named EUCOM, have
signed in April 1996 the contract of about 100 million US dollars with Slovak electricity
company (SLOVENSKE ELEKTRARNE-SE) for upgrading the Units 1 and 2 of Mochovce
Nuclear Power Plant according to the western safety standards. This is the first important
project involving west-european companies in the modernisation of Russian type of
pressurized water reactor (VVER 440/213). The consortium will cooperate with other
partners involved in the project: Slovak, Czech and Russian.
The financing of the project will be provided mainly from Slovak and Czech sources. The
safety upgrading will be financed through French and German buyer credits. French
company Electricite de France (EDF) will be the consultant for SE.
The safety upgrading measures have been elaborated taking into account the
recommendation of Vienna International Atomic Energy Agency (IAEA) and the evaluation
of the safety realised by RISKAUDIT, the common organization of German and French
safety authorities (GRS and IPSN). Hence all guaranties have been taken to fulfil the
western safety criteria for Nuclear Power Plant Mochovce.
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Introduction

Construction of several NPP's began in the 70s and 80s in former Czechoslovakia,
including four 440 MW-units at the Mochovce site which were not completed. The
progress of works with high degree of involvement of Czechoslovak industry came to a
standstill due to the changes of the political landscape. After the decision to complete
two units the financing was set up without contribution from international aid programs.
The completion relies primarily on the continuation of still valid contractual agreements
among the original partners. The contribution of the western partners : European
Consortium Mochovce (EUCOM) which comprises SIEMENS and FRAMATOME was
brought into the project by a new agreement signed in April 1996 with Slovenske
Electrarne (S.E.), the Slovakian utility.
Recommendations of international expert panels were put into a technical specification
by SE and are being implemented to bring the safety standard up to an internationally
recognized level. The broad range of improvements contains software and hardware
upgrades with most significant contribution to reduction of accident occurrence being
among others fire protection measures, separation of redundances, improvement of
electrical containment penetrations as well as improvements in seismic design.
The EUCOM consortium will cooperate closely on project implementation with the
project partners from Slovakia, the Czech Republic, and Russia which are entrusted with
plant completion and further safety upgrades.
The four VVER 440/V213 units are second generation VVER reactors.
Unit 1 is scheduled to come on line in June 1998, with Unit 2 following in March 1999.

VVER 440/213 built-in safety and main concerns
Compared with Western NPP designs and despite the favourable features and
improvements already implemented, the NPP Mochovce design still presents some
deficiencies. The most relevant aspects to be improved belong to the following
complexes :
.
.
.
.
.

equipment quality
safety systems performance
protection against hazards
integrity of the 2nd and 3rd barriers
accident analysis
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3. Mochovce NPP upgrading approach
The final safety objective of the Mochovce NPP safety enhancement program is to asstma
such safety level, which is comparable with current international practice and acceptah] *
from various assessments point of view. Technical Specifications of Safety Measures
(TSSM) were elaborated and submitted by SEa.s./EMO to define each particular safety
measures. These safety measures to be applied for Mochovce NPP are based on the
following documents or safety review missions :
. IAEA safety review mission 5 to 13 May 1994 (IAEA-Report WWER-SC-102)
. Riskaudit examination of safety design 1994 (Riskaudit-Report No. 16)
. Safety issues and their ranking for VVER 440/213 NPPs (IAEA-Report WWER-C108)
Latter document has been used as a reference to derive plant specific safety enhancement
programs, and at the same time as the basis for reviewing their implementation. Since
the importance of this document the approach applied by the IAEA should be explained
shortly.
The evaluation process was organised on the basis of generic safety issues. Safety issues
are concerns which reflect either a deviation from current recognised safety practices in
design and operation or a potential degradation of the plant defence-in-depth. Basically
the following data sources were taken into account :
. operational experience in VVER-440/213 including reliability of equipment and
material degradation
. generic and plant specific experience feedback
. results of safety reviews
. results from VVER-440/213 plant specific PSAs
All safety issues were ranked in accordance with the approach applied to VVER-440/230
NPPs in IAEA TECDOC-640. Three categories are relevant for Mochovce NPP :
Category I : Issue reflects a departure from recognised international practices
Category II : Issue of Safety concern. Defence-in-depth is degraded
Category III : Issue is of high safety concern. Defence-in-depth is insufficient
The judgement of the safety significance of an issue is based on a evaluation of potential
degradation of defence-in-depth. For that purpose the evaluation follows the concept of
defence-in-depth as given in INSAG-3 which is focused on several levels of protection.
The levels of protection are implemented, firstly, to prevent damage to the plant and the
three barriers, i.e. the fuel and its cladding, the boundary of the primary circuit and the
containment, and secondly, to mitigate the consequences of anticipated damage.
Therefore, the impairment of defence-in-depth for a given issue involves an evaluation of
the performance, of the main safety functions affected :
. controlling the power
. cooling the fuel
. confining the radioactive material
432
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This evaluation considers also the principal tfiat plant conditions with relatively high
probability of occurrence shall have only limited consequences and plant conditions
resulting in plant damage with consideration of radioactive releases shall be of low
probability of occurrences.
Referring to the categorisation of Safety Measures (SM) the approach to be applied for
Mochovce NPP aims basically on complete analysis and, if necessary, engineering and
implementation of all category III and II SMs before commissioning. Category I SMs
may be implemented during the next operational outages.

Safety Measures of EUCOM scope
As mentioned above Technical Specifications of Safety Measures (TSSM) were
elaborated by SEa.s./EMO. About 50% of all Safety measures were allocated to
EUCOM which is the European Consortium for Mochovce between Siemens AG and
Framatome SA. EUCOM is involved in all areas of major safety issues of the Mochovce
Enhancement Program. These are the following complexes :
.
.
.
.
.
.

accident prevention
protection against common mode failures
reliability of safeguard functions
integrity of barriers and radiation protection
accident analysis and PSA
man-machine-interface

For each complex several TSSM define the Safety Measures either to be investigated or
implemented. Sometimes one Safety Measure serves more than one safety complex. The
basic requirements and related EUCOM Safety Measures of each safety complex are
summarised below.

L Accident Prevention
The prevention of accidents depends on conservatively designed equipment and good
operational practices to prevent failure, quality assurance to verify the achievement of
the design intent, surveillance to detect degradation or incipient failure during
operation, and steps to ensure that a small disturbance or incipient failure would not
develop into a more serious situation.
With reference to Accident Prevention the following Safety Measures will be
implemented by EUCOM :
. Application of Leak-Before (LBB) for primary circuit
. Fire prevention
(e.g. concept for dampers, cells, redundancy separation and cable cover)
. Protection against primary system cold overpressure
Nuclear Energy in Central Europe, PortoroZ, Slovenia, 16-19 September 1996
433

(e.g. I&C upgrading)
. Condition monitoring for the mechanical equipment
(e.g. primary circuit vibration monitoring and fatigue monitoring of mechanical
equipment)
. Control and monitoring system for primary and secondary water chemistry
(e.g. review and design of upgrading measures)
. Prevention of uncontrolled boron dilution
(e.g. assessment and modification proposals)
4.2 Protection Against Common Mode Failures
Design provisions seek to prevent the loss of safety functions due to damage to several
components, systems or structures resulting from a common cause. The appropriate
design method to prevent damage to two or more systems simultaneously is determined
by specific circumstances. Among the methods used are physical separation by barriers
or distance, protective barriers, redundancy linked with diversity and qualification to
withstand the damage.
With reference to Protection Against Common Mode Failures the following Safety
Measures will be implemented by EUCOM :
. Fire protection
(e.g. fire hazard analysis, fire detection and extinguishing, mitigation measures
against fire effects)
. Analysis of hazards due to high energy line breaks
. Internal flooding analysis
. Application of LBB for primary circuit
. Qualification of safety-related valves of secondary side for water flow
(e.g. qualificaiton requirements of the Main Steam Relief Control Valves and
connecting piping)
. Physical and functional separation between MCR and ECR
(e.g. study on electrical separation of ESFAS)
. Assurance of habitability of control rooms
(e.g. implementation of airtight doors, intake air filters and airconditioner)
. Re-evaluation of resistance of containment compartment walls in case of LOCA
. Hydrogen removal system
(e.g. design of monitoring systems and autocatalytic recombiner system)*
. Analysis of man induced external events
(e.g. probalistic assessment of airplane crash and consideration of natural gas cloud)

4.3 Reliability of Safeguard Functions
Despite the high quality of the design and construction and any self-controlling features
it is anticipated that sequences of events originating either inside or outside the plant
will occasionally occur that exceed the protective capabilities of normal plant control
systems. Engineered safety features are incorporated as necessary to ensure that plant
damage, especially damage to the reactor core, would be limited even in the most
434
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r'severe of th~e design basis accidents. Initiation and operation of the engineered safety
features should be highly reliable. The reliability has to be achieved by appropriate use
of fail-safe design, by protection against common cause failure, by independence
between safety systems and plant process systems and redundancy of safety trains.
With reference to Reliability of Safeguard Functions the following Safety Measures
will be implemented by EUCOM :
Reliability analysis of safety class 1 and 2 safety systems in the frame of PSA
Qualification of pressurizer relief and safety valves for water flow (or replacement
of these valves by qualified ones)
Qualification of safety-related valves of secondary side for water flow
(e.g. study on thermohydraulic effects and definition of qualification requirements)
Operation of main steam relief valves at low pressure
(e.g. analysis of long term heat removal)
Fire detection and extinguishing systems improvement
Improvement of reliability of power operated valves on the ECCS injection lines
(e.g. study on interchange of valve position at nominal operation, check valves
periodic -tests program)
Protection of ECCS heat exchanger integrity
(e.g. activity monitoring, boronmeter for sampling monitoring, prevention of clear
water plug risk)
Countermeasures for mitigation of a steam generator primary side collector break
(e.g. studies on thermal hydraulic effects and modifications of collector head, basic
design of N16 measurement and additional line for PRZ spray system)
Assurance of habitability of control rooms
(e.g. intake air filter and airtight door for MCR/ECR)
Physical and functional separation between MCR and ECR
(e.g. study on electrical separation of ESFAS)
Review of reactor trip initiating signals
(e.g. analysis of completeness of RTS signals and new RTS signals justification)
On-site power supply for incident and accident management
(e.g. analysis of emergency diesel load balance and redesign of load sequence)
Assurance of sufficient battery discharge time
(e.g. increase battery capacity to 2 hours, EOP to reduce DC consumption during
station blackout)
Re-evaluation of bubble condenser structure in case of LBLOCA
4.4 Integrity of Barriers and Radiation Protection
The reactor coolant boundary is of special interest because its failure could lead to
impairment of the ability to cool the fuel, and in extreme cases to loss of confinement
of the radioactive fuel. This is particularly important for the reactor pressure vessel,
since catastrophic failure of this component would not be tolearable. For all
components forming part of the reactor coolant boundary careful attention must be paid
to design, materials, fabrication, installation, inspection and testing.

Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

Since the containment is the last barrier its structure has to be designed to withstand th*
internal pressure that can be expected as result from design basis accidents, calculated
using substantial safety factors.
The defence-in-depth concept includes not only protection of the barriers but also
measures to protect the public and the personnel from harm in case these barriers are
not fully effective. Measures have to be directed towards control of the sources of the
radiation, to the provision and continued effectiveness of protective barriers and
personal protective equipment and to the provision of administrative means for
controlling exposure.
With reference to Integrity of Barriers and Radiation Protection the following
Safety Measures will be implemented by EUCOM :
. Application of Leak-Before-Break (LBB) for primary circuit
. Qualification of pressurizer relief and safety valves for water flow (or replacement
by the valves of qualified one)
. Protection against primary system cold over pressure
(e.g. I&C upgrading)
. Qualification of safety-related valves of secondary side for water flow
(e.g study on thermohydraulic effects and definition of qualification requirements
. Control and monitoring system for primary and secondary water chemistry
(e.g. concept review of primary and secondary side water chemistry)
. Hydrogen removal system
(e.g. design of monitoring systems and autocatalytic recombiner system)
. Re-evaluation of bubble condenser structure in case of LBLOCA
. Re-evaluation of resistance of containment compartment walls in case of LOCA
. Re-evaluaion of peak pressure in containment and activation of sub-atmospheric
pressure after blowdown
. Radiation protection and monitoring
e.g. design and supply of computer system for radiation monitoring and accident
dosimetry system)
4.5 Accident Analysis and PSA
As the accident provides the basis for formulating the minimum requirements for safety
systems, for preparation of emergency operation procedures, for protection and signal
setting and for personnel training to cope with accidents, a comprehensive safety
analysis sould be performed. Criteria should be established to select and classify the
accidents to be analysed. A consistent methodology referring to initial and boundary
conditions, acceptance criteria and evaluation of results should be applied.
Furthermore a probabilistic approach is required to evaluate the probability of
accidents. It should take into account the probability of occurrences of initiating events
that might turn up into accidents and the probability of success or failure o fthe
protection ad mitigation systems. The realisation of a PSA is essential for a good
understanding of the plant safety, in order to fortify deterministic approach and point
out any possible weak points to be improved.
436
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With reference to Accident and PSA the following Safety Measures will be
implemented by EUCOM :

.
.
.
.

Re-evaluation of the scope and methodology of accident analysis on the basis of
IAEA recommendations
Assessment of input data for accident analysis
Validation of computer code and plant model
Performing best-estimate accident analysis for supporting plant operation
Analysis of accidents important to the safety enhancement program like :
- main steam line rupture
- overcooling transients related to PTS
- steam generator primary collector break
- boron dilution accidents
- accidents possible under low power and shutdown conditions
- anticipated transients without scram (ATWS)
- beyond design basis accidents

. Reliability analysis of safety class 1 and 2 safety systems in the frame of PSA
. Analysis of man induced external events
(e.g. probabilistic assessment of airplane crash)

4.6 Man-Machine-Interface
Contined knowledge and understanding of the status of the plant on the part of
operating staff is a vital component of defence-in-depth. The control room has therefore
to be provided with display of the information on plant variables needed to ascertain the
status in normal operation, to detect and diagnose off-normal conditions, and to observe
the effect of corrective responses by control and safety systems. Additional information
conveyed to the operators by instruments and display systems would help them in
deciding on action to prevent or mitigate damage.
With reference to Man-Machine-Interface the following Safety Measures will be
implemented by EUCOM :
. Accident monitoring instrumentation
(e.g. functional requirements and hardware modifications for the safety parameter
display system (SPDS) and specification of parameters to be monitored within the
post-accident monitoring systems (PAMS)
. Performing best-estimate accident analysis for supporting plant operation
. Communication system
(e.g. supply of hardware).
5.

Conclusion
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The general significance of the Mochovce project is based on being the first plant under
construction with implementation of a comprehensive safety measures catalogue, which
will be an important signal for plants of similar design. The broad-based cooperation of
Slovak, Czech, Russian and West-European companies will establish a solid foundation
to carry out similar projects.

438

Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996

I llltnil (HI Inl llnl Hill IIIII Hill 111" •'

Nuclear Society of Slovenia
3 rd Regional Meeting: Nuclear Energy in Central Europe
JSS.'.\

SI0000058

Portoroz, SLOVENIA, 16 - 19 September 1996

RADIOACTIVE WASTE MANAGEMENT IN SPAIN
Dr. Ing. Carlos Rodriguez Monroy, Nuclear Directorate, UNIDAD ELECTRICA, S.A. (UNESA)
c/ Francisco Gervas, 3, 28020 MADRID (SPAIN)

1. THE SPANISH NUCLEAR POWER PROGRAMME
Poor in fossil fuels Spain could not ingnore the possibility of using nuclear energy as a
way to contribute to meet the growing demand of electricity. Back in 1948 a Committee for
Nuclear Studies was set up to perform nuclear research and development activities; this
committee was the starting point of the Nuclear Energy Board (Junta de Energia Nuclear JEN) which was created in 1951 as the basic nuclear RD center of the country. Some years
later, in 1958, two private companies, CENUSA and NUCLENOR, were established with the
aim of developing nuclear power for electricity generation. These efforts culminated in July
1968 with the commercial operation of the first nuclear power plant; Jose Cabrera (Zorita), a
160 MW PWR owned by UNION ELECTRICA-FENOSA. This reactor was followed by a 460
MW built by NUCLENOR which initiated its commercial operation in March 1971. One year
later, in May 1972, Vandellos 1 a 500 MW GCR was connected to the grid; in this case a
French-Spanish company (25% EDF), HIFRENSA, was founded for the construction and
operation of the power plant.
These first three units constitute the first generation of Spanish nuclear power plants
(NPPs). They were all turnkey projects which were negotiated during the 1960's. The
contribution of Spanish industry in their construction was approximately 40%.
The second generation of Spanish NPP's includes the followings units: Almaraz 1 and
2, Asco 1 and 2 and Cofrentes.
These second generation units were purchased during the early 1970's. They were all
multi-contract projects. In this case the participation of Spanish industry was considerably
higher than in the first generation units, in the range of 80% to 85%.
Finally there is a third generation of nuclear power plants whose main contracts were
also negotiated during the 1970's. These plants were built using the same type of multicontract approach as it was done with the second generation units. The domestic participation
is higher than 85%. These units are Vandellos 2 and Trillo.
There are several individual utilities involved in nuclear energy. The most common
situation is that of a unit shared by a variable number of utilities (between 2 and 4). Only in the
case of two units ownership is not shared and is held by a single utility.
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As of 31st December 1995, the installed power of the UNESA companies amounted to
1 MWe, distributed as follows: 16,457 MW hydroelectric power, 20,767 in conventional
ifermal plants and 7,417 in nuclear power.
During 1995 electricity production amounted to 168,688 million kWh, an increase of 2.6%
f^er 1994. Attention should be brought to the significant increase in the contribution made by the
selfproducers. By plant type, production was distributed as follows:

Production
(Millions kWh)
• Hydroelectricity
• Conventional thermal power
• Nuclear power

23,968
89,276
55,444

A significant drop was experienced in hydroelectric production as a result of the continuing
drought, this being accompanied by a significant increase in conventional thermal generation and
maintenance of the already high levels achieved by the country's nuclear power plants, which
showed a slight increase.
In relation to the operation of Spain's nuclear power plants during 1995, I shall underline a
series of general data that allow insight to be gained into the progress of these installations.
As in previous years, Spain's nuclear power plants contributed approximately a third of the
country's total electricity generation.
These high levels of production have gone hand in hand with excellent load and availability
factors, which reached an annual total of 85.5% and 88.2% respectively for the plants overall.
The scheduled and non-scheduled unavailabilityfactors were 11.0% and 1.8%, respectively.
It can be certainly said that the nine units that make up Spain's nuclear generation capacity
have behaved excellently as regards safety, availability and costs, thus continuing their
performance in previous years. In this context, the operational safety of the plants has been
repeatedly described as satisfactory by the Spanish regulatory authority, and the average
availability to which I have already referred has been similar to that of previous years, in which
the Spanish plants ranked third or fourth in the world list for this parameter. Operation and
maintenance costs showed an average value equivalent to 1 cent of US dollar per kWh, a figure
which is in line with the world's most efficient plants which, like their Spanish counterparts, bring
together low costs and high levels of availability. It is important to underline this: the best
performing nuclear power plants are those which show the lowest costs.
The most outstanding events occurring in the Spanish plants during 1995 have been the
return to normal operation of the Jose Cabrera plant following an outage of more than one year
for the inspection and repair of cracks in several of the reactor vessel head penetrations, and the
replacement of the steam generators at Asco 1. This operation is to be performed also at Asco 2
and Almaraz 1 during 1996, and at Almaraz 2 in 1997.
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Reference should be made also to the 17 MWe uprating achieved by Asco 1 fO||c
replacement of the plant's steam generators, an increase which may reach up to 38 MW'duri the second phase. Other nuclear power plants also foresee power increases in forthcoming y 6 a I
- as is the case in other countries - the maximum figure contemplated being some 900 MWe i
12% more than the original power level of 7,400 MW.

2. BACK END OF THE FUEL CYCLE
2.1. CURRENT SITUATION
All activities related to the management of radioactive waste including spent fuel have
been assigned to the ENRESA company, created in 1985.
As regards the spent fuel stored at the nuclear power plants, table 1 shows the volumes
stored in the plant fuel pools at the end of 1995 and their corresponding degree of occupation,
taking into consideration a reserve capacity equivalent to one core. The total amount of spent
fuel rose to 1,700 tU.

2.2. PRODUCTION FORECAST
Table 2 summarizes the high level waste produced and to be produced in the future
and managed in Spain, taking into consideration the cases of 30 and 40 years of service
lifetime for the nuclear power plants currently in operation.
As regards the tailings from mining and Uranium concentrate manufacturing operations,
the most significant events have been the completion of the decommissioning project at the
Andujar Uranium Mill, with in situ stabilization of the tailings dykes, and the restoration works
carried out at the disused mines and tips at La Haba (Badajoz); the only installations now left in
operation are those at Saelices el Chico (Salamanca) where, in July 1993, the QUERCUS
Plant was started up, an event that practically coincided with the finishing of production
activities at the Elefante Plant.

2.3. SPENT FUEL
In Spain, high level wastes are understood to be the non-reprocessed spent fuel from
nuclear reactors, the exception being the fuel from Vandellos I NPP, which is sent to France for
reprocessing.
In view of the overall open cycle strategy applied to this fuel in Spain, there are basically
two types of high level wastes which will have to be managed: the spent fuel generated by the
country's light water reactor nuclear power plants -by far the larger volume- and the vitrified
wastes arising from the reprocessing in France of Vandellos I spent fuel.
Before the definitive disposal of these wastes is accomplished, it is necessary for them
to be kept for a period of interim storage in order for prolonged cooldown and decay of their
isotopic activity to occur.

Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996

According to the economic studies carried out, the most reasonable solution as regards
nterim storage of the spent fuel -while the nuclear power plants are in operation and taking into
ccount the plant lifetime considered- will be for them to be stored on site at the plants at which
Och spent fuel is generated. This storage will be accomplished either in the plant fuel pool or
jsing dry storage techniques on site. Consequently, the date by which a Centralized
temporary Storage (CTS) facility for this fuel should be available will depend fundamentally on
the time at which the first nuclear power plant dismantling process is undertaken, in other
words, on the service lifetime considered for these installations.
The date on which the Deep Geological Disposal Facility enters operation will not,
however, undergo any variation, regardless of whatever hypothesis is adopted considering
service lifetime.

2.3.1. Interim storage of spent fuel
The interim storage of spent fuel has been technically resolved and demonstrated at
industrial level. This type of storage is based on two main techniques: dry storage (casks and
chambers) and storage in pools, both with the possibility of being centralized or accomplished
at the nuclear plant from which the spent fuel arises, as is currently the case. The casks
provide a modular capacity which is used as the need arises, while the capacity provided by
the chambers and pools is massive as from the moment at which they enter operation.
The strategy designed is a follows:
• Increasing storage capacity of the nuclear plant pools by reracking, with a view to optimizing
their final occupation.
• Increased storage capacity by means of metallic containers.
Work is currently being performed in various fields with a view to guaranteeing the
availability of casks depending on the needs of each of the nuclear power plants; in this
respect the following may be underlined:
- A cask designed exclusively for storage has been manufactured in Spain is now
available. This cask has already been licensed in the United States and it would remain
only to achieve licensing in Spain if it were necessary to use this option.
ENRESA continues to participate in the initial process of designing casks capable of
being used for both the storage and transport of spent fuel, and the licensing of these
casks in the United States. Following licensing and manufacturing in Spain, these casks
might be used at the nuclear power plants themselves or at a centralized storage facility.
• The strategy of a CTS facility is being maintained. In order to determine the date by which
such a facility would be required, the following has to be borne in mind:
- At international level, and in keeping with the technical requirements regarding nuclear
safety and the radiological protection of the workers, the nuclear regulatory authorities
impose the restriction that part of the nuclear plant dismantling tasks may not be carried
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out until the spent fuel has been removed from the installation, with the consequent cost
of maintaining the plant in shutdown conditions' pending dismantling.
The periods considered for initiation of dismantling of a nuclear power plant following
shutdown range from 4 to 8 years.
-

From the technical point of view, availability of a CTS facility would greatly simplify the
logistic of spent fuel handing and surveillance, since the fuel would be located at a single
site, a fact which would also reduce operating costs. In addition, availability of such a
facility would allow the decision to dismantle the plants to be made independently of
removal of the wastes.

The date of availability of a CTS facility will depend on the hypothesis considered
regarding the service lifetime of the nuclear power plants. Thus, we would be looking at the
year 2003 for the 30 year case, and possibly at the year 2013 for the 40 year scenario, the
choice between one and the other implying important economic and technical impacts.
Availability of the facility before it is required would imply higher financial costs for
construction and operation. If the date of availability were delayed, with site definition
accomplished after the year 2000, it might be possible to avoid the existence of two sites, one
for the CTS and the other for deep geological disposal, since the first might constitute part of
the second, owing to the availability by that time of sufficient technical information for decisions
to be made regarding a definitive disposal site, with the economic and social advantages that
this would entail.
The period 1995-97 must include initiation of a process designed to establish, on one
hand, the regulatory framework to be applied, including procedural aspects and socioeconomic subsidies for the site area, and on the other the social dialogue orienting the site
selection tasks for the facility. In this respect, the Government plans to draw up a bill including
the following:
-

The procedure to be used to designate a site for the storage facilities, including the way in
which the State Institutions, affected organizations and public in general are to participate in
the final decision.

-

The socio-economic subsidies to be provided for the area in which the facilities are to be
located.

This bill will also take into account aspects relating to the definitive disposal facility for
high level wastes (AGP).

2.3.2. Final disposal of high level wastes
Following a period of interim storage of the fuel or high level wastes, and their transport
and encapsulation, they will be definitively disposed of in a deep geological formation.
Conditioning o encapsulation will be carried out at a plant to be constructed on the
same site as the final disposal facility.
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As regards the final disposal of this type of wastes, a strategy comprising three different
•jypes of areas of work has existed since 1987:

I//,
I///.

Selection of a site for location of the facility.
Development of the basic design for a deep geological disposal facility
Development of the technology required for characterization of the selected site and
construction of the disposal facility.

Once the decision has been made to designate a specific site as candidate for
construction of a disposal facility, the three aforementioned areas of work will converge on a
single objective, which might basically be summarized as follows:
a)

Work will begin on detailed characterization of the site, using the techniques developed
and perfected in the R&D Plan, both from the surface and by means of boreholes and
underground laboratories.

b)

The design developed up to that time will be adapted to the specific site, through
development of a detailed project aimed at undertaking construction.

c)

The R&D Plan would be centered on activities pending from previous periods, and
specially on demonstration of site safety, providing the coverage required for the
specific tasks to be carried out at the site in question.

The aim is for this process to be completed by the year 2016, in order for construction
of the disposal facility itself to be initiated and for operation to begin during the decade
beginning with the year 2020.

Ref.: portoroz.kbk
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TABLE 1
RADIOACTIVE WASTE STORED AS OF 31-12-95
TYPE OF WASTE

SPENT FUEL
LWR

tu

DEGRE OF

NUCLEAR POWER
OCCUPATION

PLANTS (1)

% (2)
Jose Cabrera

47

74

Garona

196

82

Almaraz 1

233

31

Almaraz 2

256

34

Ascd 1

209

36

Asc6 2

174

30

Cofrentes

291

64

Vandellos 2

142

81

Trillo

160

83

TOTAL

1.708

(1) The graphite-gas Vandellos I NPP, spent fuel from which is sent to France for
reprocesing, is not considered.
This plant is currently in the dismantling phase.
(2) Degree of occupation taking into consideration a reserve capacity equivalent to one
core load.
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TABLE 2

I
ESTIMATED TOTAL VOLUMES OF HIGH LEVEL RADIOACTIVE

5"

I

I
§
3

WASTES TO BE MANAGED IN SPAIN

HIGH LEVEL WASTES (m3)
LWR spent fuel (1)

o

i

30 YEARS

40 YEARS

8,850

11,700

7,080

9,420

1,770

2,280

,170

,170

9,020

11,870

5,071 (6,693) tU made up of:

CO

8,640 (11,502) PWR elements
6,471 (8,364) BWR elements
Vitrified wastes from Vandellos I NPP
TOTAL

(1) The values is brackets refer to the 40 year hypothesis
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NPP KRSKO DECOMMISSIONING CONCEPT
M. Novsak, K.Fink, J. Spiler
NPP Krsko, Slovenia

ABSTRACT - At the end of the operational lifetime of a nuclear power plant (NPP) it is
necessary to take measures for the decommissioning as stated in different international
regulations and also in the national Slovenian law. Based on these requirements Slovenian
authorities requested the development of a site specific decommissioning plan for the NPP
Krsko. In September 1995, the Nuklearna Elektrarna Krsko (NEK) developed a site specific
scope and content for a decommissioning plan including the assumptions for determination of
the decommissioning costs. The NEK Decommissioning Plan contains sufficient information
to fulfill the decommissioning requirements identified by NRC, IAEA and OECD - NEA
regulations. In this paper the activities and results of development of NEK Decommissioning
Plan consisting of the development of three decommissioning strategies for the NPP Krsko
and selection of the most suitable strategy based on site specific, social, technical,
radiological and economic aspects, cost estimates for the strategies including the costs for
construction of final disposal facilities for fuel/high level waste (fuel/HLW) and
low/intermediate level waste (LLW/ILW) and scheduling of all activities necessary for the
decommissioning of the NPP Krsko are presented.
INTRODUCTION
Decommissioning, as defined for nuclear facilities, is a set of activities taken at the end of the
facility's operating life to ensure the continued protection of the public from any residual
radioactivity or other potential hazards present in the facility. Dismantling of the retired
nuclear power plant was always considered a part of the successful implementation of a
nuclear energy. Until now more than 70 nuclear facilities have been decommissioned in
various countries worldwide. Based on the accumulated experience, decommissioning of
nuclear power plants is considered a technically matured undertaking. The legal and
technological framework for plant decommissioning is already in place and tested, although
further improvements and enhancement are expected in the future.
SELECTION OF DECOMMISSIONING STRATEGIES AND SCENARIOS
The development and selection of appropriate strategies for the decommissioning of the NPP
Krsko is executed in two steps:
- The selection of basic strategies based on international standards and experiences
- The definition and selection of scenarios within the strategies, considering
exemption levels, occupational exposure limits, waste management etc.
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The main criteria for the selection of an appropriate decommissioning strategy for the NPP
Krsko are the international definitions and experiences given in Table 1.

Table 1: International Decommissioning Strategies
IAEA Definitions
Systems and components are closed, all barriers are kept in a state appropriate
Stage 1
to the remaining hazard
Systems and components which can be easy dismantled are removed
Stage 2
All radioactive inventory is removed, the residual contamination has been
Stage 3
reduced below regulatory limits
US Decommissioning Strategies
DECON
Immediate removal of the complete radioactive inventory, the residual
contamination has been reduced below release limits
SAFSTOR Removal of the radioactive inventory after a safe storage period of 30 to 50
years, the residual contamination has been reduced below release limits
ENTOMB
Enclosure of the radioactive inventory in a monolithic concrete structure for a
period of 100 to 300 years, after entombment the enclosed components are nonradioactive
German Decommissioning Strategies
Immediate
Immediate removal of the complete radioactive inventoiy, also the buildings are
Dismantling removed
Later
Removal of the radioactive inventory after a safe storage period of 30 years,
Dismantling also the buildings are removed

Each strategy includes some additional aspects of the national conditions and requirements of
the Republic of Slovenia and the technical, radiological and economic influences. These aspects
are valid for all decommissioning strategies and called "scenarios". The legal requirements and
licensing basis for the NPP Krsko decommissioning plan are presented in the law of Republic
of Slovenia supported by international guidelines, standards and industry practice. Regulatory
rules are needed to control the impacts of decommissioning to the environment and define
acceptable limits to man and society. Regulations exist or are still under development to
control these effects. International recommendations for exemption levels are given in the
IAEA Safety Series No. 89 and the EC Radiation Protection No. 43. Detailed site release
criteria or specific exemption levels in terms of radioactivity contents have so far not been
established in most countries. Hence most decommissioning plans are still based on
assumptions in this respect.
Protection of workers is an important consideration particularly in keeping with the principle of
"As Low As Reasonable Achievable" (ALARA) for exposure reduction. The regulatory dose
limits for the workers at nuclear power plants are similar in most countries, corresponding to
the ICRP recommendation of 50 mSv/year.
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In the Republic of Slovjenia the Agency for jladwaste Management is responsible for the
establishment of the general strategy for fuel/HLW- and LLW/ILW-management. Regarding
the spent fuel management an overview of the international practice and an analysis of the
existing possibilities in Slovenia have been completed resulting in some studies. The conclusion
provided by these studies was that at present the reprocessing of the spent fuel from NPp
Krsko is not considered as an optimal solution for a country with such a small nuclear program
as the one in the Republic of Slovenia. The direct disposal of spent fuel and a deferred solution
has been recommended.
The decommissioning gives rise to a considerable amount of radioactive waste. At nuclear
power plants most of it is usually low-level waste, but a comparatively small amount of
intermediate-level waste (e.g. Rx vessel internals) is also produced. The most important factors
affecting decommissioning strategies and costs are the treatment, handling and final disposal of
the radioactive materials and waste.
Based on the specific radiological and economical conditions and requirements of the Republic
of Slovenia, the following three strategies are selected:
• STRATEGY - IMMEDIATE DISMANTLING (SID) - The SID gives a result depending
on the highest level of radioactivity and dose rates. The site is useable as fast as possible.
• STRATEGY - LATER DISMANTLING (SLD) - The SLD shows the influence of the
radiation decay to the dismantling work. The SLD includes a safe storage period of some
decades. In this period an operating expenditure is necessary. Comparing the SLD to the
SID, lower cost for the dismantling is assumed (based on the lower level of radioactivity)
but the expenses during the safe enclosure period shall be added to the dismantling cost.
• STRATEGY - ENTOMBMENT (SET) - The meaning of the SET in this study is to use the
advantage of a decay period of some decades preventing the operating expenditure of the
SLD. The entombment is terminated in the same time as the SLD safe enclosure period is.
In the SLD spending is higher in the preparation phase of the entombment than in the
preparation for the safe enclosure but the operating expenditure in the decay period is
avoided.
BOUNDARY CONDITIONS AND ASSUMPTIONS
A cost calculation is understandable and repeatable if the boundary conditions and assumptions
are well defined. For this purpose the main assumptions in addition to the statements presented
already are listed below:
• The decommissioning of the plant is planned for the year 2023.
• At the beginning of decommissioning activities all systems and installations on site necessary
for the execution of decommissioning are in an operable condition.
• Parts and materials exposed to neutron radiation during operation are activated and
contaminated. All other non-activated parts and materials from the controlled area are
assumed to be contaminated unless control measurements reveal that there is no
contamination above the release limits.
• Requirements pertaining to licensing procedures are based on the US NRC 10 CFR
Regulations and Slovenian laws.
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• In the strategy "Later Dismantling" a common license for the preparation for the safe
enclosure and for the safe enclosure period itself is applied. The same holds true for the
preparation of entombment and the entombment period.
• The documents to be submitted for obtaining the license represent the total plan for the
decommissioning. After the issue of the license a detailed documentation of the
decommissioning phases according to the supervisory proceedings of nuclear law is
submitted to the authorities.
• The demolition of the controlled area buildings is executed after the decommissioning of the
controlled area. All other buildings are demolished parallel to the decommissioning
activities.
• The non-radioactive concrete arising from the demolition of buildings can be recycled.
Foundations are also removed. Non-radioactive concrete is used to fill up the pits.
• For the purpose of the study it is assumed that in-house resources are used to the highest
possible degree. For other tasks external Slovenian companies are contracted.
• The estimated cost is based on the price level of Dec. 31, 1995.
• The exemption levels are assumed based on the recommendation of the European
Commission (EC Radiation Protection Recommendation No. 43).
• The occupational dose limits are regulated based on the "ALARA" principle in Slovenia.
• The spent final disposal is in a deep geological repository with a depth of about 500 m.
• The spent fuel is packaged in copper/steel canisters like in the Swedish model. The
construction costs for the spent fuel final repository are estimated based on the Swedish and
the German repository cost calculations. The five year operating period of the final disposal
is estimated. It is assumed that the final disposal is closed after the Krsko fuel is being
stored.
• Assuming that no final disposal is available at the time of decommissioning the Krsko plant
the cost sensitivity analysis for a temporary storage period is generated like follows: The
fuel elements are dry packaged in cast iron casks (e.g. German CASTOR cask) and stored
in an external storage facility. The temporary storage period of 20 years is assumed. At the
end of the temporary storage period, the fuel elements have to be repackaged into final
disposal canisters. After re-packaging of the fuel elements, the cast iron casks are
decontaminated and can be reused or recycled. The interim storage facility is
decommissioned after the final disposal of the fuel elements.
• Operational LL-/IL-waste and treated operating media are packaged in 200 1 drums and
TTCs, solid decommissioning LL-/IL-waste in 10 foot container, treated liquid
decommissioning LL-/IL-waste in 200 I drums and TTCs and decommissioning secondary
LL-/IL-waste in 200 1 drums and TTC's.
• To reduce the amount of intermediate level waste, to be stored, the Rx and the high
contaminated components will be stored on site for a period of 60 to 100 years. At the end
of the storage period the components can be handled and cut manually thus eliminating the
need for the expensive remote controlled techniques.
• One near surface disposal for LLW/ILW and one deep geological disposal for fuel/HLW are
assumed
• Two near surface disposals for LLW/ILW and two deep geological disposals for fuel/HLW
(Slovenia and Croatia) are assumed for sensitivity analysis purposes
The amount of labor necessary for decommissioning and dismantling of the plant is calculated
wiht the STILLKO 2 code for each working package. On the basis of the assumed local
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radiation levels, the required number of personnel in the controlled area and the required
duration, the total exposure to radiation of the personnel is determined.
RESULTS
Based on the definitions of strategies and scenarios, using the STILLKO 2 code, the costs for
the three decommissioning strategies are calculated as absolute values (Table 2). For all three
strategies the cost for planning and construction of the final repository is estimated to be 293
MioDM and the post-operational fuel handling cost 152.8 MioDM.

Table 2: Main Results

Total cost
Cost in the POP
except fuel
LL-IL-Waste repository: planning,
construction and operation cost
Melting facility: planning, construction
and operation cost
Waste management LLW/ILW
including decay storage
Decommissioning cost
Duration of decom. activities
Total duration including storage
Man-power of decommissioning
activities (except External Preparation for final disposal)
Expected occupational exposurefor decommissioning activities

Immediate
Dismantling295.0 MioDM

Later
Dismantling
339.0 MioDM

244.5 MioDM

74.0 MioDM

74.0 MioDM

74.0 MioDM

71.0 MioDM

71.0 MioDM

71.0 MioDM

12.2 MioDM

12.2 MioDM

12.2 MioDM

49.1 MioDM
88.7 MioDM
13.75 year
95.5 year

22.7 MioDM
159.1 MioDM
6.4 year
96 year

8.2 MioDM
79.1 MioDM
10.4 vear
163.7 year

5075 man-year

5258 man-year

4178 man-year

8.2 Sv

2.4 Sv

2.7 Sv

Entombment

The results of the mass distribution with respect to the individual decommissioning strategies
have shown that the radioactive LWILwastes are in each case less than 4% of the total mass.
Related to the radiological and safety aspects the- following advantages are given:
- The surveillance and the supervision of the decay storage in the SID is more reliable than the
entombed concrete block in the SET. The safe enclosure period generates the highest expenses
because the building structures, the systems and components remain in the original state and
have to be maintained.
- All decay storage periods can be terminated if technical, economic or political requirements
are satisfied. In such a case the expenses of the SID decay storage are the lowest because only
the stored components have to be removed. The termination of the safe enclosure period and
of the entombment period resuts in additional expenses and the advantage of this strategy
(using the nuclear decay) is lost.
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- The highest expected occupational exposure for the personnel is observed with the SID and
the lowest with the SLD.
Risks in Costs and Sensitivity Analyses
The cost calculation for the decommissioning of the NPP Krsko is based on some assumptions
for the decommissioning strategy and the decommissioning scenarios. Since the project is far
away in the future it is probable that the designed conditions do not occur in the supposed
form. For the most important assumptions the risks in cost are shown in Table 3. below:

Table 3: Risks in costs
Risk Factor

Assumptions

Temporary storage of fuel
Two fuel repositories (Slo/Cro)

100 Castor Casks,20 years storage
60% of calculated costs for one
repository and then doubled for two
separate repositories:
- planning: from 57 to 68,4 MioDM
- construction: from 220 to
264 MioDM
- operation: from 16 to 19,2 MioDM
- total: from 293 to 351,6 MtoDM
Temporary storage of LL-/lL-waste Planning, construction and operation
80% of calculated costs for one reTwo repositories (Slo/Cro)
pository and then doubled for two
separate repositories:
- planning: from 14 to 22,4 MioDM
- construction: from 50 to 80 MioDM
- operation: from 7 to 11,2 MioDM
- total: from 71 to 113,6 MioDM
Contingency in fuel disposal cost
+ 50 % of total costs (293 MioDM)
Contingency in LL-/IL-waste
disposal cost
Longer decay storage period
Longer safe enclosure period
Recycling not possible after decay
storage period
Wages

Additional
Cost
225 MioDM
59 MioDM

12 MioDM
43 MioDM

+ 50% of total costs (71 MioDM)

146,5
MioDM
35,5 MioDM

Increase from 80 to 120 years
Increase from 80 to 120 years
Disposal as low level waste

16 MioDM
8 MioDM
0.8 MioDM

10% increase

5.8-8.5
MioDM

The above mentioned possible risks in the estimated costs give a good example of how
important the boundary conditions of a decommissioning project relating to the costs are. The
sensitivity analyses are considering the cost categories with the strongest influence on the
decommissioning costs.
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From this point of view it is recognizable that the decision about a final repository is the m
important factor. It is necessary to decide about this point as early as possible to minimize th#>
elements of uncertainty relating to (order of list has no reference to importance), e.g. number
of repositories, type and size of the repository, necessary cutting of dismantled components
casks and containers, radioactive inventory of casks and containers, dose rates at surfaces of
parts to be disposed off (e.g. containers or complete components, other acceptance
requirements of the repository).
CONCLUSIONS
In this study three strategies for the decommissioning of the NPP Krsko are deiV.ed and
described. The feasibility based on the state-of-the-art knowledge is shown for all i-.ree
strategies. The final recommendation of an optimal strategy takes into the account the
following criteria:
• Radiological and safety aspects,
• Costs and economic aspects and
• Political aspects.
All calculated strategies and scenarios are optimized to minimize radioactive waste generation.
This will be provided by using mechanical cutting techniques to avoid aerosols, using only
mechanical decontamination techniques to avoid acids and other agents as liquid secondary
waste, dismantling of complete components as large as possible, utilizing the decay of the
radionuclides before the components are disposed. The costs and economic aspects are
discussed relating to manpower, duration, social effects and site aspects.
Taking into account the total costs and the total manpower there are no big differences in the
results. But in the SID and in the SET the finances are needed earlier than in the SLD strategy
In the SID and SET the decommissioning activities are carried out by the NEK personnel using
the experience and the procedures of the former operation. So the staff of the NPP Krsko
could be employed for a period of more than 15 years after the final shut-down. The Krsko site
is useable earliest in the SID and the SET except the waste storage building or the remaining
entombment concrete block. The operating costs of the safe enclosure period are the highest of
all three strategies. Additional risk in the operating costs is assumed if more maintenance
activities would be necessary.
Based on the calculation results of this study one repository for all wastes (fuel/HLW and
LLW/ILW) is recommended to be available prior to the commencement date of
decommissioning of NPP Krsko.
FINALLY, TAKING INTO CONSIDERATION ALL THE ABOVE MENTIONED
BOUNDARY CONDITIONS IMMEDIATE DISMANTLING STRATEGY SEEMS TO
BE THE MOST FEASIBLE OPTION FOR THE NPP KRSKO DECOMMISSIONING.
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Abstract
Safety studies related to the disposal of low- and intermediate waste iiulieak- iluil the long term risk is
determined by the presence of long-lived nuclides such as M C, 59Ni, r>3Niv '''iv, 1 ; j | a n ( | t n c transuranium
elements.
As most of these nuclides are difficult to measure, the correlation between (licsc u ideal nuclides and some
other easily measurable key nuclides such as 60Co and l37 Cs has been inveslij-.jiiod r o , | V pj c;i i w a s t e streams of
Paks Nuclear Power Plant (Hungary) and scaling factors have been proposed.
An automated gamma-scanning monitor has been purchased and calibrated to (U-tonninc (he Ramma-emiUing
radionuclides.
Radiochemical methods have been developed to determine significant difficuli-io maisiuc raclionuclides
The radionuclides of interest have been 3H, UC, 90Sr, 55Fe, 59Ni, "Tc, 1291 and TUll.s. T|, c nicasurcmenls lakcn
so far have revealed brand new information and data on radiological composition u r waste of WWER-tvpe
reactors.
The reliability of the radioanalyitical methods was checked by an international lutcrcouiparison lest For all
radionuclides the Hungarian results were in the average range of the total data sot

Key words: scaling technique, scaling factor, radioactive waste, dilliaili-to-measure
radionuclides, key nuclides, waste assay system, radiochetnicjil method
Introduction
The majority of the radioactive waste that is generated in \ lungary arises from the
operation of Paks Nuclear Power Plant which provides more than 40° ,> of electricity consumed
in Hungary. Paks NPP produces yearly 200-250 m3 of evaporator concentrates 0 6 m3 of spent
ion exchange resin, 2 nv of miscellaneous active liquid waste mul less than 100 m3 of
compacted solid waste.
Final disposal of this low and intermediate level (LLW/1LVV) uuiionctive waste have to
meet certain requirements of regulations. One of this is the estimation of the radionuclide
inventory.
The safety studies concerning the final disposal of LLW/UAV take into consideration a
series of radionuclides, many of which being long-lived. As they may b e present in significant
quantities in the waste packages, these are therefore important for the lorn* term safety of the
disposal facility.
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Radiological waste characterisation means the identification of radionuclides contained in
a package of low level waste and the determination of their concentration. The waste has to be
characterised in order to determine its classification. In many cases the classification scheme
depends on the concentrations of short-lived and long-lived nuclides in the waste. The
allowable concentrations are defined m terms of exposure limits derived from dose limits that a
member of the public could receive on annual basis from a LLW/ILW disposal site. Therefore
accurate classification of LLW is essential to determine whether a waste package is suitable for
near-surface disposal.
The problem the waste producers have to cope with comes from the fact that those
nuclides which are mainly (pure) beta or alpha emitters cannot be measured by direct methods
such as gamma scanning. Their determination involves sophisticated radiochemical techniques
which are difficult to implement by a producer on a routine basis.
In waste packages produced by a nuclear power reactor, those radionuclides currently
called ,,critical nuclides" may be either fission products from the nuclear fuel such as 90Sr, 99Tc,
134
Cs, 137Cs, 129I or activation products, i.e. 3H, 14C, 54Mn, 55Fe, 59Ni, 60Co, 63Ni, 94Nb and
transuranic nuclides i.e. 241Am, 242Cm, 244Cm, U and Pu isotopes.
The specification of the radionuclide inventory can either be achieved by destructive or
non-destructive assay (NDA) methods such as segmented gamma scanning or tomography.
Since destructive methods require reopening of containers and also time consuming
drilling within their contents the NDA is generally the more preferred method.
Since several of the radionuctides considered significant are not gamma-emitting
isotopes, consequently are not easily measured by routine techniques employed at most nuclear
plants they are termed ,,difficult to measure" (DTM). To estimate the concentrations of DTM
nuclides indirect measurement methods are proposed and used. The method most commonly
•used by utilities is application of scaling factors (SF). This method for the determination of
those nuclides in the waste streams produced by a nuclear power reactor consists of applying
correlation factors between those critical nuclides and so called key nuclides, which can be
easily measured and are representative for occurrence of activation products (60Co) and fission
products (137Cs) in the waste streams.
Monitoring program
In order to determine the concentration of the most important activation product 60Co
and fission product 137Cs as well as other gamma-emitting radionuclides a waste assay system
was bought from the Canberra-Packard Company (Ormai 1996). This segmented gamma
scanning system has been set up to measure the gamma emitting nuclides in 200 litre low level
waste drums following in-drum compaction.
Between 1989 and 1995 altogether 280 drums have been classified with the waste assay
system. The radioactive wastes generated in the plant site during this period amounted 3120
drums with the following distribution:
• 2195 drums of compacted waste material (70.4 %),
•
559 drums of non-compacted waste (17.9 %),
• 366 drums of solidified sludge (soaked up in prilled diatomaceous earth) (11.7 %)
The distribution of isotopes obtained by the waste assay system is given in Fig. 1.
It seems quite clear that there are 3 dominating isotopes in the waste drums. UOmAg,
54
Mn and 60Co isotopes are the most characteristic components of the waste, both for their
frequency of occurrence and activity.
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Fig. 1. Distribution of isotopes for one drum derived from the measurements of the 226 drum
Radiochemical analysis program
Sample preparation techniques and measurement methods have been selected and used
to determine the long-lived non-gamma emitting radionuclides, mainly those listed in the US
regulatory document (10CFR61). The radionuclides of interest have been 3H, 14C, 90Sr, 55Fe,
59
Ni, "Tc, 129I and TRUs. Newly developed or adopted methods have been tested on real
liquid radwaste streams such as concentrates, ion-exchange resin and sludge. (Hertelendi et al.
1995, Gresits et al. 1996, Veres et al. 1995, Vajda et al 1992). Summary of the activity
concentrations in real waste samples are given in Fig. 2.
The reliability and accuracy of the scaling factor calculations depends to a great extent
on the reliability and accuracy of the radiochemical procedures and activity concentration
measurement of DTM nuclides. Therefore Hungarian laboratories participated in an
intercomparison test in the framework of a CEC-PECO N° FI 2W-0034-0109 project. The real
waste samples (1 resin, 1 evaporate concentrate sample from a German PWR) were provided
by the Jiilich research centre (KFA) and distributed to CEA Cadarache, CIEMAT Madrid,
KFA Jiilich, SCK/CEN Mol and the three participating laboratories from Hungary. The
evaluation of the measurement results of all participants was performed by GRS1.
Table 1. gives the results of Hungarian laboratories and averages of the measurements
made by all participants. The measurement results allow us the following conclusions:
— Appropriate analytical methods were developed for measurement of DTM nuclides in real
waste samples.
— For all radionuclides the Hungarian results were in the average range of the total data set.
— Detection limits and accuracy of measurements were well below those necessary to fulfil the
requirements for activity declarations.

1

GRS - Gesellschafl fur Anlagen- und Reaklorsiclierheit mbH
CEA - Commissariat a 1'energie atomique
CIEMAT - Centro de Investigaciones Energeticas, Medio Ambientales y Technologicas
KFA Jiilich - Kernforschungsanlage Jtilich
CEN/ SCK - Centre d'etude de 1'energie nucleaire /Studicentrum voor Kernenergie
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Table 1. Comparison of Hungarian results with the average activity concentrations obtained by
all participants of the international intercomparison test (Gens et af. 1996)
Resin (Bq/g wet resin)

Radionuclide

Hungarian labs

Average

Hungarian labs

Average

2100
2500
1470

2130
3350
3060

84

65

307000
—

316000
1050

1

1

0.21
46900
322000

127
24.4
1810
2.51
19400
2.77
5.04
0.062
29.9

11.9
7.78

0.21
55800
311000
0.0298
0.00093
0.0984
13.2
12.7

140
6.4
1310
2.51
13100
1.79
0.072
0.062

—

387

0.281
0.311
.—

16.8
0.28
8.58

19.7
0.304
9.83

0.436
0.037
0.147

3

H

14C

S5

Fe
Ni
60
Co
90
Sr
"Tc
59

,29j
134

Cs
Cs
234
U
235
u
238

137

•

u

238p u
239

Evaporate concentrate (Bq/ml)

Pu+ 2 4 0 Pu.
241
Pu
241
Am
242
Cm

243/244 C m

—
—
—

•

—
155
—
—
—

225

0.00292
0.00006
0.002
0.24
0.307
13.9
0.492
0.0309
0.161

Correlation studies
The number of activity measurements of DTM nuclides and key nuclides are shown in
Table 2. For the evaluation of the data we applied a mathematical method which correlates the
measurement results of radiologically relevant radionuclides which are hard to measure with
those of easy measurable so called key nuclides. The method relies on a statistical regression
analysis of the logarithms of the measurement data giving a relation of the following type
(Mulleretal, 1996):
with
activity concentration of radiologically relevant nuclide to be determined
activity concentration of key nuclide
proportionality constant
b regression coefficient
The statistical quality of a correlation of this type is characterised by the correlation
coefficient R which can vary between -1 and 1.
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Table 2. Isotopes measured in evaporator concentrates and resins of Paks NPP
Number of samples

Radionuclide
3

H

Evaporator concentrate

Resin
6
45

C

18
22

55

Fe

40

8

59

Ni

40
—

8

14

63

Ni

90

Sr

4

40
11

6

129j

39

8

234

U

17

6

235

U

17

6

17

6

33

6

"Tc

238

u
240

4

239

Pu+

241

Arn+ 238 Pu

33

6

244

Cm

33

6

Pu

54

Mn

129

33

58

Co

129

32

60

Co

145

37

129

33

11Om

Ag

124

Sb

129

23

134

Cs

145

30

137

Cs

145

34

Although the relation between radiologically relevant and key nuclides in many cases is
non-linear (b^l), in this study we neglected the non-linearity (b=l). The distribution of the data
was lognormal and the range of the measurement results scattered over several orders of
magnitude. The evaluation of data was performed by a home-made computer code which
incorporated the described statistical method. The code in addition calculates an upper bound
for the correlation which has been chosen to cover 95% of the measurement results.
Since there is no implicit statistical criteria for the acceptability of a correlation
determined in this way a choice had to be made which was based on an empirical approach.
The ratio of the proportionality constant a to its upper bound am describes the scatter of the
data. If the correlation coefficient R is above 0.7 and the scatter of the data is limited to less
than two order of magnitude, the correlation is considered acceptable without further
restrictions. A correlation coefficient R between 0.5 and 0.7 is an indication for an acceptable
correlation but has to be checked e.g. for subsets which may develop individual correlations. If
not and if the scatter is within the same limits as before, the correlation is accepted. In all other
cases no meaningful application of the correlations is foreseen. This concept of acceptability
was taken from Muller et al. (1996).
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Based on these methods and criteria all available data were evaluated with 60Co and l37Cs
as key nuclides. Other possible key nuclides were checked but dismissed as they were either
not easily measurable on a real waste container or too low in concentration to be detected in
the majority of the waste to be declared.
Table 3. shows the determined correlations according to the acceptance criteria above
(am/a<100, 0.7<R<1.0) for operational waste of Paks NPP. For most of the radionuclides,
whose measurement results allow an evaluation, acceptable correlations were achieved. In
some cases acceptable correlations were even found to both key nuclides.
Table 3. Scaling factors obtained for evaporator concentrates and used ion exchange resins of
Paks NPP

Scaling factors
Evaporator concentrate

Resin

Activation products
14

C/0Co
"Fe/^Co
"Ni^Co

•Wco

3.65xlO"2
l.SxlO1
4xlO'2
—

(22)
(40)
(40)

2.7x10"'
1.52xlO2
3.9xl0"

2
4

l.SxlO"

(45)
(8)

(8)
(4)

Fission products
90
99

Sr/ I37 Cs
Tc/

129

I/

I37

137

Cs

Cs

7xlO'4
2.4x10'5

(40)

6

5.3xlO"

(11)
(39)

3xlO-6
1.3x10-*
6xlO'7
lxlO' 6

(33)
(33)
(17)
(17)

1.3xl0"5
6

1.6xlO"

(8)
(8)

TRU

—Pu/»Co
239 + 240p u/ 137 Cs

^VCo
^U/^Co

3x10°
6

l.lxlO'
4.1 xlO'6
8.6 xlO'6

(6)
(6)
(6)
(6)

0 number of analysed samples
Conclusion
Scaling factors for DTM nuclides can be derived with acceptable correlation from
samples collected annually from the waste stream, sent to an off-site analytical laboratory for
radichemical analysis and measurement of the radionuclides. The method of deriving SF is
vulnerable to problems with sampling representatives, analytical detection limits and an
inability to account for changing plant conditions which may shift the radionuclide ratios.
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DECOMMISSIONING OF THE ZIROVSKI VRH URANIUM MILL
Igor Zabukovec*, Zmago Logar**, Stanko Arh***
IBE Consulting Engineers, d.d., Hajdrihova 4, 1000 Ljubljana, Slovenia
Rudnik Zirovski vrh, p.o., Todraz 1, 4224 Gorenja vas, Slovenia
Ministry of Environment and Physical Planning - Slovenian Nuclear Safety Administration, Vojkova 59,
1000 Ljubljana, Slovenia

First of the interventions, which will ensure beginning of the permanent closure of uranium
ore exploitation and prevent the consequences of mining in the Zirovski Vrh Uranium Mine,
abandoned according to the law from July 1992, will be soon realized. After obtaining the
location permit for dismantling the equipment, foundations and installations in four main
buildings of the uranium mill, current procedures are carried out in order to obtain the
permission for performing the mentioned activities and to make contracts with acting
organizations. Those buildings contain sources of radiation, which were considered within the
legal procedures and design of technical documentation. Instructions for decontamination
and protection against radiation, both issued with those projects, highly contribute to the
Slovenian experience in the field of practical management of radiation sources. Additional
requirement, which enters difference between decommissioning of similar mills worldwide
and the one mentioned, is preservation of buildings in order to change their purpose.

1.

INTRODUCTION

Rudnik Zirovski Vrh (RZV) has been state owned enterprise since 1992, with main task to
perform decommissioning of the former uranium mine and mill at Zirovski Vrh, a hill nearby
the small village of Todraz, Slovenia. Uranium ore has been explored in the Zirovski Vrh
mining area from 1960 and exploited from 1982 to 1990. Production of yellow cake ceased
entirely in 1991. During the operation of the mine and mill about 620.000 tons of ore with the
average content 0,84 kg \}^O% per tone of ore was processed and 452 tons of uranium oxide
were produced.
In the year 1992, a project entitled "The program on the uranium ore exploitation close-out
and prevention of mining consequences in the Zirovski Vrh Uranium Mine" [1] was started by
the IBE, Consulting Engineers, Ljubljana. The Program covers all aspects of decommissioning
and was accepted by the Government of Slovenia in 1994.
In general there are three different areas at the Zirovski Vrh to be rehabilitated: the mine, the
mill and the waste disposal sites. In the mentioned Program those areas were separately
evaluated as sub-projects:
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• project for permanent closure of the uranium ore exploitation facilities (mine),
• project for cessation of the yellow cake production plant (mill), with permanent
environmental protection against the consequences of the yellow cake production,
• project for restoration of the waste disposal sites (mine waste piles and mill tailings pile),
• permanent environmental protection against the consequences of disposal and storage with
long term environmental monitoring and health control after restoration of the site.
Requested activities started with delay in 1995. The rehabilitation dynamics will depend on
available funds (state budget). Some decommissioning work has been done already i.e.:
• mine pit has been conserved and sealed,
• mill tailings disposal site has been stabilized with building the underground water drainage
tunnel. Dewatering stops the earth slide of entire pile,
• mine waste disposal site has been covered with the covering layer,
• all process materials were removed from the production process and partial dismantling and
decontamination of equipment has been done in the mill.

2.

DECOMMISSIONING OF THE URANIUM MILL

Current activities are focused on decommissioning of the four main buildings of the mill. The
process for obtaining the location permit was completed. Next step was elaboration of detailed
construction project for decommissioning. This project [2], prepared by the IBE, Consulting
Engineers, Ljubljana is at the moment in the process of obtaining the permission for
performing the decommissioning activities.
The objectives of decommissioning of some buildings of the mill, i.e.: crushed ore silos, main
process building, solvent extraction and temporal disposal of the mill tailings with truck loading
site, are as follows:
• to dismantle process equipment and installations from particular buildings and perform
decontamination according to the purpose (free use, restricted use, disposal in the mine or
in the disposal site, permanent storage),
• to demolish approx. 50% of floors, all equipment foundations, two buildings and to dispose
ruins on the waste rock pile,
• to clean and decontaminate buildings, which have to be ready for unrestricted use, what will
be confirmed by the authorized measurements.
The consequence of the yellow cake production is radioactive contamination of working areas,
i.e.: devices, vessels, equipment, installations, walls and floors. Surface is contaminated by
natural uranium and radionuclides of the uranium decay chain.
Decontamination will proceed from high contaminated areas to less contaminated areas. The
decontamination of equipment and other materials except building ruins will be performed wet
- with water or steam, and dry - with mechanical means. Built structures will be mechanically
cleaned and washed. If necessary, mechanical removal of contaminated areas or buildings will
Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996
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follow. Appropriate radiological measurements will evaluate and prove the remaining
contamination.
During the decommissioning the fulfillment of all required and regulated conditions for
preventing influence on public and environment shall be assured. The decontamination is
designed to minimize the radiation exposure of workers and environment. Effective doses have
to be below the required values given in the location permit. The decommissioning should not
increase harmful effects in the environment. In the radiological - safety sense the performed
activities shall enable unrestricted further use of the remaining buildings for the needs of
substitutive activity, which will be determined subsequently.

3.

DISMANTLING

All location concerning methods of demolition are feasible, except use of explosive means.
Project anticipates demolition from the ground, landings or scaffolds, placed around particular
larger element of equipment or building.
At the begining disconnection or reset of electrical installation is performed. Then follows
removal of all foreseen electrical installation and equipment. Afterwards dismantling of process
equipment and all installation is in process. Last to be performed are construction works, which
comprise demolition of all equipment foundations, some floors and two objects (crushed ore
silos and temporal disposal of the mill tailings with truck loading site).
The quantity of electrical and process equipment, installations, cables and steel constructions
amounts to approx. 825 t. Majority of equipment is made of metals. Other materials are rubber,
plastics, reinforced polyester, high density polyethylene and insulated cables. Above all,
equipment made of reinforced polyester or that layered with rubber/plastics could not be
economically decontaminated due to the absorbed contaminants.
Technologies, appropriate for dismantling of equipment and installation are:
• unscrewing,
• cutting/sawing,
• shearing/pinching.
Open fire is permitted, therefore the oxygen cutting and cutting with abrasive cutters could be
used also.
After performed technical operations construction works proceed. Some technologies used for
dismantling of build structures are:
•
•
•
•

manual pneumatic hammer,
machine mounted hydraulic hammer,
circular diamond or carbide saw,
crane mounted wrecking ball,
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• demolition compounds.
Dismantling must be performed under control and with respect of requirements for protection,
regulated with: Report on safety at work, Report on radiation protection or instructions of
RZV Radiation Protection Service and Fire Safety Report. Listed reports are included in the
technical documentation, prepared for obtaining the building permit.
Contaminated materials and demolition debris are sorted at the control point. They are
classified into groups, which are transported either to the decontamination site or to the
appropriate disposal site. Decontamination site is fenced and located on the mill plateau.
Debris and residuals, classified upon particular material, which need to be permanently
deposited are cut and loaded into metal containers. Containers are made of reinforcing mesh,
with dimensions 1,0 x 1,0 x 2,0 m. The same dimensions have containers for bulk material.
The mass of full loaded container should not exceed 4,5 t. Dimensions and mass are
conditioned with method of permanent disposal and use of transportation means.
Containers and material for permanent disposal are temporarily stored in the covered and
fenced building for temporal disposal of mill tailings, which is equipped with water collecting
system. The quantity of temporarily stored material is estimated to be approx. 400 m3 of
equipment debris and approx. 500 m3 of demolished building residuals. The building itself is
protected from 3 sides with walls, that prevents dust spreading with wind. The material will be
stored here up to the final decision about permanent disposal.
A responsible manager has to ensure control over transportation of dangerous substances,
contaminated or decontaminated materials, working machines and transportation means inside
or outside the mill area with special instructions. Furthermore, in the case of carrying material
out of the mill area for further unrestricted use he has to issue a permit. The permit is based on
measured contamination and decontamination certificate. Hollow objects, in which could be,
according to the place of use, uranium layers, should not be taken out of the mill, despite the
fulfillment of particular criteria.
With demolition, decontamination, classification, cutting of all sorts of materials on prescribed
dimensions and weight, loading into containers and transportation to the temporal disposal
within the mill area the decommissioning is finished.

4.

DECONTAMINATION

Proposed methods of decontamination are:
• rough contamination removal by shawls,
•
•
•
•

water washing (pressure 7 - 1 5 0 bar),
steam washing (pressure 7 - 1 5 0 bar),
dry vacuum cleaning,
mechanical grinding of small areas,
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• sand blasting,
• demolition,
• use of Hquiants.
The decontamination of the uranium ore processing plant will be implemented in two phases.
The first phase is rough decontamination, performed when the equipment is still on site. Beside
the equipment also internal areas of buildings (floors and walls) will be decontaminated.
The first phase of decontamination is followed by transportation of residuals to the control
point where appropriate radiological measurements are performed to determine and approve
the degree of decontamination. Debris and residuals are sorted into four groups, considering
the remaining contamination:
• group (I) for unrestricted use has to meet the following criteria:
- Gamma dose rate (contact)
- Alpha surface contamination (fixed contamination)
- Beta surface contamination (fixed contamination)

<0,5 u^y/h
<4 Bq/100 cm2
<40 Bq/100 cm2

• group (II) for secondary raw material and recycling has to meet the following criteria:
- Gamma dose rate (contact)
- Alpha surface contamination (fixed contamination)
- Beta surface contamination (fixed contamination)

<2,5 |iGy/h
<40 Bq/100 cm2
<400 Bq/100 cm2

• group (III) equipment to be sorted for further decontamination procedure or is considered
as contaminated:
- Gamma dose rate (contact)
- Alpha surface contamination (fixed contamination)
- Beta surface contamination (fixed contamination)

>2,5 uGy/h
>40 Bq/100 cm2
>400 Bq/100 cm2

The Regulatory Authority sets the following limits for the decommissioned buildings:
- Gamma dose rate (contact)
- Alpha surface contamination (fixed contamination)
- Beta surface contamination (fixed contamination)
- Indoor Radon gas concentrations, at work places

<0,2 uGy/h
<4 Bq/100 cm2
<40 Bq/100 cm'
<250 Bq/m3

The above stated limits for group (I) are determined by Regulation on Limits of Radioactivity
of the Environment and for Decontamination [3]. Upper limits for group (II) are from
Strahlenschutzkommission Recommendations [4], Germany.
The second phase of decontamination will be performed if sorting requirements have not been
reached i.e. if market value of particular item bears further procedures.
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f contractor who will overtake the decommissioning will have to take care of adequate
rk organization with piece materials (no different groups mixing), material balance and flow
material (when and where).

OCCUPATIONAL RADIATION EXPOSURES
iRadiation protection, health and safety programmes for decommissioning mill facility are
ijesigned to protect workers, the nearby public, and the environment. These programs are
Ijjased on the same base principles which are routinely used to implement similar programs at
Inuclear facilities.
%?;•

tin order to reduce risks from exposure to radiological hazards during dismantling of structures
rand cleanup of the sites, dust control, air and water sampling, worker radiation monitoring, and
ft traffic control system should be continued until the site is remediated.

I
v

•Radiation risk during decommissioning results from exposure to external gamma radiation, to
airborne radon and short-lived radon daughters, to long-lived alpha emitters in the form of
uranium dust and ore dust. Inhalation is generally the most important route of exposure.
Ingestion has only a potential importance at an accident.
An assessment of effective doses for workers during decommissioning of the mill has been
done. Calculations are based on the following presumptions:
1. a working day lasts eight hours
2. an average breathing rate is 1.2 mVh
3. an activity median aerodynamic diameter of aerosol particles is 1 mm
4. the airborne dust concentration at working place is equal to derived air concentration
(DAC) and is constant all the time during decommissioning (conservative approach). DAC
for uranium dust (natural mixture of isotopes) is equal to 0.61 Bq/m3. This is a limit value
for DAC for uranium recommended in ICRP Publication 30 [5]. The concentration for ore
dust and for uranium mill tailings dust should be lower than 0,139 mg/m3. The value is
calculated from the limits for SiO2 dust in the air with the assumption the ore of the _irovski
vrh uranium mine contains 70% SiO2.
5. external gamma radiation is equal to the mean value measured in a particular building.
Background is not subtracted (conservative approach).
6. radon concentration, CR,,, is equal to 100 Bq/m3 all the time (conservative approach). The
value is based on long-term measurements in the closed buildings of the mill. The
equilibrium factor, F, is 0.4.
7- the time of exposure during the decommissioning is taken from the Project for the
decommissioning of the Zirovski vrh uranium mine.
The effective dose from external radiation, H E, g.ima, is calculated according to the following
formula:
HEigama = 0.7 S v / G y x D x t
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where D is the absorbed dose, t is the time of exposure during the decommissioning, and 0 7 '
a conversion coefficient taken from UNSCEAR 1993 [6].
The effective equivalent dose from inhalation of the radon daughters, HE, I
expression:

is given by the

HE Rno = CR,, x F x t x 10 mSv/WLM/(3700 Bq/m3 AVLM x 168 h)
where CRH is the concentration of radon, F is the equilibrium factor and t is the duration of
inhalation.
The effective dose from the inhalation of the radioactive dust is calculated according to the
formula:
H E) j= Aj xe(g)j
where Aj is the activity of a radionuclide j , and e(g)j is the committed effective dose per unit
intake by ingestion for radionuclide j as it is proposed in BSS-96 [7]. The airborne dust
contains long-lived radionuclides from the ^ U and 235U uranium series. For the purpose of
radiation protection and from the view point of internal contamination 238U, 234U, 230Th, 226Ra,
210
Pb, Po are significant.
The total effective dose calculated for a worker exposed during a working day (eight hours) at
different activities in different buildings is given in Table 1. The most exposed working places
are in the building 302 in the area No. 36, where uranium concentrate was processed, and in
the building 303 for solvent extraction. Inhalation of the uranium dust represents the main
contribution to the total effective dose in these areas.
Table 1: Total exposure calculated for a worker exposed during a working day (in /JSV)
building 301

building 302

building 303

building 313

activity
rough
decontamination
electrical a.
technical, a.
construction
work
control point

no area 36

in area 36

5.96

8.16

60.3

57.0

9.1

5.96
5.96
0.81

8.16
8.16
8.16

60.3
60.3
60.3

57.0
57.0
57.0

9.1
9.1
9.1

0.81

0.81

0.81

0.81

0.81

The calculated total effective doses during the whole time of decommissioning for different
activities in different buildings are shown in Table 2. Higher doses are calculated for workers at
technical operations (dismantling the equipment) and at construction (demolish floors and
buildings). The main reason is a longer duration of the activities. During the normal work
through all the time of decommissioning of the mill no one could get an effective dose higher
than 2.6 mSv.
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Table 2: The total effective dose during the whole time of decommissioning (in juSv)
building 301

building 302

building 303 building 313

total

activity
no area 36

in area 36

rough
decontamination

11.9

24.5

60.3

57

9.1

162

electrical a.

65.6

54.6

1190

59.6

1596

45.5

2403

construction
work

19.4

181
302
603

627

technical, a.

261
400
310

1368

328

2628

control point

31.6

132

14.6

57.0

29.2

265

The effective dose for a worker who will work 2000 hours per year in the former uranium mill
after finishing decommission was also calculated. The conservative approach gives the effective
dose of 0.26 mSv per year, which is less than the annual limit for public exposure (1 mSv). It
means that areas could be used without any restrictions.

6.

CONCLUSION

General goal of the mill decommissioning project is to minimise, to the lowest reasonable
scope radiological and chemical long-term effects to the environment. The major objective is
decontamination of mill sites, buildings and equipment in a way, which will enable reuse and
proper permanent disposal of debris. However, it is expected, that the effective dose for a
workers will not exceed the annual limit for public exposure. Together with future activities
which will cope with the decommissioning of the mine pit and disposal sites, entire area of
former uranium mine will be rehabilitated.
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Degradation of Steam Generator Tubes in Krsko NPP:
Recent Status and Trends

L.Cizelj, T.Dvorsek
Reactor Engineering Division, "J.Stefan" Institute
Ljubljana, Slovenia

ABSTRACT
In recent years, much data and experience concerning the degradation of SG tubes accumulated. Because of
regular full length inspection of all active tubes in steam generators, a huge amount of inspection records is now
available. A computerized database was developed by Reactor Engineering division to accelerate the management of
about 100.000 records. Initially, the data base was designed to support the development and decisions related to the
plugging criteria for damaged tubes.
In this paper, two prevailing groups of data are statistically analyzed: (1) the axial cracks in expansion transitions
and (2) ODSCC at tube support plates. Both of them caused a vast majority of repaired tubes (e.g., plugs and sleeves).
The main results of die analysis include the trends in number of defects, distribution of defect sizes, defect progression
(growth) and expected life of a detected defect.
Based on the results of statistical analysis, some predictions are given concerning the remaining lifetime of the
steam generators. Those predictions may contribute to the optimum performance of the plant until the replacement of
steam generators.

1

INTRODUCTION

In recent years, the degradation mechanisms encountered in steam generator (SG) tubes made
of Inconel-600 triggered large inspections efforts in nuclear power plants (NPP) worldwide [1]. KrSko
NPP practices full length inspection of all tubes by standard bobbin coil since 1987. In addition, all
expansion transitions are inspected by motorized rotating pancake coil (MRPC) since 1992.
More than 100.000 records of inspection results accumulated in nearly 11 effective full power
years (EFPY) of steam generator operation. A computerized data base was developed by Reactor
engineering division of "J.Stefan" Institute to support (he maintenance of steam generators. This data
base was also used for the analysis presented in this paper.
The major degradation mechanisms that caused the repair of lubes are comparatively shown in
Figure 1. More than 75% of tubes repaired during die entire lifetime of the steam generators and more
than 95% of repairs during the 1996 outage are attributed to only two degradation mechanisms:
•
axial stress corrosion cracking at (lie expansion transitions at the top of the tube sheet (TTS) and
outside diameter stress corrosion cracking (ODSCC) at the tube support plate (TSP)
intersections.
It is therefore assumed that those two mechanisms govern the remaining life of the steam generators.
Oilier degradation mechanisms are expected to cause a negligible number of repaired tubes before the
replacement of steam generators that is tentatively scheduled for 2000. However, other degradation
mechanisms used to be important cause of tube repair resulting in about 15% (SG #1) and 25% (SG
#2) of the currently repaired lubes.
The main goal of this paper is to predict the trends of the degradation until the replacement of
steam generators. Both prevailing degradation mechanisms were analyzed statistically to achieve this
goal. Selected results are presented in this paper.
"'
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Cumulative repair (including 1996)
TTS pig (6.96%)
H a k
'

.

other pig (24.54%)

SG#2
TTS pig (2.22%)
TTS slv (16.71%)

•TTS slv (20.41%)

TSP slv (24.28%)

TSP pig (32.25%)

TSP pig (49.23%)

Repair in 1996
other pig (3.03%)

other pig (1.25%)
TTS pig (3.03%)

TTS pig (0.00%)
•TTS slv (17.50%)

TSP slv (24.24%)
TTS slv (30.30%)

TSP slv (56.25%)

TSP pig (25.00%)

TSP pig (39.39%)

Figure 1

2

Types of defects causing repair of tubes

AXIAL CRACKS IN EXPANSION TRANSITIONS

Axial cracks in expansion transitions are caused mainly by joint effects of high residual stresses
and chemical influence by cither primary/secondary coolant or deposits in crevices, especially between
sludge on the top of the tube sheet and tubes. Since 1992, a routine measurement of crack lengths is
performed in Krs"ko nuclear power plant (NPP) to verify the structural integrity of cracked tubes. A
criterion for the repair of degraded tubes is based on the allowable length of an axial crack.
Data on crack lengths has been effectively obtained through three different procedures:
•
special revaluation of MRPC records obtained during outages 1986, 87, 88 and 89. Crack
lengths were reported with resolution of 0.1 mm ([2] and references therein).
routine inspection of 5% of tubes in 1990 and 100% of tubes in 1992 and 1993. Crack lengths
were measured manually and reported with resolution of 1 mm ([3] and references therein).
•
routine inspection of 100% of tubes in 1994, 95 and 96. Crack lengths were measured
automatically and reported with resolution of 1 mm.
The group of data obtained in 1994, 95 and 96 is the most homogenous group available and is
analyzed in some detail below. Data from other inspections ([2], [3]) is only used for illustrative
purposes.

2.1 History of detected defects
The effect of a 100% inspection is clearly shown in Figure 2. The 100% inspection started in
1992 and revealed a rather high number of tubes with cracks as compared with the population known
from previous inspections. Since 1992, a stable and moderate increase in the number of known cracks
is observed (see also Table 1).
Nucl'ar Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996
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95

96

Newly detected defects compared to old ones

In 1992, a defect specific repair criterion was introduced for this type of cracks. It is based on
the measured-crack length and allows operation wilh axial cracks shorter than 6.4 mm. Because of that,
the population of "old" cracks essentially dominates the population of all cracks since 1993. In addition,
the vast majority of repaired cracks are old cracks, whereas the new (first lime detected and measured)
cracks hardly exceed the allowable length at the time of first measurement.
It can be concluded that currently implemented inspection methods (MRPC) reliably detect and
measure the cracks that are much shorter than the longest allowable crack of 6.4 mm. TTS population
of cracks measured in 1996 already survived about 3.2 inspections in average. The oldest known crack
still in operation was measured to be 1 mm long in 1996 and did not grow since it was first time
detected in 1987 (SGI R33 C82).

2.2 Measured crack lengths
Selected statistical parameters of measured crack lengths are given in Table 1. A moderate
increase in number of cracked tubes during recent years is observed. It is shown that average measured

Table 1

Selected statistical parameters of measured crack lengths (SG #1 & SG #2)

Inspection
Cumulative
EFPY

Year

#of
cracked
tubes

Measured [mm]
iuia*

max

average

standard
deviation

Sum of
crack
lenghts
[mm]

1996

10.86

513

0.

8.

2.92

1.62

1500.

1995

9.94

488

0.

11.

2.39

1.49

1167.

1994

9.39

465

0.

10.

2.55

1.62

1187.

1993

8.45

413

0.

8.

3.23

1.79

1336.

1992

7.75

427

0.

11.

3.48

1.80

1484.

Resolution of measurement method causes that all cracks shorter than 0.5 mm appear wilh length O.mm
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crack length is below 3 mm for the last three inspections. Maximum of observed crack lengths are
recorded to be in the range 8-11 mm. It should be however noted that only about 5% of cracks exceed
5 mm in length.
Occasionally, more than one crack per tube is detected. The statistics in Table 1 is based on the
longest crack per tube. In the average, about 60% of cr?cked tubes contain only one crack, about 25%
two cracks, and 10% three cracks. More than three cracks are delected in less than 5% of cracked
tubes.

2.3 Recorded propagation of cracks
Table 2 shows selected statistical parameters on crack growth between consecutive inspections.
The number of available data points increases over years. Accumulated data confirmed conservativily
. of existing predictions concerning crack growth ([2] and [3]). The observed crack growth is however
very sensitive to the inspection technique employed. A good example is inspection transient in 1994:
improvement in the sizing capability effectively caused that cracks shortened in average for about 0.19
mm (1993/94).
In other inspection periods, the negative growth is observed in more than 10% of all recorded
crack growths (Table 2). This is caused by the random measurement error estimated to be in the range
± 3 mm for the period before 1995 and about ± 1.5 mm for measurements 1995/1996.
The period 1995/96 is considered representative for future behavior of cracks. In this period,
only about 4% of cracks propagated more than 2 mm and less than 1% grew more than 3 mm. Only
one crack (0.21% of all cracks with recorded growth) grew 6 mm.

Table 2

Selected statistical parameters of observed crack growth (SG #1 & SG #2)

Inspection
Period

*

3

Relative
EFPY

#of
recorded
growths*

Measured |uim]
inin

max

average

standard
deviation

Sum of all
growths
[mm]

1995/96

0.92

403(460)

-2.

6.

0.64

1.10

295.

1994/95

0.55

315(419)

-3.

3.

0.09

0.93

38.

1993/94

0.94

204(327)

-4.

.6.

-0.19

1.15

-63.

1992/93

0.70

243(319)

-4.

6.

0.28

0.91

91.

cracks with recorded positive growth (all cracks with recorded growth)

ODSCC AT TUBE SUPPORT PLATES

Outside diameter stress corrosion cracking (ODSCC) at tube support plates (TSP) is caused by
aggressive sediments that concentrate in the crevice between lube and tube support plate. The
mechanism is typical for the hot leg side of steam generator tubing. As shown in Figure 3, most of the
defects are detected at TSP #5.The second most affected is TSP #7, followed by TSP #3. The
enumeration of TSP's is consistent with (he Kr§ko enumeration scheme with TSP #11 being the
uppermost TSP. Current sleeving technologies are applicable only to defects at TSP #3 and TSP #5,
which could limit the applicability of sleeving in future maintenance actions.
Another conclusion that can be drawn from Figure 3 is that the frequency of the defects at
different support plates is relatively stable over time. Thus, it is expected that defects at TSP #5 will
dominate the defect population until the end of the steam generator life.
More than one defect can be detected in a single lube as each tube passes all seven TSPs on the
hot leg side. The fraction of lubes with more than one defect is increasing in recent years, as shown in
Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996
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Figure 4. In 1995, about 80% of lubes with delected TSP defects were only affected at a single TSP
intersection.

SG#1
ODSCCatTSP

All known up to 1995"
All detected in 1995
New in 1995

Tube support plate
Figure 3

Frequency of defects at different support plates (TSP)

r->=5 (0.00%)
~4 (0.00%)
3 (0.77%)-]
2 (10.14%)

>=5 (0.00%)
4 (0.22%)
3(1.75%)
2 (12.47%)

1 (85.56%)

1 (89.09%)

>=5 (0.00%)
4 (0.00%)

r->=5 (0.06%)
4(0.12%)3 (3.72%)

3 (2.99%)
2(15.08%)

2(17.87%)

1 (81.93%)

Figure 4

1 (76.23%)
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3.1 Defect sizes
At least two different representations of the defect sizes for ODSCC at TSP are currently in use.
In the traditional manner the defect is characterized by its depth in % of the wall thickness. An alternate
approach defines the defect size using the amplitude of the bobbin coil signal in volts [5]. Both
characterizations are available in our data base and are compared in Figure 5.

TSP defects in 1995
SG 1 & SG 2

0

,

•':
Figure 5

20 :
:

; '; 40

60

Defect depth'[% through wall]

80

100

'

Comparison of different sizing approaches for TSP defects

Three main conclusions follow from Figure 5:
the defect sizes in bobbin coil voltage are essentially limited below 1.5 V
correlation between both measures of defect sizes is rather poor and
distribution of defect depths in % of tube wall is approximately constant in the range 30 to 90%.

4

FUTURE BEHAVIOR OF SG

The prediction of the future tube repair rales is based on the Wcibull distribution. Thus, it is
assumed that the fraction of failed lubes is distributed in time (EFPY) according to Weibull distribution.
Such approach is well known in literature (e.g., [4]) and allows for variable failure rates during the
useful lifetime of the steam generator. In fact, the failure rate is increasing for both steam generators
and degradation mechanisms analyzed.
The parameters of the Weibull distribution are obtained from the field data by the standard fitting
procedure "minimum least squares". Further details on the method are given elsewhere [4].
The essential conditions for selecting appropriate field data arc as follows:
«
each degradation mechanism encountered should be analyzed separately. For this paper, defects
at TTS and TSP were considered separately. The results were then summed up and presented
in Figure 6 and Figure 7.
•
the inspection methods implemented in the field should be consistent during the observed period;
•
the definition of plugging criterion should not vary during the observed period.
For KrSko steam generators, the inspection results obtained for TTS and TSP defects since 1992
are considered to satisfy those conditions reasonably. It should be noted here that the results presented
hereafter can change significantly due to the future inspection results.
Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996
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Tubes repaired due to other degradation mechanism arc accounted for in the analysis in ik*
following way. The amount of tubes already repaired due to other causes is shown in Figure 1 TV
amount was assumed independent of time and added as a constant fraction of repaired tubes in Fi»u
6 and Figure 7 (denoted by Other causes of repair). Further, future contribution of other causes to th»
repaired tubes was assumed negligible.
Figure 6 and Figure 7 depict the development of fractions of repaired lubes as a function of
effective full power years of SG operation. The points labeled with inspection years represent th
fraction of repaired tubes (plugged and sleeved) as obtained in the field. The light solid line represents
the (cumulative) Weibull distribution fitted to these points (92 to 96 only!). The bold solid line
represents the fraction of
tubes plugged. Thus, the
SG#1
vertical difference between
Repaired tubes (TTS & TSP)
the light and bold solid lines
simply shows the amount of
30%
Ohly reduced pow^r operation
tubes unplugged or sleeved
(1993 and 1996 for SG 1
•*-*
and 1996 for SG2). The
repair rate is dominated by
20%
the defects at TSP.
TO
A shadowed region in
CD
the upper part of both
figures represents the region
o 10%
where reduced
power
TO
operalion of the plant is
LL
required. The plant is
namely licenced for full
power operation with 18%
0
5
10
15
or fewer plugged tubes. The
Effective full power years
asymmetrical
conditions
encountered in field allow „ .
Trends in repair rates for SG #1
the maxima of 21.5% for **
SG 1 and 15.5%forSG2.
The prediction of the
future repair rate in both
steam generators is based on
SG#2
bold lines. Both steam
Repaired tubes (TTS & TSP)
generators are expected to
30%
reach the limiting fraction of
Only reduced pow^r operation
repaired tubes at 13-13.5
^!QwMJn,tb)3bgi&aJ
*
j
r-'-isleeveti^'"EFPY. The last inspection of
\
steam generators is tentatively
20%
scheduled for 13.2 EFPY.
TO
Thus, it is not entirely
O0)
clear if there is a need for
another sleeving campaign or
c 10%
o
not. This dilemma will be
most probably cleared by the
S
analysis of the results of 1997
inspection
Recalling Figure 5,
5
10
efforts aiming at setting an
Effective full power years
alternate plugging criterion
(e.g., [5]) of about I.5V for
Trends in repair rates for SG #2
TSP defects could provide Figure 7
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sufficient reduction in plugging rate without new sleeving. This is further supported by the limits of the
sleeving processes available: (a) only defects at TSP U 3 and #5 can be repaired by sleeving (Figure
3) and (b) difficulties with more than one defect per tube.

5

CONCLUSIONS

The degradation mechanisms that cause most of repaired tubes arc statistically analyzed in this
paper. These degradation mechanisms are axial stress corrosion cracking in expansion transitions (TTS)
and outside diameter stress corrosion cracking at tube support plates (TSP). Other degradation
mechanisms are considered to have negligible influence on the remaining life of steam generators.
The future repair rates were predicted using Weibull distribution. It is estimated that the full
power of the plant can be maintained to about 13.2 EFPY (1999). Minor sleeving campaign or
relaxation in repair criteria may allow to extend the full power to about 15 EFPY (2001).
Close monitoring of the development of outside diameter stress corrosion cracking at tube
support plates is recommended because of two reasons: (1) this mechanism dominates the repair rate
and (2) it tends to develop more than one defect per lube. In addition, many defects are expected to
develop at the tube support plates that are out of the reach of current sleeving technologies.
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EFFICIENCY OF DEFECT SPECIFIC MAINTENANCE
OF STEAM GENERATOR TUBES: THE CASE OF ODSCC
L. Cizelj, T. Dvorsek
"Jozef Stefan" Institute, Reactor Engineering Division
Ljubljana, Slovenia

ABSTRACT
The outside diameter stress corrosion cracking at tube support plates became Die dominating ageing mechanism in
steam generator tubes made oflnconel 600. A variety of maintenance approaches were developed and implemented worldwide
to deal with this mechanism. Despite different philosophical and physical backgrounds implemented, all of the applied
approaches satisfy the relevant regulatory requirements. For our purpose, the maintenance approach consists of: (1) inspection
of tubes, (2) accepting or rejecting the defective tube and (3) plugging of rejected tubes
The problem of selecting an optimal maintenance approach is raised in the paper. Consequently, a method comparing
the efficiency of applicable maintenance approaches is proposed. The efficiency is defined by three parameters: (a) number
of plugged tubes, (b) probability of steam generator tube rupture and (c) predicted accidental leak rates through the defects
An original probabilistic model is proposed to quantify the probability of tube rupture, while procedures available
in literature were used to define the accidental leak rates.
The numerical example considers the data from KrSko NPP (Westinghouse 632 MWc). The maintenance approaches
analyzed include: (i) no repair at all, (ii) traditional defect depth (40%) based maintenance, (iii) alternate plugging criterion
(bobbiti coil voltage as defined by EPRI and U.S. NRC) and (iv) combined traditional and alternate approach.
Advanlagcs of the defect specific approaches (iii) and (iv) over the traditional one (defect depth) arc clearly shown
A brief discussion on the optimization of safe life of steam generator is given.

1

INTRODUCTION

Tubes in steam generators (SG) arc exposed to thermal and mechanical loads combined by aggressive
environmental conditions. Rather severe corrosion damage results in tubes made of Inconcl 600, which may
affect the integrity of degraded tubes. The SG tubes represent more than one half of the reactor coolant
pressure boundary. Consequently, excessive degradation of lubes might imply reduced reliability and safety
of the entire plant [1]. Two potential failure modes of degraded tubing are of particular concern:
*
single or multiple tube rupture and
•
excessive leaking of the reactor coolant to the secondary side.
The appropriate level of plant reliability and safely is maintained by periodic maintenance. This usually
starts with inspection of lubes. Tubes with defects which exceed certain allowable size are then repaired
(e.g., sleeved) or removed from service (e.g., plugged). Traditionally, the allowable defect size (also termed
plugging criterion) is defined in terms of tube wall thickness and is usually about 40% [2], [3]. This
approach is termed generic maintenance approach.
The extent and morphology of the recent types of corrosion damage (Primary Water Stress Corrosion
Cracking-PWSCC and Outside Diameter Stress Corrosion Cracking-ODSCC) required more specific
treatment. Basically, the conscrvativilies inherent in the development of the generic plugging criterion were
replaced by dedicated inspection and implementation of the defect specific failure models. This lead to the
development and implementation of the defect specific SG maintenance approaches. In particular, the
plugging criterion for PWSCC in expansion transitions was defined in terms of the length of axial crack,
while the ODSCC (at tube support plates only) criterion relics directly on the signal amplitude obtained

482

Nuclear Energy in Central Europe, Portoroz, Slovenia, 16-19 September 1996

from a bobbin coil eddy current inspection. A review on the development work and underlying assumptions
can be found in [1] and [4].The analyses addressing the change in plant reliability and safety due to the implementation of the defect
specific maintenance are rather scarce and at present limited to the axial PWSCC in expansion transitions
(e.g., [5], [6] and [7]). Those analyses were based on probabilistic fracture mechanics techniques and
clearly showed the advantage of the defect specific approaches over the traditional ones. In other words,
the defect specific approaches were shown to achieve lower probabilities of tube rupture with fewer tubes
plugged.
In this paper we propose a method which evaluates the efficiency of the defect specific maintenance
approaches in the case of ODSCC at tube support plates. The efficiency is defined by degree of defense (or
safety) against failure modes during most unfavorable hypothetical accidental conditions:
•
probability of (single or multiple) tube rupture;
•
the maximum expected leak rate and
•
number of plugged tubes (which is more a question of economics than safety).
Basically, we closely follow the methodology developed by EPRI [8] for ODSCC at tube support plate
intersections. Additionally, an original probabilistic model is proposed to quantify the probability of tube
rupture.
The main result is the efficiency of defect specific maintenance as compared to the generic maintenance in
terms of: (1) lube rupture probability, (2) expected accidental primary to secondary leak rate and (3)
number of plugged lubes. These three parameters also represent a basis for the optimization of safe steam
generator life time. The results of the numerical example clearly show the advantages of the defect specific
approaches.

2

COMMENTS ON THE MODELING

A brief description of the calculation procedure is given below. The main body of the calculations follows
the methodology defined for the alternate voltage criteria by EPRI (for details see [8], [9] and references
therein), which is very briefly given below in order to explain the developments leading to the present
analysis.
2.1

Probability of tube rupture

The probability of failure Pf in probabilistic fracture mechanics is usually defined by:

f

dxr.dxn

The statistically independent basic variables and their probability densities, n in number, arc denoted by
X,, x 2 ,..., xn and/,(x i),/ 2 (x 2 ),...,/„(*„). The failure is defined in terms of failure function g(j, which is
by definition negative for all failure states.
The failure function in the case of ODSCC specific maintenance can be defined simply as:

(2)

denotes the pressure difference obtained from the limiting accidental state such as Steam Line Break
(SLB). ApEOC represents the burst pressure of the lube containing a defect at the end of inspection cycle
(EOC). A lube is therefore considered to be failed (ruptured) when its burst pressure becomes less than the
highest expected accidental pressured difference (e.g., at SLB). A/;£0C is obtained from the correlation
^PSLB
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between burst pressure and bobbin coil signal amplitude [8] as a function of the End of Cycle defect size
This in turn is obtained by a stochastic combination of basic variables describing:
distribution of defects at the beginning of inspection cycle (BOC). The plugging criterion may be
included here by imposing appropriate upper limit to the distribution function;
defect progression until the end of inspection cycle (EOC);
uncertainties inherent to the Eddy Current Technique (ECT) measurement variability.
The calculation of A/J £ 0 C accounts also for uncertainties inherent to the correlation between burst pressure
and bobbin coil signal amplitude.
The value of //(eq. (1)) was obtained using the First and Second Order reliability methods as implemented
in the ZERBERUS code [7], [10]. These fast numerical methods were accurately implemented instead of
the computational very intensive Direct Monte Carlo simulations, which are acceptable to the NRC [9].
Pf represents the fraction of failed tubes in the population of all defective tubes. The observed steam
generator is then represented as a random sample of N defects. The probability of having i tubes failed p(i)
then follows from the Poisson distribution:

(N-P V
P(O - ^—^~txp(-N-Pf)

(3)

Thus, appropriate choice of; enables the calculation of single and multiple tube rupture probabilities.
2.2

Maximum expected leak rate

The estimation of the maximum expected leak rale at the end of operating cycle (EOC) under accidental
conditions strictly follows the procedure outlined in [8] and [12].
2.3

Number of plugged tubes

Suppose that inspection of the tubes revealed //defects. Distribution of defect sizes (in terms of bobbin coil
signal amplitudes) is denoted byf(VB0C), Imposing a plugging criterion with value oCPC (in Volts), the
number of plugged lubes Nri0 can be obtained from the relation:

M>

PC

N

3

w

~

NUMERICAL EXAMPLE

.

The data used in the following numerical example was obtained during regular inspections of SG tubes in
the Slovenian NPP at Krsko performed in 1993 and 1994. Detailed description of data used is given in [12]
and [11].
The comparison of the efficiency of both different maintenance strategies (defect specific and generic) is
presented as a function of voltage plugging criterion. The efficiency was evaluated through
•
the predicted total leak rale through one steam generator during the postulated limiting accident
(SLB) at the end of cycle;
estimated probability of lube rupture (single or multiple) at the EOC, given postulated limiting
accidental conditions (FLB);
484
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number of lubes (and distribution of defect sizes in them) which are supposed to be plugged using
one or another maintenance strategy.
The maintenance approaches considered in this paper arc:
•
no plugging at all;
•
traditional approach. AH lubes with defect depths exceeding the KrSko specific 45% of tube wall
thickness were assumed plugged;
alternate (or EPRI bobbin coil voltage based) approach. All lubes with defect sizes exceeding the
KrSko specific value of 1 V were assumed plugged;
•
combined traditional and EPRI approach. All lubes with defect sizes exceeding 1 V and depths
exceeding 45% of lube wall thickness were assumed plugged.
Differences in maintenance approaches were described by different distributions and numbers of defect sizes
at the beginning of inspection cycle (BOC). For example, setting the alternate plugging criterion to 1.5 V
simply caused setting 1.5 as an upper limit of the distribution describing the BOC defect sizes. On the other
hand, the list of tubes plugged because of the traditional (45% loss of tube wall thickness) plugging criterion
was available. Therefore, all plugged tubes were eliminated from the inspection results, yielding an
empirical distribution of defect sizes.
3.1

Tube rupture probability

To estimate tube rupture probability a postulated Feed Line Break (FLB) accident was assumed with
differential pressure of 195.6 bar (2850 psi).
[n this analysis we only present the single tube rupture probabilities. As to the absolute values, they varied
considerably between particular SG and inspection years. At the same lime, all of them were estimated to
be less than 1%, which is in agreement with U.S. NRC requirements [9]. These values arc, as stated above,
conditional given a postulated FLB accident. The probability of multiple tube ruptures was at least two
orders of magnitude lower than for single tube rupture for all cases analyzed. Thus, the multiple tube
rupture event was not considered to be of particular importance here.
The results obtained from all data sets showed similar behavior in the qualitative manner. Therefore,
examples given here are considered representative. Relative probabilities of single tube ruptures arc depicted
in Figure 1 and Figure 2 (curves denoted probability of single SGTR). The values obtained by traditional
(Figure 1) and Kr§ko (Figure 2) approaches were set to I.
The relative probability of SGTR is obtained in Ihc following way. First, the probability of SGTR was
predicted for the traditional (Figure 1) and KrSko (Figure 2) maintenance approaches. Then, the
probabilities of SGTR were predicted for appropriate data sets as a function of alternate plugging criterion
PC. The ratio between corresponding rupture probabilities was Ihcn plotted as a function of the defect
specific plugging criterion (Figure 1, Figure 2).
Those figures depict the effect of the alternate maintenance approach on the probability of single tube
rupture. Setting the defect specific plugging criterion below about 1.4 V is shown to outperform the
traditional and combined approach. It should be however noted that above 1.4 V the state or no I plugging
it all is approached. In both cases (Figure 1, Figure 2) the stale of no plugging at all is only slightly more
unfavorable than other maintenance approaches. Again, the conditional lube rupture probabilities were
:onsistenlly less than 1%.
3.2

Maximum expected leak rate

\ postulated steam line break (SLB) accident with a conservative pressure difference of 182.7 bar (2650
3si) was assumed in the analysis.
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The relative (maximum expected) leak rates were estimated in the way analogous to the lube ruptur
probabilities. All data sets showed similar behavior in the qualitative sense. Therefore, examples given here
are considered representative. Relative leak rales arc depicted in Figure 1 and Figure 2 (curves denoted
leak rate).
Again, lower leak rates are obtained by using alternate maintenance approach with PC < 1.8 V. However
the no plugging at all approach results in leak rates of the same order of magnitude. Considerable
differences in the absolute total leak rates were observed between different steam generators. This is
essentially caused by different number and distribution of defects included in data sets available. However
all the leak rates obtained were well below the limit for normal operation.
A practical conclusion is that such analyses should be preformed after each inspection of a particular steam
generator.
3.3

Number of plugged lubes

The relative number of plugged tubes is obtained by dividing number of tubes scheduled by plugging by
different maintenance approaches. This is analogous with probability of tube rupture and leak rates.
Representative examples arc depicted in Figure 1 and Figure 2 (curve denoted number of plugged tubes).
The relative number of plugged lubes seems to be the most sensitive to the changes in plugging crilcrion.
It is probably important to stress that with PC t 1 V, a significant savings in tube plugging may be
achieved by allowing for a rather small increase in probability in tube rupture and expected accidental leak
rate. In the cases analyzed, the no plugging at all approach would still keep the conditional probability of
lube rupture below 1% and expected accidental (SLB) leak rale below the limits valid for normal operation.
We should stress here again that the above results strongly depend on the particular steam generator
analyzed. This results can therefore not be generalized cither to another steam generators or other inspection
results of the same steam generators.
3.4

Toward the optimization of SG life time

The general behavior of all three curves in Figure 1 and Figure 2 was already explained in above
discussion. We shall now examine the general efficiency of particular maintenance approaches. The general
efficiency is of course based on the joint consideration of the three efficiency parameters discussed above.
It is obvious (Figure 1 and Figure 2) that it is possible to achieve lower SGTR probabilities and expected
accidental leak rates by application of lower values of alternate plugging criteria. This in turn obviously
increases the number of plugged tubes. Now, let us examine the two separate cases: (1) alternate vs.
traditional approach (Figure 1) and (2) alternate vs. combined approach (Figure 2).
Alternate vs. traditional approach. In shadowed region in Figure 1, the alternate approach completely
outperforms the traditional one. In this region, lower likelihood of tube bursting and excessive leakage is
obtained with fewer tubes plugged. This is also the region where the present values of the defect specific
criteria reside ( about IV for 3/4" lubes [9]). This is an obvious candidate for a definition of an optimal
maintenance approach.
Between 1.3 and 2. IV, the SGTR probability is raised to its asymptotic level (given the defect population),
while there can still be significant reduction in expected leak rates as compared to the traditional approach.
This region may be very useful if we are more interested in preventing excessive leak rales (without tube
rupture) than the tube rupture event. It should be however noted here that this effect could very well be
caused only by the uncertainties in the correlations defining tube bursting and individual leak rales. Some
more detailed physical modeling may be therefore required to clarify this effect.
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Alternate vs. combined approath. Again, the shadowed region in Figure 2 represents the region where
alternate approach completely dominates the combined approach. It should be however noted that given
PC * IV, there is only one significant difference between those two approaches: number of tubes plugged.
The performance of no plugging at all approach in this region is comparable both to combined and
alternate approaches.
This leads to the conclusion that it would be useful to define a risk based plugging criterion. In simple
terms, some limits should be imposed on the tube rupture probability and accidental leak rate rather than
on the defect size. Then, methods outlined above could be used to define which and how many tubes should
be plugged in order to satisfy the risk limits. This would of course strongly depend on a particular steam
generator and operating cycle considered.
3.5

Sensitivity analysis (tube rupture probability)

The absolute values of sensitivity factors are presented in Figure 3 as a function of PC value. The
sensitivity factors are obtained directly from First Order Reliability Method calculation. They simply denote
the degree of the change imposed to the tube rupture probability by the magnitude of the scatter of
particular random variable.
Therefore, more uncertain regression models yield larger tube rupture probabilities. All other uncertain
variables (see Figure 3) have significantly lower impact on tube rupture probability. It is also intuitively
clear that defect size should have important effect when there is no plugging.
The uncertainly of the regression model strongly depends on the sample size used in the regression analysis.
Larger samples would therefore reduce both the uncertainly of the regression and calculated failure
probabilities.
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Sensitivity of tube rupture probability to the scatter in basic random variables
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CONCLUSIONS

The efficiency of the defect specific maintenance approaches for steam generator lubes were studied based
on the comparison with the traditional approach allowing for 45% of the tube wall loss. Three different
approaches applicable for the ODSCC under lube support plates were taken as examples.
Three parameters were defined as a measure of the efficiency: (1) number of plugged tubes, (2) probability
of single tube rupture (given hypothetical accidental conditions) and (3) predicted accidental leak rate
through damaged steam generator tubing.
The methods used in the comparison -essentially follow the probabilistic fracture mechanics approach
already implemented in the case of primary water stress corrosion cracking. They were appropriately
modified to accommodate the present analysis.
The efficiency of the defect specific plugging criterion was found to depend strongly on the number and
distribution of the defects in the steam generator tubing and value of the criterion implemented. However,
in all cases analyzed we found that the defect specific approaches can outperform the traditional one with
respect to all of the parameters compared.
It is also interesting that for the distributions of defects analyzed, approach with'no plugging also represents
a reasonable option. The tube rupture probabilities and accidental leak rates obtained by no plugging at all
are namely comparable to those obtained by alternate approach. It may be therefore useful to define riskbased plugging criteria in the future. This should be aimed at minimizing the tube plugging given acceptable
level of SG safety and reliability.
An additional topic which should get closer attention in the future is more accurate and/or physics-based
modeling of the individual leak rates.
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Three Steam Generator Replacement Projects in 1995
Consortium Siemens Framatome is Well Prepared to Contribute its Experience
to the SGR at the Kr§ko NPP
by Richard Holz, Siemens AG, D-91050 Erlangen, Postfach 32 20, Germany, and
Guy Clavier, Framatome S.A., F-7110 Chalon sur Saone, 1, avenue de Verdun, France
Since the companies Siemens AG and Framatome S.A. joined their experience and efforts in
the field of steam generator replacements andformed a consortium in 1991, the following
projects were performed in 1995: Ringhals 3, Tihange 3 andAsco 1. Further projects will
follow in 1996, i. e., Doel 4 andAsco 2. Currently, this European consortium is bidding far
the contract to replace the steam generators at the Krsko NPP and hopes to be awarded in
1996.
An oveniew of the way the Consortium Siemens and Framatome approaches SG replacement
projects is given based on the projects performed in 1995. Various aspects of project
planning, management, licensing, personnel qualification and techniques used on site will be
discussed.
Planning, Engineering Phase of the Project
Very exact and detailed planning is required for such a project because plant downtime due to
the replacement must be kept as short as possible (minimizing electricity production outages),
because the procedures involved are complex and varied, and because local companies are to
be included in the effort.
Country-specific and international codes and standards (e.g., ASME, DIN, ISO or IAEA) can
be readily applied owing to the experience Siemens and Framatome have had with them over
many years. The quality management system employed by Siemens and Framatome has been
certified by numerous institutions in Germany, France and abroad.
Project Structuring
As the first step toward efficient processing, the entire project is broken down into job packages, the most important of which areiisted below. The structure of the projects is of fundamental importance to subsequent phases of the project. The project team is formed based on
this structure (with the appointment of the specialists required), and project schedules (engineering schedules) are prepared which embrace the entire preparatory phase up to the commencement of work at the plant.
The most important job packages for a steam generator replacement are:
•

Design, design calculation and licensing activities

•

Disposal of radioactive waste, general decontamination

•

Decontamination of the reactor coolant lines

• Optical survey of the reactor coolant lines
•
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Machining of the reactor coolant lines
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•
•
•
•
•
•
•
•
•
•
•

Steam generator transport and rigging
Fit-up and alignment of the reactor coolant lines
Welding of the reactor coolant lines
Activities at the primary and secondary piping systems
Civil engineering (opening of the containment, construction of the storage facility for old
SGs and other buildings)
Replacement of thermal insulation
Radiation protection (ALARA considerations)
Risk analysis, licensing
Temporary facilities, site infrastructure
Scaffolding, radiation shielding
Construction of steam generator mock-up, qualification of personnel and equipment
using the mock-up

Putting the Project Team Together
All specialists required for the individual job packages form an organizational unit under the
coordination of a project manager who becomes their direct superior for the duration of the
project and coordinates all activities within Siemens and Framatome. Processing of projects
in this manner has proven extremely effective for the following reasons:
Communication and information pathways are short and the number of interfaces is
minimized, allowing the team to respond rapidly to special customer requests.
Efficiency is high because there is a direct link between work activities and the decision-making process within the team.
Motivation is high and team members identify with their assigned task because they are only
involved in a single project.
Project Schedules
Project schedules are prepared for all job packages. They have a standardized arrangement
and contain the following sections:
•
•
•
•
•
•

project preparations,
design, engineering, licensing
order processing and manufacturing,
qualification of personnel and equipment,
site planning, and
preparation for work at the power plant

These schedules are an important basis for high-quality project processing. They are used to
coordinate the activities of all participants, including subcontractors, and are presented along
with a monthly status report to the customer so that he is always fully informed and integrated
into the project.
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Each schedule contains approximately 100 activities. These activities are included in
condensed form in a higher-level schedule (the main engineering time schedule).
Documentation for Work at the Power Plant
One of the most important planning steps is a complete visual inspection of the steam generator during one of the refueling outages prior to replacement. This inspection also includes the
secondary piping, the steam generator support structure and the reactor coolant line. All
potential interferences must be recorded, the rigging paths measured and openings checked by
using mock-ups. In preparation for this visual inspection, a plant walkdown list is drawn up
showing all activities which must be performed during the plant outage prior to replacement
of the steam generators.
The "general work sequence plan" is the main document for all activities on site. It lists in a
logical sequence all work that is to be performed. It includes approximately 15,000 activities
indicating the steps involved in each, and makes reference to all applicable documents such as
drawings, work procedures, system descriptions, etc.
Another important document is the inspection plan which is the official quality management
document. It contains all necessary inspection steps and is prepared in accordance with project-specific requirements and country-specific standards which regulate all activities concerned with quality management, nondestructive examinations and other tests and also specifies who shall witness each (Consortium, the supplier, the customer, the licensing
authority).
A site schedule is prepared for the replacement work. Independent of their association with
the job packages, the required activities are planned chronologically and incorporated by the
customer into the overall outage planning. The site schedule comprises about 6,000 separate
activities, with one hour being the smallest unit of time assigned.
The site schedule and the general work sequence plan are also used in resources planning, i.e.,
in deciding which personnel, equipment, and machinery to use, and in estimating radiation
dose.
Personnel Training
Experience with such replacement projects has shown that personnel training contributes
enormously to optimum performance in terms of work quality, meeting deadlines, and minimizing the radiation exposure of the personnel. Hence, comprehensive theoretical and practical training programs were developed for the most important work steps. Consortium and
subcontractor employees are given specialized training for the tasks and conditions of the
steam generator replacement at hand.
All personnel training programs are performed using a full-scale mock-up of the lower
section of the steam generator (primary channel head with a section of the reactor coolant line
and the steam generator nozzles) including the interferences in this area.
Training and qualification are performed for the following main activities
• welding of the reactor coolant line,
• cutting and machining of the reactor coolant line,
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decontamination of the remaining ends of the reactor coolant line
mounting of special shielding devices,
video inspections inside the reactor coolant line and the primary channel head.
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Excerpt from a project schedule
Design, design calculation, licensing
In SG replacements the tasks of special importance are design and design calculation. These
activities apply for temporary equipment (such as SG rigging, devices for piping, etc.) and for
permanent plant equipment including all related modifications (such as rerouting of piping,
thermal insulation, steel liner of containment opening). Piping design covered rerouting of
feedwater and auxiliary feedwater, adaptation of instrumentation piping, main steam, blowdown, reactor temperature detection, drain, sampling. Design calculation basically covered
analyses of structural, seismic and fluid dynamic data.
In parallel with basic engineering, the safety of all activities leading to modification of plant
equipment or activities introducing a specific risk, such as handling, rigging, transportation,
waste handling, is evaluated for review by the licensing authorities. These evaluations are in
accordance with 10CFR50.59.
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Ringhals 3, in Sweden
At Ringhals 3 the Siemens Framatome Consortium joined forces for the first time. Particular
to Ringhals 3 were:
• The necessity of cutting an opening into the reactor building wall for removing the old
SGs and bringing in the new ones.
The opening was 6m x 7m. This "door", a 140 metric ton block of concrete, had to be
handled 15m above ground. Cutting the concrete and subsequent closing off were both on
the critical path, a tight 44-day schedule for the SG replacement.

Hoist
Auxiliary hoisting unit
Lifting attachment

Hoisl

Transport
saddle

Trailer

Rigging Inside/Outside Containment of Steam Generators at Ringhals 3
• SG handling kinematics, especially adapted to cylindrical shape of the Ringhals SG
cubicles which tightly and at full length "imprison" the steam generators.
This was possibly the most spectacular aspect of the SGR. It meant removal of the old
SGs from their cylindrical cubicles and bringing in the new ones without destroying
existing civil work structures and staying within the 390 metric tons, maximum load
capacity of the polar crane. This required an aerial ballet that involved pivoting the SGs
from a vertical position to a horizontal position and a rotation of up to 180° as the
clearance between the SG outlines and the concrete cubicles was only 20 cm. Due to the
loading limit of the polar crane and the lifting height required additionally, an extra gantry
crane was constructed and mounted on traveling crane beams.
Remaining operations including techniques for working on the reactor coolant system did not
pose any particular problems. Operational delivery, the transfer of responsibility for activities
within reactor building from the Consortium to the customer Vattenfall took place on August
9, 95 - five days earlier than required under the contract. Reconnection to the Swedish power
grid was on August 29, 95, 90 days precisely after insertion of the shutdown control rods.
Overall collective dose for the SGR was 1290 mSv constituting the best performance to date
for a steam generator replacement.
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Tihange 1, in Belgium
The real challenge was not only in the replacement as such, but also in the work environment
as for this second 10-year in-service inspection at Tihange 1 other work was scheduled, such
as:
Reactor vessel inspection
Inspection of bolts of reactor internals and replacement of 10% of them
Replacement of all pressurizer heaters
Overall replacement of reactor protection system
Replacement of turbine low-pressure rotors
Renovation of cover gasket of equipment hatch in reactor building.
Besides this, numerous other maintenance tasks and modifications were called for after
20 years of operating Tihange 1. The SGR scope was similar to that of an EDF NPP in
France. Nevertheless, the new steam generators from Mitsubishi Heavy Industries in Japan
for their installation required special interface management. The very different design of the
horizontal SG supports (a system of swiveling tie rods under tension) called for special
methods during disassembly and reassembly.
Scheduled overall duration of SGR was 38 days counting from start of cutting primary piping
to primary and secondary systems' readiness for refilling - all work was on the critical path.
In this especially tight schedule and under difficult working situations, Framatome and
Siemens completed the assigned tasks in 33 days to the satisfaction of the customer. The unit
was reconnected to the Belgian power grid on September 16, 96 -just 93 days after
shutdown.
Asco 1, in Spain
In the January '93 contract with Asociacion Nuclear de Asco (ANA) the Consortium had
agreed to provide a turnkey project, with a very large scope of supply which included major
civil work inside the reactor
building on account of size and
positioning of SG cubicles.
During the outage other major
tasks were performed. ANA
replaced the LP turbine, eliminated temperature-measuring
bypasses of the reactor coolant
system, installed a digital measuring system of SG levels and
implemented the concept "Leak
Before Break".
Prior to the SGR, the Consortium
• constructed a "mausoleum"
for storing the old steam
generators on site,
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•
•
•••

installed a laundry facility in the auxiliary buildings
constructed a decontamination workshop
installed a new waste-compacting machine and
constructed an access building for use during the SGR

At Asco 1 an opening was cut into the SG bunker facing the equipment hatch which produced
four concrete blocks weighing a total of 310 metric tons. The "conventional" steps of SG
handling and work on primary piping posed no particular problems and went much faster than
expected:
• Bringing in and positioning three new SGs in 4.5 days,
• Welding the primary system in only 8 days.
After rebuilding the SG cubicles and completing work on the secondary piping, reactor pit
and polar crane were returned to the operator's control one day earlier than originally scheduled. Total dose rate for the outage was 2,440 mSv which exceeded our objectives by far and
resulted from the protective measures taken.
Replacement of steam generators in Asco 2 is currently (August 96) under way, and is scheduled to be finished in October 1996. Ambitious objectives resulting from SGR in Asco 1 are
now being integrated into SGR in Asco 2.
Work Performed on the Reactor Coolant Pipes during the SGRs in Ringhals, Tihange 1
and Asco 1
The work performed on reactor coolant pipes is one of the most important tasks of the SG
replacement and was quite the same for all three projects. The objective of all the activities
on reactor coolant pipes is to obtain the required fit-up tolerances between the new SG and
the existing loops with the following requisites:
•
•
•
•

Perform 2-cut method without replacing elbows.
Minimize residual stresses after welding
Reduce accumulated radiation dose
Optimize the schedule

Optical survey
The optical survey was performed by applying a combination of photogrammetry and
industrial optical technique using electronic theodolites. The process was previously proven
in terms of accuracy, reproducibility, radiation exposure and speed of use.
This technique was also used during previous outages to determine the geometry of the existing reactor coolant pipes which allowed machining the new SG nozzle during the manufacturing phase.
Cutting/Machining
Specifically developed portable machines were used
- for cutting old SG nozzles. This machine was designed with a cutting wheel to keep chips
from entering the pipe.
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- for machining of pipe elbows at a position previously determined by optical measurement
to obtain a fit-up tolerance of less than 1 mm.
Welding
Main target of the activities performed on the reactor coolant pipes was to achieve a proper
fit-up of the new steam generators to the reactor coolant pipes and to minimize the residual
stresses after welding. This was achieved by using a special installation sequence and the
GTA narrow gap welding technique.
The special configuration of the welding edge in connection with the equipment provides the
following advantages:
• Smaller weld volume which resulted in reduced welding time,
• Remote-controlled, TV-monitored process contributed to a reduction of the accumulated
radiation dose.
• Due to sequence of weld fabrication lower residual stresses were produced in the welds
(length allowance for shrinkage), thus residual stresses in piping system were minimized.
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 there. This process was 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 smoothe the surface. Use of a closedcircuit system with subatmospheric pressure prevented abrasive particles and dust from
escaping into the atmosphere (aerosol build-up is avoided) keeping radioactive waste build-up
to a minimum.
Steam Generator Replacement - Duration and Dose Applied
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SOME ASPECTS OF REACTOR PRESSURE VESSEL INTEGRITY
Darko Korosec, dipl.ing., Slovenian Nuclear Safety Administration
Dr. Jelena Vojvodic Gvardjancic, Institute for Materials and Technologies

1.0 Pressure Vessel Integrity.
The pressure vessel integrity has been a matter of extreme interest since the very advent of
reactors. A lot of research studies have been done to resolve the concern that there is no
backup to the vessel nor any specific mitigating system to cope with disruptive failure. The
vessel failure should be low enough in probability that it need not be considered as a designbasis accident.
Various regulations and regulatory guides have emphasized the importance of operating the
vessel within prescribedguidelines. Technical specifications, specially Limiting Conditions
for Operation (LCO) are quite specific in determination of acceptable operating regions.
Westinghouse analysis of reactor vessels is performed by ASME Code XI, Section III
Appendix G for normal, upset and test conditions. The analysis methods are applied
to four locations in the reactor vessel: closure head to flange region, nozzle to shell course
region, beltline region and the bottom closure head to shell course region.
The reactor beltline is defined as that area which is adjacent to the reactor core and is of
interest because of neutron flux in its area. Neutron fluence (time integrated neutron flux)
is used in the calculation of exposure effects and changes in Nil-Ductility Reference
Temperature (RTNDT). As the reactor vessel ages , the shift in RTNDT in the beltline region
becomes the most restrictive limit. The reactor vessel material becomes brittle at higher
temperatures than unirradiated (new) material.
Since the reactor vessel is not uniform in its construction, several different values for
reference temperature of RTNDT and stress intensity factors must be calculated and used to
generate the limit curves. The determination of RTNDT involves the testing of reactor vessel
material samples.
1.1 Pressure Vessel Safety Research.
Pressure vessel safety research results provide bases for regulatory positions, specially on
following topics:
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-

fracture analysis methods for determination of Pressure-Temperature (P-T) limits
developing embrittelment estimation methods
identifying significance of copper in irradiation damage
developing and validation of Pressure Thermal Shock (PTS) analysis methods
demonstrating effectiveness of thermal annealing

1.2 On-going activities.
The most active on pressure vessel safety research is nuclear industry worldwide and
specially in United States research institutions and regulatory bodies.
Currently on-going activities in United Stations are oriented to amend rules of Code of
Federal Regulations ( CFR):
- 10 CFR 50.61 : PTS rule
- 10 CFR 50, App. G : Fracture Toughness Requirements
- 10 CFR 50, App. H : Surveillance
US Nuclear Regulatory Commission (US NRC) has made a general conclusions about
pressure vessel safety research:
-

the results of research has contributed to safe regulation of pressure vessels
recent experiences are good bases for further work
planned research on reactor vessel stresses problem resolution
designed program to anticipate plant aging problems
close interaction with nuclear industry and research institutions

2.0 Pressure versus Temperature limits.
Generally, in Pressure-Temperature diagram for PWR reactor coolant system there are three
principal challenge paths.
Path A represents a typical design basis pressurization transient such as load reduction. Path
B is a generalization of PTS scenario and path C is a Low Temperature Overpressure
Protection (LTOP).
Ideally the licensee would estimate the likelihood of occurance of these three paths and
probability of the vessel conditional failure.
In a deterministic sense, for example, US NRC expect that the reactor coolant pressure
boundary behaves in a non-brittle manner. The probability of rapidly propagating fracture
must be minimized, as it is required by General Design Criteria (GDC) No. 31.
2.1 Limiting Conditions for Operation.
Standard format of plant Technical Specifications includes in section 3.4 Limiting Conditions
for Operation (LCO 3.4.9.1). The most important limiting conditions for Nuclear Power
Plant Krsko (3) are:
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- a maximum heat up rate 27.7 ° C in any 1-hour period
- a maximum cooldown rate 55.6 ° C in any: 1-hour period
- a maximum temperature change of less than or equal to 5.6 ° C in any 1-hour period during
inservice hydrostatic and leak testing operations above the heatup and cooldown limit curves
The limit curves for Krsko Nuclear Power Plant for heat up and cooldown are calculated for
15 Effective Full Power Years. Determination of LCOs reqires calculation of nonstationary
stress and temperature fields in irradiated region of reactor vessel. It is necessary to perform
mechanical tests on irradiated samples of reactor vessel material to determine the temperature
of brittle fracture and other parameters necessary for accurate calculations.

3.0 Relocation of P-T limit curves from plant Technical Specifications.
US NRC has issued on January 31,1996 a Generic Letter 96-03 " Relocation of the Pressure
Temperature Limit Curves and Low Temperature Overpressure Protection System Limits".
During the development of the improved standard technical specifications a change was
proposed by nuclear industry to relocate the P-T curves and LTOP setpoint curves and values
currently contained in the TS to a licensee-controlled document.
The licensee must be able to reference a methodology for developing the curves and setpoints
containing in Pressure Temperatures Limiting Report (PTLR) and also the methodology used
in process of developing such report.
Relocation of the curves and setpoints to a licensee controlled document requires some
separate licensee actions, like:
- developing the methodology for relocation approved by regulatory body
- developing the PTLR report which contains all necessary data with explanation
- modify the applicable sections of the TS accordingly
Detailed above mentioned requirements are described more precisely in GL 96-03,
Attachment 1.
4.0 Vessel failure probability.
In the year 1981 was issued an assessment of the failure of reactor vessels in NUREG-0778.
The purpose of this study was to include better definition of the joint effects of radiation,
materials and flaw distribution and specially current limitations on fracture mechanics at that
time. The report estimates the failure rate for normal startup and shutdown sequences to be
in the range of 1 E-6 per vessel-year.
Dependent on flaw distribution and at end-of-life fluence the likelihood of failure for a
pressure of 20.68 MPa (3000 psi) was estimated to 1 E-4. As the conclusion a suggestion
was made that it would be appropriate to compare failure probabilities of normal and
transient operation with startup and shutdown conditions and sequences.
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Further research work in US mainly deals with vessel failure prompted by seismic events
low temperature overpressurization or pressure thermal shock (PTS) scenarios.
The reactor safety study (WASH 1440) defined a reactor vessel rupture event as a rupture
large enough to negate the effectiveness of the Emergency Core Cooling System (ECCS).
The median value of the probability was stated to be 1 E-6 per vessel-year and as such is
negligible contributor to PWR risk.
US NRC observed, for example, the properties of the Yankee Rowe reactor vessel and
thought that the probability of pressure thermal shock failure should be kept below the 1 E-4
per year, using best estimate parameters. However, risk assessments in general do not model
the vessel failure as an initiator.
5.0 Conclusions.
For PWR reactors, there are practically two safety limits during normal operation and
transients: core safety limit (fuel cladding heat transfer) and primary system boundary
pressure safety limit. Both these limits contains important process variables that are found
to be necessary to reasonably protect the integrity o certain of the physical barriers that guard
against the uncontrolled release of radioactivity.
A typical vessel safety limit on pressure might be on the order of 10% in excess of the
design pressure. The Technical Specifications contain Limiting Conditions of Operation
(LCO) on pressure-temperature combinations. The concern is to provide a margin to brittle
failure of the reactor vessel. Violating LCO limits might result in a consequent nonisolable
leak or loss of coolant accident. The most important parameters to be observed are pressure,
temperature and heat up and cooldown rates of primary coolant. In all operational modes the
nuclear power plant must operate within specified pressure-temperature limits.
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DESIGN, OPERATING, AND MAINTENANCE EXPERIENCE OF
BABCOCK & WILCOX NUCLEAR STEAM GENERATORS
J.C.Smith and L.Athanasiu
Babcock& Wilcox
Cambridge, Ontario Canada
Abstract
Babcock & Wilcox (B&W) has designed and manufactured nuclear steam generators since the
beginnings of the nuclear era in the 1950's. This paper describes how the B&W recirculating
steam generator design evolved, the operating and maintenance history of the design, and the
evolution of design and manufacturing methods into replacement steam generators for non-B&W
reactors.
Introduction
Babcock & Wilcox (B&W) has designed and manufactured nuclear steam generators since the
beginnings of the nuclear era in the 1950's. Steam generators have been provided for nuclear
propulsion systems in both military and commercial applications. Once-through steam generators
have been provided for B&W designed Pressurized Water Reactors (PWR's) in the US and
Germany, and more than 200 recirculating steam generators have been provided for CANDU
reactors around the world.
Since 1988, B&W has supplied 26 replacement PWR recirculating steam generators for nonB&W PWR's. Thesersteam generators are provided exclusively by B&W's operations in Canada,
with design based on the well proven recirculating steam generators developed for the CANDU
system.
Design Evolution
The B&W recirculating steam generator designs evolved with the development of the CANDU
heavy water reactor system. Within the CANDU engineering hierarchy, the reactor design and
the overall system engineering are performed by Atomic Energy of Canada Ltd. (AECL). Many
of the components, such as steam generators and heat exchangers, are designed by component
specialist companies such as B&W, to suit general specifications issued by AECL.
B&W first introduced the "lightbuib" type steam generator in the Pickering A reactors, which
have now been operating for more than 25 years. Most of the Pickering A steam generators have
never had a single tube plugged.
Over the years, the B&W steam generator has evolved in several crucial areas:
-tubing materials and specifications
-tube support design and material selection
-steam water separator design
-maintainability features
-manufacturing methods
B&W has worked closely with owners and plant designers in the areas of water chemistry and
plant operating cycles, and has provided input to industry organizations (eg. EPRI) on plant water
chemistry recommendations.
Table 1 is a summary of the design, manufacturing, and operating experience of B&W's
recirculating steam generators.
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TABLE 1
OPERATING EXPERIENCE WITH B&W RECIRCULATING STEAM GENERATORS
Reactor

#of Tubes/ Tube Tube Separ- Mfg. Circ. T-hot Start
SG's SG
Mat'l Supp's ators type Ratio (C)

Pickering 1
Pickering 2
Pickering 3
Pickering 4
Pickering 5
Pickering 6
Pickering 7
Pickering 8
Bruce 1
Bruce 2
Bruce 3
Bruce 4
Bruce 5
Bruce 6
Bruce 7
Bruce 8
Kanupp
Gentilly 2
Pt.Lepreau
Cordoba
Darlington 1
Darlington 2
Darlington 3
Darlington 4
Cernavoda 1

12
12
12
12
12
12
12
12
8
8
8
8
8
8
8
8
6
4
4
4
4

4
4
4
4

2600
2600
2600
2600
2600
2600
2600
2600
4200
4200
4200
4200
4200
4200
4200
4200
1335
3550
3550
3550
4663
4663
4663
4663
3530

M-400 CS-L+ IMP
M-400 CS-L IMP
M-400 CS-L IMP
M-400 CS-L IMP
M-400 CS-B IMP
M-400 CS-B IMP
M-400 CS-B IMP
M-400 CS-B IMP
1-600 CS-B IMP
1-600 CS-B IMP
1-600 CS-B IMP
1-600 CS-B IMP
1-600 CS-B GXP
1-600 CS-B GXP
1-600 CS-B GXP
1-600 CS-B GXP
M-400 CS-L- IMP
1-800 SS-B GXP
1-800 SS-B GXP
1-800 CS-B GXP
1-800 SS-L CAP1
1-800 SS-L CAP1
1-800 SS-L CAP1
1-800 SS-L CAP1
1-800 SS-L CAP2
1-800
1-800
1-800
1-800

SS-L
SS-L
SS-L
SS-L

CAP2
CAP2
CAP2
CAP2

j **

309
309
309
309

6.0
6.0
6.0
5.9

309
,309
309
309

3
3
3
3

5.9
5.9
5.9

5.9

309
309
309
309

1997
1998
1999
1999

4.5
5.4

314
316

1992 0
1996 0

3
3

5.8
5.8

325
325

3
3

5.8
4.4

325
315

3
3

5.8
5.8

320
320

1996
1996
1997
1997
1997
1998

3
3
3

4

3530
3530
3530
3530

Millstone 2
Ginna

2
2

8523 1-690 SS-L CAP2 3
4765 1-690 SS-L CAP3 3

Catawba 1
McGuire 1
McGuire 2
St. Lucie 1
Byron 1
Braidwood 1

4
4

6633
6633
6633
8523
6633
6633

4
2

4
4

CAP3
CAP3
CAP3
CAP2
CAP3
CAP3

115(P)***

5.7
5.7
5.7
6.0

4
4
4

SS-L
SS-L
SS-L
SS-L
SS-L
SS-L
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1971
1971
1972
1973
1983
1984
1985
1986
1977
1977
1978
1979
1985
1984
1986
1987
1972
1982
1982
1983
1992
1990
1993
1993
1996

1
1
1
2
2
2
2
1
1
1
1
1
1
1
1
1
3
3
3
3
3

Wolsong 2
Wolsong 3
Wolsong 4
Cernavoda 2

1-690
1-690
1-690
1-690
1-690
1-690

5.4
5.4

Tubes
Plugged*
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5.4
5.4
5.2
5.2

5.2
5.2
5.9
5.9
5.9
5.9
5.4
5.4
5.4
5.4

294
294
294
294
294
294
294

304
304
304
304
304
304
304

304

5.5 . 294

3
1
0

1913 (P)
4
0
21

46
1861 (SPC)
35
51

84 (F)
13
26
19
1
1
39
10
0

0
0
1
0
_
-

_
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Footnotes to Table 1:
•Tubes plugged thru end of 1994 (Ref. 1). Note that B&W has never used sleeves.
+ Tube support types are:
CS-L Carbon steel lattice grids
CS-B Carbon steel broached plates
SS-L Stainless steel lattice grids
SS-B Stainless steel broached plates
^^Manufacturing methods are:
1.
All tubes are installed in the SG, and the entire tubed SG lower section is put into a stress
relief furnace, simultaneously heat treating the tubes and the vessel.
2.
The vessel is separately heat treated. The tube U-bends are separately stress relieved by
electric resistance. The tube expanded region is heat treated with the vessel vertical, but
upside-down in conjunction with the head-to-tubesheet weld stress relief. ("LIV", or
Local Inverted Vertical stress relief, unique for M-400 tubing)
3.
The entire lower steam generator shell, tubesheet, and primary head assembly is
manufactured and stress relieved. Then the wrapper, tube supports and tubes are added.
The tubing has no exposure to the effects of local stress reliefs. This has been B&W's
exclusive manufacturing method since 1982.
***Plugging Causes are:
(P)
Pitting..note that the large number of tubes plugged in Pickering Unit 5 was due to underdeposit chloride pitting at tube support plates. Pickering Units 1-4 used lattice grid tube
supports while Units 5-8 used broached plates. The broached plates experienced sludge
buildup which had not been seen in the lattice grids. Pickering 5 suffered the pitting
problem, but the problem was solved by extensive chemical cleaning. Chemical cleaning
was' also done on Units 6-8 before a repeat could occur. Only now, after 25 years of
operation, Units 1-4 are receiving their first chemical cleans.
(SPC) Support Plate Cracking..This refers to OD cracking of the tubing at support plate
locations. Note that this has been an issue only at Bruce Unit 2. Unit 2 at Bruce was
subjected to a very large ingress of lead in 1986. In 1991, tube leaks started to appear,
and the root cause was determined to be lead cracks initiating under deposits at tube and
U-bend supports. Note that again, the tube supports are broached plates. The U-bend
supports at Bruce are "scallop bars", which create a crevice adjacent to the tube. The lead
contamination is severe enough in Unit 2 to have prompted Ontario Hydro to shut down
and mothball Unit 2 at the Bruce plant in 1995. Unit 2 may be refurbished in the future,
but refurbishment would involve replacement of the steam generators. All of the steam
generators at the Brace plant have experienced varying degrees of sludge buildup in the
broached tube supports. This was a major contributing factor to B&W's decision to go
back to lattice grid tube supports on newer steam generators.
(F)
Fretting at U-bend supports. Again, the Bruce units use "scallop bar" U-bend supports.
All subsequent B&W steam generators use stainless steel flat-bar U-bend supports. The
flat-bars provide comparable vibration restraint without creating crevices adjacent to the
tubes. B&W uses some of the most conservative criteria for design against vibration and
fretting in the industry. The fretting at Bruce Unit 5 appears to be largely an isolated,
occurrence specific to that unit.
In summary, the design to-day uses stainless steel lattice grid tube supports, stainless steel flat
bar U-bend supports, and either alloy 800 (CANDU steam generators) or alloy 690 (PWR steam
generators) tubing. B&W is now on its 3rd generation of CAP primary separators. All of the
previous generations worked well, but the 3rd generation CAP has equally good performance
with higher overall capacity and lower pressure drop. The separators are further described later
in the paper.
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The operating history of the B&W steam generators has been very good. All units have achieved
specified operating parameters (steam pressure, flow, moisture carryover, etc.) without exception.
Tubing performance has been excellent, particularly among the lattice grid steam generators. The
majority of tube failures have been in 2 reactors only: Pickering 5 (chloride pitting under
deposits in broached plates) and Bruce 2 (lead-induced cracking under deposits in broached
plates).
Replacement Steam Generator Design
When the CANDU steam generators had become a mature product, and their reliability had
proven itself to be higher than that of typical PWR steam generators (see Figure 1), B&W
conducted an assessment of PWR steam generator's problems, worldwide, and discovered that
there were 45 different failure mechanisms causing problems with steam generators (see Figure
2). B&W began developing replacement steam generator designs which addressed all of these
problems. Some steam generator problems are, of course more detrimental than others, but even
the smallest problems were targeted for elimination. The following is a summary of the key
developments and optimizations which went into the evolution of the B&W design for PWR
replacement purposes.
Tubing Material
The steam generators being replaced in PWR's around the world are almost exclusively those
with mill annealed alloy 600 tube material. The main weakness of mill annealed alloy 600 is
susceptibility to stress corrosion and intergranular cracking. Candidate materials for replacement
SG's included alloy 600 with thermal treatment (TT), alloy 800, and alloy 690 (TT). Alloy 600,
even with thermal treatment, is still somewhat susceptible to stress corrosion cracking, and to
pitting. On the positive side, alloy 600 has the highest thermal conductivity of the 3, and strength
equivalent to the best of the 3, in unmodified condition. Alloy 800 has good operating results in
the field, both in CANDU and PWR applications. However, in the laboratory, it can be shown
to have low resistance to both chloride and caustic stress corrosion cracking (SCC). Alloy 800
was first selected for steam generator applications because it will not crack in pure water (eg
primary side) conditions, whereas the only alternative at the time (1970's, only alternative was
alloy 600) was susceptible to primary SCC. Alloy 800 has further disadvantages in a replacement
situation of having the lowest thermal conductivity of the three candidates, and the lowest
strength in unmodified (ASME basis) condition. Alloy 690 has intermediate conductivity, can
be produced with the highest strength of the three materials, and has excellent resistance to all
forms of SCC and intergranular attack. The growing volume of experience with tliis alloy around
the world is proving it to be a good choice. B&W selected alloy 690 for replacement steam
generator applications. B&W then refined the specifications of alloy 690 to get optimum
corrosion resistance, and worked with all tube vendors to find a way of producing alloy .6.90
tubing to the B&W specification. The tubing being produced for the B&W replacement steam
generators has been shown to be more resistant to SCC than "standard" alloy 690 (Ref. 2).
Tube Supports
After going from lattice grid to broached plate, and back to lattice grid tube supports, B&W was
in the unique position of being the only supplier with extensive experience in both types of
supports. B&W was also in a unique position of being able to do side-by-side comparisons of
the two at the Pickering Generating Station, where the older 4 reactors use lattice grids, and the
newer 4 reactors use broached plates. The comparisons clearly show that:
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•
•

lattice grids have lower flow resistance, and therefore promote higher circulation
lattice grids provide superior vibration/fretting resistance and are less likely to damage
tubes during assembly due to the nested nature of how the tubes are held.

•

lattice grids are much higher in strength. The B&W lattice grid steam generators now
being produced do not use any tierods, and yet will survive any accident condition.

•

very importantly, lattice grids are much less susceptible to accumulating sludge. Sludge
buildup in the flow areas of broached plates has been a major problem at the Brace plant,
the Pickering 5-8 reactors, and has been experienced in PWR units with broached plates
as well. The problem is not solved by using stainless steel broached plates, as shown by
the PWR experience. The problem is, however, virtually eliminated by using lattice grids.
Some buildup has been seen in Pickering reactors 1-4 in lattice grids after 25 years of
operation without chemical cleaning.

B&W settled quickly on offering only lattice grid tube supports, along with flat-bar U-bend
supports, which have been used on all CANDU units subsequent to Bruce (see figure 3). The
material chosen for the bars is type 410S stainless steel, due to its corrosion resistance, strength,
and very importantly, its expansion coefficient. Using a material for the bars which has the same
expansion coefficient as carbon steel (shell, wrapper, etc.) allows a closer fit of the bars to the rest
of the structure, which enhances the total strength of the integrated lattice grid structure for inplane loading such as seismic loads.
Separators
B&W has been involved in research and development of steam-water separators for more than
50 years. Table 1 shows that B&W has constantly kept developing new and better separators, and
is currently offering the CAP-3 primary separator, plus the high capacity GXP secondary
centrifugal separators. (See Figure 4). B&W subjects each separator type to extensive laboratory
testing prior to use in the field. Each separator type is tested full scale, in steam and water, at full
flow and pressure, to simulated loads at least 33% higher than the maximum load the separator
will ever see in operation. If the steam generator is to deliver uprated power, the testing is done
to at least 33% flow beyond uprated conditions. In the testing program, measured outputs are
carryover, steam carryunder in the recirculated water, pressure drop, and any sensitivity to water
flow or water level variations. The first field tests of the CAP-3 separators (Ginna RSG's, New
York State) will be performed in September/96. Field tests of the CAP-2 separators at Millstone
2 (Connecticut) showed average moisture carryover of 0.023%. The CAP-3 separators are
basically the same as CAP-2's, but modified to allow higher peak steam flow and have lower
overall pressure drop. With the volume of laboratory testing done on the CAP-3's, B&W is
confident of field results equal to or lower than the Millstone results
Circulation Ratio and 3-D Flow
From Table 1, it is apparent that almost all of the B&W steam generators have circulation ratios
of 5 or greater. High circulation ratios are beneficial in that they promote high sweeping flows
throughout the steam generator, to keep suifaces clean. High circulation ratios also eliminate the
potential for dryout regions in the upper tube bundle by suppressing maximum local qualities.
Using high circulation ratios requires having well proven vibration technology and established
separator technology. B&W has both technologies. At a circulation ratio of 5, there is 4 times
the massflow of water as there is of steam entering the separators. The B&W separators are
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capable of handling-high water flow along with high steam flow. For the vibration technology,
B&W developed and proved ths technology using smaller tube sizes, and so the use of the larger
stiffer PWR tube sizes is relatively straightforward. The tube size comparison is as follows:
CANDU tube sizes:
Pickering, Bruce, Kanupp
CANDU 6 (Pt. Lepreau, Wolsong, Cernavoda, etc), Darlington

13mmOD
15.9 mm OD

PWR RSG's:
Millstone, Ginna, St. Lucie
Catawba, McGuire, Byron, Braidwood

19 mm OD
17.5 mm OD

For the separator water flow sensitivity tests, at fiill steam flow, simulated circulation ratios of
up to 10 are used to prove that the separators are insensitive to high water flows.
Pressure Boundary and Maintainability Features
Pressure boundaries are designed to minimize the number of weld seams, but at the same time
take into account overall project economics. As attractive as it is to use an all-forged shell,
B&W's steam generators have all ended up as plate shells for simple cost considerations. B&W's
pressure boundaries are made from a range of ultimate strengths of materials, considering overall
vessel weight and economics. The maintainability features include:
•
multiple large handholes above the tubesheet for water lancing purposes
•
large primary manways (up to 508 mm)
•
preinstalled nozzle dam rings suitable for very rapid installation dams.
•
numerous inspection ports in the secondary shell allowing viewing and even lancing of
tube supports
•
extra handholes for inspection of U-bends and feedwater headers
•
permanent access ducts through the separator assemblies
•
manways situated for the most rapid and convenient access to the separators (often in the
secondary head of the steam generator).
•
permanent nitrogen recirculalion provisions for wet layup
•
all bolting set up for automatic muld-stud tensioners
•
manway support arms for ease of maintenance
•
permanent marking of the tubesheet face with tube row and column numbers, legible from
remote CCTV monitors
•
no tierods, blowdown headers, or other obstructions to water lancing. Once the handholes
are open, lancing can start immediately. (The blowdown header is recessed in the
tubesheet. B&W does not use lane blockers).
Manufacturing Method
The unique feature of the B&W manufacturing method is that the entire lower pressure boundary,
including the primary head, is assembled, welded, and stress relieved prior to tubing. Other
manufacturers leave the primary head off the vessel until after tubing, and then perform a local
stress relief of the head to tubesheet weld. This local stress relief can reduce the corrosion
resistance of certain tube alloys at the point along the length of the tube which is only heated to
an intermediate temperature. This is particularly true for alloy 800. B&W developed this
manufacturing method for CANDU steam generators with alloy 800 tubing, and has carried it
over to the alloy 690 PWR units as well. The local stress relief can also weaken the tubetubesheet expanded joint. In the B&W method, both of these risks are eliminated. B&W's
manufacturing method has been developed with the close co-operation of the engineering office
and shop, which are both at the same location in Canada. The method has now been proven on
more than 40 steam generators for both CANDU and PWR applications.
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Conclusions
Babcock & Wilcox has been in the nuclear steam generator business since the 1950's, and has
evolved a state of the art design of steam generator which has gained widespread acceptance for
both CANDU and replacement PWR applications. The design is supported by the operating and
maintenance experience of over 200 steam generators produced to date by Babcock & Wilcox.
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ABSTRACT
Radiocarbon, MC, artificially produced in nuclear fuel cycle facilities, is one of the most important
jlobal radioactive contaminants. Nuclear power plant emissions of H C to the environment are mainly via the
itack gas. The dominating chemical forms of iAC released from PWR reactors are hydrocarbons and to a lesser
;xtent carbon-dioxide. H C emitted in the form of carbon-dioxide incorporates into plants by photosynthesis.
The objective of our work was to determine MC activity in tree-rings, dated from the period 1975 to 1994, in the
surroundings of the 632 MWe KrSko Nuclear Power Plant, which began operation in 1981.
Three acacia trees (Robinia sp.) within a radius of a few kilometres from the power plant stack at
different locations in the prevailing wind direction were felled and individual tree-rings were separated.
Samples were first combusted to CO2, which then reacted with hot lithium to form Li2C2. Addition of tritiumFree water to the cooled lithium carbide produced acetylene, then the acetylene was catalytically trimerized to
benzene. A scintillator (butyl-PBD) was dissolved in benzene and then the samples were counted by a low level
liquid scintillation counter (Quantulus LKB-Wallac),
The results of our measurements arc presented as H C activity as a percentage of the modern standard
(0.95 of NBS oxalic acid). No influence of power plant releases was observed in the tree-ring MC activities,
which is in accordance with previous measurements of MC activity in tree-rings of a linden tree felled at Libna,
1.5 km from the power plant.

INTRODUCTION
Radiocarbon, 14C, is naturally created in the upper layers of atmosphere from the
capture of cosmic ray produced neutrons (n) by nitrogen ( M N) resulting in the emission of
protons (p) and the creation of 14C atoms [ N(n,p)14C]. MC is then oxidized to 14CO2 and
distributed evenly throughout the global atmosphere (Gupta and Polach, 1985). Plants
assimilate 14C during photosynthesis, and animals eat plants. The same occurs in the sea,
because 14CO2, like normal CO2, dissolves in the oceans and is available to plankton, coral,
mollusc and fish. So all organisms during their life continuously replenish their 14C content. At
the same time I4C decays following the law of radioactivity with a half life of 5730 years. These
two processes lead to an equilibrium of the radiocarbon content in the atmosphere and
biosphere.
After the death of plants or animals 14C input ceases. The time elapsed from death can be
established by determining the residual I4C content, Changes in atmospheric l4CC>2 abundance
are particularly important as all life forms, irrespective of their location, derive their C
primarily from atmospheric l4CC>2.
C is artificially produced in nuclear fuel facilities and is one of the most important
radionuclides released to the environment from nuclear power plants (Uchrin et al., 1993), It is
produced primarily (i) in the fuel by the reactions l7 O(n,a) 14 C and 14N(n,p")l4C, (ii) in core
structural materials, including stainless steel, where the source of
C is nitrogen
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and (iii) in the cooling water where the sources of UC are oxygen and nitrogen containing
substances. 14C is released to the environment mainly via the stack. l4C discharges by liquid and
solid wastes are less than 5% of the gaseous release. The dominating chemical forms of
radiocarbon released from BWR type reactors are carbon dioxide and to a lesser extent
hydrocarbons, while PWR type of reactors emit radiocarbon mostly in the form of
hydrocarbons (Hertelendi et al., 1989; Uchrin et al., 1992).
In our work I4C activity was determined in tree-rings in trees growing around the
632MW Krsko Nuclear Power Plant, which began operation in 1981.
SAMPLING POINTS
Krsko Nuclear Power Plant is located in the south-east part of Slovenia, on the left bank
of the River Sava in the industrial zone of Krsko (45° 45' IS" N, 15° 31' 14" E). The
immediate and surrounding area of the power plant belongs partly to the wooded secondary
mountain ranges of the Alps to the north and to the wooded secondary mountain ranges of the
Dinaric Mountains to the west. The major part belongs to the wine-growing Panonian
Boundary Hills and the Panonian Plain. The climate is moderate and partly influenced by the
nearby, Alps. The humidity is relatively high (85%), with frequent fog, especially in the River
Sava basin. The region is known for moderate winds, mainly along the River Sava flow (NWSE).
To reconstruct past activity of 14C in the region, three acacia trees (Robinia sp.) were cut
down in the radius of a few kilometres from the power plant stack at two different locations in
the prevailing wind direction, as seen from Figure 1. The period covered was from 1975 to
1994.

LESKOVEC
ZADOVINEK*

S L O V E N I A

0

5 Ian
'•"sampling points

Figure 1.: Sampling points
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METHOD
Samples* were first combusted to CO2. The sample for 513C mass spectrometric
measurements is collected at this stage. CO2 was then reacted with hot lithium to form Li2C2.
Addition of tritium-free water to the cooled lithium carbide produced acetylene, and then the
acetylene was catalytically trimerized to benzene. A scintillator compound (butyl-PBD) was
dissolved in benzene and the solution was then counted in a low level liquid scintillator counter
(Quantulus LKB-Wallac) for 1000 minutes, 10 times for each sample.

RESULTS AND DISCUSSION
The results of the measurements are presented in Table 1 showing the 14C activity as a
percentage of modern standard (pM), which is 0.95 of NBS oxalic acid, and 513C values
which, as expected, are around -25%o. Activities of tree-rings show no significant variations.
They agree, within the error bars, with the activity of the atmospheric CO2 in the Northern
Hemisphere.
Table I.: 14C activity and 513C values in tree-rings

year
1975

SAMPLE 1
pM
813C (%o)
-

1976

125.3 ±7.3

-26.16

1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994

132.0 ±7.7
136.4 ±7.9

SAMPLE

pM

125.2 ±7.3
123.0 + 7.1

-25.94

128.8 ±7.5
122.2 ±7.1

-25.92

120.9 ±7.0
123.0 + 7.1
118.5 ±6.9

-25.86

•117.7 ±6.8

-25.68

122.5
124.5
120.7
121.4
119.9

-24.64

121.5 ±7.1
115.7 + 6.7
119.8 ±7.0

114.0 ±6.6

-25.72
-25.92
-25.77

±7.1
±7.2
±7.0
±7.0
±7.0

119.2 ±7.0
110.0 ±6.4

-25.94

111.6 + 6.5

3
513C (%o)

-25.66*
-25.81
-25.95
-25.72

135.1 ±7.8

1977
1978
1979
1980

SAMPLE 2
pM
6I3C (%)

-25.40

118.5 ±6.9
119.9 ±7.0

-26.11
-27.05
-27.06
-26.04
-25.88
-25.95
-25.32
-25.19
-24.72
-24.04
-25.88

+ 0.05
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Figure 2 shows 14C activity in tree-rings (points) as compared with the mean atmospheric
14
C activity in the Northern Hemisphere according to Levin et al. (full line) (Levin, et al,
1980)). The results were also compared with the'4C activity of linden tree (Tilia sp.),which
was felled at Libna, approximately 1.5 km from the plant stack (Obelic, et al, 1986). A
sampling site at the Plitvice National Park in central Croatia was chosen as a 14C reference
point not affected by the Power Plant. There was no influence of power plant releases observed
in tree-ring 14C activities, which is in accordance with the previous measurements of UC
activity in tree-rings of the linden tree from Libna, and with measurements of 14C activity in
tree-rings at the Plitvice National Park in central Croatia.

Sample 1
Sample 2
A Sample 3
Libna
Plilvicc National Park
- ref Levin cl al.

year

Figure 2.: 14C activity (pM) of acacia tree-rings, 1975-1994 compared with 14C activity of
linden tree-rings from Libna and the mean I4C activity in the Northern Hemisphere according
to Levin et al. (full line) (Radiocarbon 22, 1980)

CONCLUSION
Our analysis shows that tree-rings follow the general activity trend in the Northern
Hemisphere and no enhanced activity due to the power plant release was observed in treerings.
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ABSTRACT
This paper discusses in some detail the results of simulations for a given neutron
spectrometer to determine the homogeneous water concentration in the soil below
the Mars' surface. A water concentration of 0.9% combined with an ice layer, 10
cm thick, at a variable distance from the Mars' surface, is also investigated. We
present a method which allows to distinguish a homogeneous water distribution
from an ice layer down to about 1 meter below the Mars' surface.
1. Introduction
Galactic Cosmic Rays (GCR) generate neutrons in passing through the Mars' atmosphere and
soil. (The Solar Cosmic Rays are ignored because it is assumed that the measuring cycle will
take place during the night.) These neutrons are differently moderated depending on different
types of water distributions in the soil. It is the plan of coming Mars missions to use these
differently moderated neutrons for an investigation of possible water deposits in the Mars'
soil. It is the purpose of this paper to report on simulations to prove whether such a concept
would be feasible or not.
The simulations were carried out using the programme HETC [1] in the energy range from
10 GeV down to 14.9 MeV and the programme MORSE [1] in the energy range from 14.9
MeVdownto 10' 5 eV.
2. Configuration
The sectional drawing in Figure 1 shows the model geometry defined for HETC and MORSE.
It describes a cylindersymmetrical arrangement (the curvature of the Mars' surface was
ignored) with the symmetry axis (z-axis) perpendicular to the Mars' surface. The soil is
described by a cylinder of 59 m in diameter and of 20 m height. The Mars' atmosphere is
compressed to a thickness of 16 cm. (It's density was scaled accordingly.) It consists of 95.3
wt-% CO 2 and 2.7 wt-% N 2 . The composition of the Mars' soil is given in Table 1.
Within our simulations the GCR were described by a surface source (diameter: 30 m)
which is located above the atmosphere. The energy distribution is the one given by
Castaggnoli and Lai [2] using M=550.

Nuclear Energy in Central Europe, Portoroi, Slovenia, 16-19 September 1996

Table 1: Standard composition of Mars' soil [3]:
Element
0
Si
Al
Fe
MR

wt-%
46.6
21.5
4.1
13.5
3.7

Element
Ca
K
Ti
S
Na

wt-%
4.4
0.12
0.38
3.0
0.81

Element
Co
Ni

ppm
33
52

Element
Th
U

ppm
0.45
0.13

Element
Mn
Cr
Cl
C
H

wt-%
0.34
0.15
0.7
0.6
0.1

Protonsource
Atmosphere (thickness: 16 cm)

Atmosphere (thickness: 16 cm)
^\,

„/'

4

20 m

Detectors within
Marsi' soil

M A R SI' S O I L
5,9 m

20 m

• z

Figure 1: Geometry of the Mars' atmosphere, surface, and soil.
In the simulations the neutrons are detected by a spectrometer which is modelled by two
Tie-counters one of which is covered by a Cadmium foil to eliminate thermal neutrons. These
counters are positioned on the Mars surface. The ratio between the total and the epithermal
counts, named Cadmium ratio (CdR), will then be interpreted as an indicator for the water
concentration within the Mars' soil.

3. Results
We investigated two different scenarios:
a) A homogeneous water distribution in the Mars' soil.
b) A water concentration of 0.9 % combined with an ice layer (thickness 10 cm) at
variable distances from the Mars' surface.
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Figure 2: Thermal and epithermal flux along the z-axis for two water concentrations given in
wt-%.

Figure 2 shows the neutron flux distributions along the z-axis with increasing distance from
the Mars' surface. In principal, the epithermal flux as well as the thermal one shows the same
behaviour as a function of z with decreasing maxima for the epithermal component and with a
relativ increase of the thermal flux with increasing water concentrations. This results on the
surface in a decreasing total neutron flux with increasing water concentrations and a relativ
increase of the thermal component as a result of increased moderation.
35
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Figure 3: Epithermal neutron flux along the z-axis as a function of the distance of a 10 cm
thick ice layer from the surface.
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On the other hand, an ice layer disturbs the neutron flux within the soil. The epithermal flux
decreasesjapidly in the' area around the 10 cm ice layer (Figure 3) while the thermal neutron
flux exhibits a remarkable increase within and in the area surrounding the layer (Figure 4).
For ice layers which are 20 cm and more below the Mars' surface the thermal flux shows
even lower values close to the ice layer's surface as one would expect from a homogeneous
water distribution. With increasing distance of the ice layer from the surface the epithermal flux
on the surface is increased (Figure 3).
As we want to describe our results in terms of detector counts we developed a procedure
which allows to convert the neutron flux, as it is calculated by the MORSE programme, into
counts of - in our case - a 3He-detector. In the first step, the detector is assumed to be placed
parallel to the Mars' surface. In a second step, a 2-D detector of equivalent 2-D dimensions
and identical efficiency was defined as a substitute for the cylindersymmetrical original 3Hedetector to simplify the geometry and ultimately the calculations. In a final step we introduced
the energy dependent probability of (n,p)-reactions for 3He for a realistic simulation of the
detector's behaviour.

0
-0

50

100

150
z [cm]

200

250

300

Figure 4: The thermal neutron flux along the z-axis as a function of the distance of a 10 cm
thick ice layer from the surface.
Figure 5 and Figure 6 present our results for the expected detector signals on the Mars'
surface in counts/s for both scenarios. They result in a completely different behaviour
concerning the total and epithermal counts reflecting the different moderation neutrons
experience in the two cases considered here. Figure 5 shows that the flux of epithermal
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neutrons registered by the cadmium-covered detector decreases with increasing moderation. In
contrast, the total flux registered by the other detector shows an initial increase with increasing
water concentrations reaching a maximum at 6 to 8% H2O concentration. As the epithermal
counts decrease faster than the total counts beyond the 8% H2O maximum the ratio total to
epithermal counts increases monotonically with increasing water concentrations. (See also
Figure 7.) It follows from Figure 6, on the other hand, that the epithermal counts increase with
increasing distance of the ice layer from the surface and level off for distances greater than 110
cm. In contrast, the total counts show initially a rapid decrease with a minimum at a distance of
the ice layer from the surface of about 50 cm. For further increasing distances the total counts
begin to increase and they level off for distances greater than 110 cm at a value which
corresponds to 0.9% water concentration. As a result the ratio of total to epithermal counts
shows a monotonic decrease with increasing distances of the ice layer from the surface. This
ratio levels off for distances greater than 70 cm (Figure 7).

—•—epith. counts
~®~~ total counts

0

10

20
30
concentration of water

40

50

Figure 5: Epithermal and total counts of a 3He-detector on the Mars' surface as a function of
the water concentration in the soil.
It can also be demonstrated by use of Figure 7 that the cadmium ratio alone cannot be used
to distinguish between an ice layer and a homogeneous water distribution. If we register for
instance a CdR of 10 we could either have an ice layer of 10 cm thickness at about 30 cm
below the surface or a homogeneous water distribution of about 7 wt-% in the soil. Figure 5
and 6 demonstrate on the other hand, that the total counts develop a behaviour which is
completely different from that of the epithermal counts in both scenarios. Thus adding the
information contained in the total counts allows a clear destinction between the two cases.
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Figure 6: Epithermal and total counts of a 3He-detector on the Mars' surface as a function of
the distance of a 10 cm thick ice layer from the surface.
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Figure 7: CdR as a function of the water concentration in the Mars' soil and as a function of
the distance of a 10 cm thick ice layer from the surface.
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4. Conclusion
According to our simulations it should be feasible to detect ice layers or homogeneous water
distribution within the Mars' soil using a neutron spectrometer consisting of two detectors one
of which is covered by a Cadmium foil. (A full report of these simulations you can find in [4].)
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Abstract
In the present paper we discuss deficiencies, differences and similarities in knowledge among
people with diverse professional and educational background attending our radiation
protection courses. Suggestions for overcoming the problems resulting from this diversity are
given. The crucial topics for understanding the system of radiation protection are given and
relevant approach suggested, with emphasis to stochastic effects.
Implementation of radiation protection training for particular job and task was problematic
due to shortage of written procedures. It is our practice to choose relevant lecturers for each
particular course to reduce this problem. This approach is described and discussed.
1.

Introduction

During last two years more than six hundred and fifty people participated thirty one radiation
protection courses organized by the Milan Copic Nuclear Training Centre, "Jozef Stefan"
Institute, Ljubljana. These courses evolved from radiation protection courses organized as
a part of training for Krsko NPP. Approximately half of participants (45%) were specialists
in different fields working professionally with various sources of ionizing radiation. The
other group (39%) formed people who are going to participate as emergency personnel in
case of an eventual accident in Krsko NPP. The rest (16%) were people not working with
sources professionally but are involved in activities where higher concentration of natural
radioactivity may occur.
Professional background and educational level of participants were diverse, from
housekeeping staff to highly qualified researchers. Among the professionals, there were
radiographers, radiochemists, medical doctors, chemists, physicists, nurses and technical staff
people. Police officers, veterinarians and food technologists formed the group anticipated for
emergency personnel. The group concerned with natural radioactivity consisted of industry
workers, engineers and mining engineers. Majority of participants had university level
education (54%) and others had secondary level education (45%). Just few (1%) were with
only elementary school finished.
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The course contents for professional workers, i.e., those subjected to "occupational
exposures," were defined by the Ministry of Health. The Ministry defined topics relevant for
various groups of workers and also the minimal duration of course. We also use these
contents as basis for "refreshment" courses organized for experienced workers. In both cases
we follow this outline and we try to adapt it for each particular group. For the other courses
we had prepared individual contents approved by independent experts. General outline of the
Ministry of Health recommendation has been followed and additional topics added.
To cover all topics of a course and to achieve goals, we administer course and cover it
partially by our teachers. For the uncovered and specific topics, we employ experts from
other departments and organizations. They are highly qualified with appropriate teaching
experience. Six to seven teachers are usually involved in realization of a course for
professionals and one to five in other courses.
Our efforts to implement and improve radiation protection courses led to very positive
response from course participants. This has stimulated us to organize and present
accumulated experience in a way that could lead to improvement of the courses and could
be of some help to those, who are presenting problems related to radiation protection to the
general public. In the present paper, v/e shall try to point out some common
misunderstandings, lack of knowledge, and critical subjects that require special attention.
2.

How to Start - Influence of Educational Level and Experience (Professional
Background) on Course

In the last decades topics connected with nuclear physics and nuclear radiation disappeared
from elementary and majority of secondary schools. Even at university level these subjects
are generally treated very deficiently. This does not apply to special and nuclear physics
related university courses, of course. The consequence is that the first real contact with
nuclear and ionizing radiation in general is postponed and it seems that the ionizing radiation
is something very special and specific. Usually people think on radiation sources as
something completely artificial and unnatural. Information available through media are often
connected with debates on risks of nuclear energy thus making it nearly "illegal." And there
is also the term "nuclear weapon" well known to anybody.
As a result, basic knowledge on sources and ionizing radiation itself is deficient, fragmented,
superficial and very biased. This is especially true for people who have no professional
background in natural and technical sciences. In this group there is no substantial difference
regarding the educational level. Therefore it is always necessary to start a course with very
basfc knowledge on the elementary school level they should be familiar with. Then it is
possible to add subjects 'and retain their confidence. A teacher should find analogies and
practical examples as often as possible. It is obligatory to discuss natural sources of radiation
and perform practical demonstration of radioactivity and detection. It is also obligatory to
discuss chain reaction so that they believe that there is a difference between medical source,
nuclear reactor and nuclear weapon.
For people having technical or scientific background such rudimental approach is not crucial,
unless they are educated only on secondary level or lower. Nevertheless they need an review
of basic physical concepts before various sources and radiation itself are treated. Discussion

Nuclear Energy in Central Europe, Portorofc, Slovenia, 16-19 September 1996

525

on natural-sources is obligatory and discussion on chain reaction not necessary but useful.
It is beneficial to mention and explain the particular source or decay they meet or know
enabling them to position the theoretical concepts in their professional environment.
Medical personal belongs somewhere between previously mentioned groups. They need an
extensive review of basic concepts and thorough discussion on natural sources. Specially
important is the concept of energy, which is frequently misunderstood. Usually there is no
special interest for subjects outside their field and examples should be chosen from medical
practice.
For all these groups the most important subject in the introductory part of a course is
interaction of radiation with matter. This subject is basis for comprehension of other
important subjects like detection and measurement of radiation, biological effects of radiation
and also basic protective measures. Therefore it should be treated carefully and clearly,
without extensive details and special terms which obscure the general picture of the subject.
The comparison of different kinds of radiation is obligatory with some numerical values
presented, but just few to support the discussion. This subject should be concluded with the
explanation of absorbed dose. The definition and physical background should be presented
in the scope of interaction of radiation with matter thus making the bridge between physical
and biological consequences of interaction.
After this introductory part the participants should feel prepared and encouraged to start with
other topics. Therefore it is useful to animate participants for application of presented topics
to their practice or experience.

3.

Biological Effects - the Key to Understanding the System of Radiation Protection

The fact that any radiation is harmful is something that is generally accepted and usually out
of any question. But if someone tries to get the explanation why, how and how much, the
problem arises. We all have seen or heard of victims of some kind of radiation. But we are
living in the world of different kinds and various levels of radiations and we are still
surviving. And what is more amazing, life emerged in a such a world. Therefore radiation
is not necessary fatal by itself.
All these facts create confusion and misunderstanding about radiation itself and about effects
of radiation on human beings. Therefore it is of utmost importance to present and explain
the subject of biological effects in proper and convincing way. It must be done in such way
that the system of radiation protection is logical extension of our knowledge and experience
on the subject of effects.
Interaction with radiation takes place on the molecular level. This step is never problematic
to explain as it can be derived from introductory part of the course. As the structure and
physiology of a cell is very complicated, the teacher must take care not to involve too much
details explaining events on the cellular level. Only those participants with very heavy
background in biology like medical doctors will be able to follow beyond basics, therefore
it is better to be limited to a very simple picture of a cell and cell nucleus. The main goal
should be implication of the difference between stochastic and acute effects. This implication
should be made by grouping the effects of interaction to a cell and without involving
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consequences to tissue or organ. At this point, the equivalent dose should be introduced
enabling the discussion on acute and stochastic effects.
Explaining acute and stochastic effects of radiation is the most important and crucial subject
in the course. It is the matter of justification on all system of radiation protection and also
legislation concerned. Therefore this should be done with special attention and in proper
steps.
People usually intuitively connect radiation and acute effects. But intuition doesn't say
anything about threshold dose that must be exceeded for the acute effect to occur. So the
threshold dose is the subject that produces misunderstanding which calls for additional
explanations and justification. Examples should be given and also numerical values for
threshold doses which produce acute effects. But it is obligation to explain when and where
such doses are possible stressing abnormality of such situations. Nevertheless too much time
and effort should not be devoted to this kind of effects exaggerating their importance for
normal life and work with sources of radiation.
More attention should be devoted to stochastic effects which are something much more
complicated to explain. Terms describing probability are neither well known nor understood
publicly so the term "stochasticity" should be explained with various examples from other
domains of life and applied to events in cell. Consequences for organism should be explained
and related to term "dose," emphasizing it's statistical meaning and distinguishing probability
and severity of a consequence. This is the proper time to explain the term "effective dose"
and present it as a measure for risk associated with actual exposure to radiation. Examples
and comparisons of other kinds of risks should be given again. The discussion should be
concluded with examples of natural background doses and contributions from various
artificially produced sources in our environment thus establishing the frame and range to
position actual and eventual exposures in their professional life.
At the end of the subject the review of different uses of term "dose" is invaluable preventing
confusion and enabling a participant to become aware of eventual misconception.
4.

The System of Radiation Protection and How it Makes Sense

The basis for understanding the system of radiation protection is comprehension of biological
effects of radiation with acute and stochastic consequences. But it is just foundation which
enables reality, needs and common sense to agree for benefit and progress. Therefore the
discussion must convince a participant that the system is built in such a way that it protects
user and still enables useful use of radiation sources.
Describing the purpose and principles of the system we use words like "acceptable",
"justified", "reasonably achievable" etc which are not often used in "exact" natural sciences
or technology. And also we are speaking about "cost benefit", "social and economic factors"
and finish with dose limit, which is something given by the law. All this sounds like a cover
used to avoid straight answer to a question what is dangerous and what is not. But such
answer is not possible and that must be clear from the beginning of discussion about the
system of radiation protection.
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The philosophy of radiation protection is best explained by making comparison with normal
life, for example safety in traffic where the same principles are applicable. Common factors
are risk, economic and social factors, and also others including some kind of limit. Very
important aspect of this parallel is also personal responsibility of a participant and his
involvement in the protection activities. Unfortunately this comparison has a drawback:
although traffic safety principles are internationally accepted they are partially implemented
through traffic rules and regulation, which are not always considered strictly rational. And
there are also social and psychological motifs misleading people to traffic endangering and
even to apathetic acceptance of huge number of casualties. From the point of view of an
average person, all these facts do not support confidence to the logic behind implementation
of traffic safety.
In radiation protection there is no place for such "personal" approach and interpretation of
rules and limits. Therefore the radiation protection principles and dose limits should be
presented as logical extensions of radiation protection philosophy and experience. It must be
stressed out that dose limits are derived from comparison of various risks and are not result
of someone's prediction or guessing.
5.

Modes of Exposure and Basic Protective Measures

Accepting basic premises of radiation protection philosophy and dose limits a participant is
prepared to comprehend basic protective measures used in protection. But before that one
basic question must be answered: how exactly are we exposed to radiation? The general
answer can be simple and declarative producing no special problem for a participant to
understand. The consequence is that general approach to protection and basic protective
measures for some specific mtfde of exposure to radiation are not problematic to explain. But
simplicity is apparent. If we consider particular source, modes of exposure are not always
obvious and unique or simply traceable. The other problem is that the implementation of
basic protective measures for the definite mode of exposure is not simple and easy and
requires expert evaluation. Situation becomes even more complicated in the case of an
accident. Modes and magnitudes of exposure might be changed requiring new evaluation
which could be done only by qualified person. That means loss of time and endangering
people as a consequence.
Therefore it must be clearly stated that the basic protective measures are only guidelines and
their practical implementation requires prepared procedures. This is especially important for
accidental situations requiring special emergency procedures which must also be prepared in
advance.
Unfortunately, very few organizations have properly prepared procedures for normal
operations and/or emergency situations. That is why we try to present more experience and
practical examples than it would be necessary to simply illustrate and clarify modes of
exposure or basic protective measures. This is the reason why a teacher with large practical
experience is required. He can present common mistakes, describe and comment events that
occurred in the past and also suggest some possible accidents in specific situations.
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6.

Radiation Monitoring and Survey Instrumentation

Logical extension of discussion on modes of exposure is discussion on radiation monitoring
and survey instrumentation. This subject must be very carefully prepared and presented
considering professional background of participants of the course. Basic knowledge of
interactions from introductory part of the course should be sufficient for this subject and no
new concepts introduced. Lecture should be limited to very few basic instruments with
simple but thorough instructions for use. If possible, similar instruments to those used in
participant's organization should be used. It is important to emphasize what kind of radiation
particular instrument detects and especially what are instrument's limitations, but
technicalities should be limited to a minimum. The same applies for personal dosimetry,
where responsibility for genuine result of a person using it must be stressed.
Dosimetric units are special problem related to surveying and monitoring instrumentation.
Instruments with different units, also old units, are used and it is definitely useful to give
some "thumbnail" rules how to transform units, thus limiting confusion which is common.

7.

Job and Profession Specific Tasks and Sources of Radiation

Final goal of a course is to enable a participant to apply acquired knowledge to his specific
tasks and duties. Such goal would be best achieved with special training for specific job, but
generally groups of participants are not homogeneous in that sense. Sometimes they belong
to same or similar profession performing similar or related tasks in different environment
and sometimes they belong to different profession performing related jobs in same
environment. The result of such variety is that we try to reach the goal also discussing
profession specific tasks and not only job related tasks. The approach depends on the
professional structure of the course participants. In both cases the goal is to relate radiation
protection and job performance.
For this specific part of a course we often hire experts from other research, academic or
commercial organization. We try to find persons, whose professional activities are related
with radiation protection and who are experts in a professional field of participants. Usually
two to three lecturers are involved, covering different aspects of the topic. For the field of
sources of radiation it is best suited to involve lecturer which has extensive experience and
ability to review and compare practical aspects of different sources. He should be very well
acquainted with operation and maintenance of sources. Lecturers from academic or research
organization are good choice for this subject.
Implementation and use of radiation sources for specific tasks and. jobs is the ultimate part
of a course. It should be applied and practical with clear and straightforward explanations
of basic procedures with accent to critical operations. Actual and possible accidental
exposures should be presented and emergency procedures discussed. Specific protective
measures and equipment should be described and explained. This part of the course should
be precise and explicit, which means that it should relate to specific job in specific
environment as much as possible.
As we mentioned, very few organizations have proper procedures for normal operations and
emergency situations. Others have short instructions, if any. Therefore it is not possible to
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train people according to valid written procedures. To overcome this problem, we employ
someone who is professionally familiar with these operations and also has knowledge on
radiation protection. This can be person from research or commercial organization. But there
is a small pitfall in such case as the digression from the radiation protection aspect of the
work can occur and other aspects overemphasized. The lecturer should give precise and
practical instructions on genuine examples and genuine situations. He should also present
regulations and legal constraints concerning radiation protection aspect of the work. This is
especially important if some kind of radioactive waste is produced or there is other possibility
of public exposure.

8.

Conclusion

In present paper we tried to present our practice and experience in the field of radiation
protection courses in the last two years. Based on experience with more than thirty courses
and more than six hundred participants, we concluded that:
- Deficiencies in education are reason for the insufficient and fragmented knowledge and
very biased opinion on radiation, radiation sources and radiation effects. There is no
significant difference between different professions. These deficiencies should be
minimized with introductory review of basics, which must be clear and extended to natural
and artificial sources of radiation.
- The most crucial subjects for understanding the system of radiation protection are
interaction of radiation with matter and biological effects, especially stochastic effects.
Therefore this subject should be treated thoroughly and accurately.
- The system of radiation protection is best explained through examples well known from
our nonprofessional life, thus overcoming suspicion and distrust.
- Job an also profession specific tasks should be considered in the specific part of the
course. Shortage of prepared procedures and shortage of job and task analysis should be
compensated choosing relevant lecturers for particular group of participants.
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Abstract
Nonlinear dynamics of an instability that is triggered by a positive electrode
in a weakly magnetized discharge plasma column is studied. Two characteristical
nonlinear phenomena, which are synchronization and frequency pulling or periodic
pulling are demonstrated experimentally and explained by the model of Van der
Pol oscillator.

1

Van der Pol equation

In the Plasma Physics Laboratory at the J. Stefan Institute we have recently thoroughly
investigated the properties of an instability [1] in front of a positively biased electrode.
The experimental arrangement closely resembles the edge plasma behind the limiters
in fusion machines as well as the transition plasmas in front of the samples in various
technological plasma devices. Some nonlinear dynamics of the instability, which can
be modeled by the Van der Pol equation are presented in this paper.
Van der Pol equation (VdP) [3] with the harmonic external force term reads:
d2n
„ 9> dn
,
. .
t ,
—1 - {a-(3nl)~
+u*n = Au>lcos(ujet).
at
at

,.
(1)

Here n is the oscillating plasma parameter, such as plasma density, A is the external
force amplitude, u>0 = 2nf0, where /o is the frequency of the unperturbed oscillator
(sometimes called the internal frequency), we = 2rrfc, where fe is the frequency of the
external force (often called the external frequency), a is the iinear growth rate and /3
is the nonlinear coefficient.
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1.1

Frequency pulling or periodic pulling

When external oscillation with frequency fe is applied to a VdP oscillator with the
internal frequency /o, no interaction between the two oscillations takes place, if fe is
much lower than / 0 . But when fe approaches / 0 , the later is pulled towards the former
because of a nonlinear interaction between both oscillators. So the Vdp oscillator now
oscillates with a "corrected" internal frequency f0 instead of / 0 and fe < f'o < foInteger multiples of the beat frequency f'Q — fe appear in the spectrum near f'o and
also amplitude modulation on the time scale of 1/(/Q - fe) can be observed. This
phenomenon is called frequency pulling or periodic pulling.
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Figure 1: Phase $ and corresponding power spectra obtained from equations (9) and
(11). For pannels (a) and (b) sin(0) = 0.9, for (c) and (d) sin(0) = 0.S And for (e)
and (/) sin(0) = 0.7
If / e is then further increased, the internal oscillation is suppressed, whe:
reaches
a certain value fe=fi<
fo< Then fe is still further increased, but the iivc m ?A oscillation remains suppressed until fe reaches a value fe — h > fo- This pier nenon is
called synchronization and the frequency region between /i and / 2 is ca..-; synchronization region.
When fe exceeds the upper boundary of synchronization region fi-, frec-T y pulling
occurs again, only now the corrected internal frequency / 0 is higher thai\ :? unperturbed internal frequency / 0 . The relation fo < f'o < fe is now valid. Agai.r
modulation can be observed and additional peaks at integer multiples o: z;.
i? b-ea; frequency appear in the spectrum.
Mathematically frequency pulling can be treated by an approxima:<r s^.-rlon of
equation (1) proposed by Van der Pol [3]. The following ansatz is inserted :rr< ir equation
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This result can be explained in the following way. When harmonic external force with
frequency / e is applied to the VdP oscillator with internal frequency /o, the oscillator
will oscillate basically with the frequency fe, but amplitude modulation on the time
scale 27r/O will also occur.
Ansatz (2) can be written also in the following form:
n = b(i)s\n(ojct -

(7)

where b — ^Jb\ A-b\ and tan $ ~ —f-- So amplitude b(t) and phase <&(£) are again
assumed to be slowly varying functions of time. This means that second time derivatives are negligible. When ansatz (7) is inserted into (1) the following equation for <&
is obtained [6]:
dt

= Qo(l-sin(0)sin($)),

(8)

where fi0 = |w0 — we| is the beat frequency and sin(0) = 2 4^"- Equation (8) can be
°
integrated by the separation of variables to yield:
tan ( — I = cos(9) tan I -— ) + sin(0),

(9)

where we have introduced:

0

= tt0 cos(0) = (|OJ0

(10)

Phase $ given by (9) can be developed into a Fourier series [7] of the form:
+OO

exp(2<&) = \

cnexp(i(n

(11)

—oo

with the coefficients cu given in table 1.

Complex amplitude cn
wc > w0
0
n < -1
n = -1
ttan(f)
2
n >o
(1 - tan ( j ) ) (itan (y))"exp(i(?i + 1)0)

We

< Wo

n > 0
n
-1
n <

^

Table 1: Fourier coefficients cn of equation (11).
Phase $(£) calculated from equation (9) and the corresponding Fourier spectra
calculated from equation (11) are shown in figure 1 for various values of sin(0). Note
the characteristical triangular shape of the spectrum with sidebands at NQ.O from u>e,
which is taken as the coordinate origin.
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(1):
• "

n = bi(t)s'm(u}et) + b2(t)cos(tjet).

(2)

Amplitudes 61 and 62 are assumed to be slowly varying functions of time. This means
that second time derivatives can be neglected. It is further assumed that time dependence of &i|2 can be written in the form:

M O = b"> + fl>,(0» MO = &20 +

(3)

Here 610 and &20 are stationary parts of both amplitudes and we assume that time
dependent parts 6b\ and 6b2 can be treated as small perturbations. After a longer
calculation, using several approximations it turns out, that time dependence of Sbii2 is
given by [2]:
Sha = C1sm(ttt) + C2cos{Qt),
(4)
where
(5)

16(w0 and Ci,2 are constants.
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Figure 2: Power spectra of x^ for increasing values of (. Pulling of / 0 towards fe and
synchronization can be observed.
From equations (2), (3) and (4) one obtains approximate solution of equation (1):
n = 610 sin(wct) + ( d sin(fit) + C2 cos(fli)) sin(we<) +
+620cos(we<) + (Ci s'm(nt) + C2 cos(Qt))cos(Loet).
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Figure 3: Illustration of periodic pulling and synchronization. Amplitude and phase
modulation on the time scale 27r/fi0 can be observed - pannels (a), (6), (c) and (d), (e),
(/). Amplitude and phase modulation vanish, when synchronization occurs - pannels
(g), (h) and (z).
Above results can be summarized in the following way. Periodic pulling or frequency
pulling is periodically interupted incomplete synchronization process. Its main characteristics are amplitude and phase modulation on the time scale 27r/O0 and characteristical sidebands at integer multiples of the beat frequency Afno/27r in the spectrum.
Note also that the modulation frequency is not simply the difference \fo — fe\, but it has
a correction factor (equations (5) and (10)), which decreases the beat frequency. This
occurs because of the shift of f0 towards fe due to the nonlinear interaction between
both oscillators. It looks like if / 0 was pulled by fc- That is why this process is called
frequency or periodic pulling.

2

Numerical solutions

For numerical treatment the Van der Pol equation (i) is written in the dimcnsionless
form:
e

(l-z

2

) ^ + s = £cos(£T).

(12)

I

The following dimensionless variables have been introduced:

n [S

IJ

,

a

we

A [8 [J3

x = —\- = n\ - , T = wof, e = —, f = —, E = — \ - = Ad-.
V3
V
V3
Va
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The second order differential equation (12) is the transformed into a set of first order
equations. For that purpose we use variables x = xi, %i = j ^ and r — x3:
= x2,

x2 = e{\ — x\) X2 -

x3 =

(14)

Symbol x denotes ^ .
System (14) is solved by the fourth order Runge-Kutta integration on a personal
computer. For the time step we take 6r = 0.06 and solution is stored into an array
of 8192 data points. Fourier spectra are obtained by FFT with frequency resolution
/„ = 0.002.

frequency [ kHz ]

Figure 4: Power spectra of the collector current oscillations for increasing value of feFrequency pulling and synchronization are observed.
In figure 2 both nonlinear phenomena - synchronization and periodic pulling discussed above are shown qualitatively. Shown are the logarithm of power spectra
log P(f) for increasing value of £ (external frequency) while e and E are kept constant.
Only in the first panel, which is used as a reference E — 0. It can be observed how the
internal frequency / 0 is pulled towards the external frequency /., when both frequencies are close enough (panels (b) and (c)). Also additional equidistant peaks at beat
frequencies /„ + Nilo/2ir can be observed. When fe reaches the edge of the synchronization region (panel (d)) the spectrum obtains the characteristical triangular shape,
because periodic pulling takes place. When £ is further increased, both oscillators become synchronized and only the external oscillation can be observed in the spectrum
(panels (e), (/) and (g))- When fe reaches the upper boundary of the synchronization
region (panel .(/i)) again periodic pulling occurs. If fe is further increased (panel (i)
peak at f0 reappears. Also beat frequencies can be seen and frequency pulling takes
place.
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lime [ microseconds ]

time [ microseconds )

1(1) [ A ]

Figure 5: Experimental verification of periodic pulling and synchronization. Note the
amplitude and phase modulation on pannels (a) - (c) and (d) - (/).
In figure 3 periodic pulling is additionally illustrated. Shown are: time series xi,
phase shift $(£) between the external force and xi and phase space x2 versus Xi for
E — 0.3, e = 0.3 arid various parameters (. Phase $(£) is calculated from the phase
spectra of Xi and E cos((x-j), using FFT. Amplitude and phase modulation on the time
scale 27r/fi0 can be very well observed.

3

Experimental results

Experiments are performed in a linear magnetized discharge plasma device. The instability is excited by a positively biased planar electrode (collector), with the surface
perpendicular to the magnetic field. Internal plasma oscillations are coupled to the
external harmonic oscillations from the signal generator using additional electrode,
which is close to the plasma source, whereas the collector is approximately 1 m from
the plasma source. Collector current oscillations are digitized and stored into a computer for later analysis.
First we show logarithmic power spectra of the collector current oscillations (figure
4). When the external frequency fc is gradually increased, both mentioned nonlinear
phenomena can be observed. These are frequency pulling and synchronization. This
figure is experimental analogy of figure 2. In panel (a) spectrum of the unperturbed
oscillation is shown. In panels (6), (c) and (d) pulling of/0 towards fc and appearance
of beat frequencies can be seen when fe approaches / 0 . In panels e - h both oscillations
are synchronized and finally both oscillations appear.
Periodic pulling is demonstrated in figure 5. In panel (a) a time series of the
collector current oscillation is shown where f0 = 55.5kHz and fe — 61.6kHz is shown.
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Amplitude modulation can be clearly observed. In panel (6) the cortesponding time
dependence of the phase $(£) between the driver signal and the system response is
shown. Phase difference is calculated from the phase spectra obtained from time series
of the driver signal and the system response. Phase modulation characteristical for
periodic pulling is observed. In panel (c) the delayed collector current I(t + T) is
shown versus I(t). The delay is T — 4/xs. In panels (d), (e) and (/) similar results
are shown only this time fa = 56.1kHz and fc = 58.6kHz. The beat frequency is
smaller and the period of phase and amplitude modulation is longer. In panels (g), (h)
and (?) I(t), $(t) and I(t + T) versus I(t) are shown in the synchronized state when
fc = / 0 = 56.1kHz. The phase $ is almost constant.

4

Conclusions

Two characteristical nonlinear phenomena have been experimentally demonstrated for
a potential relaxation oscillation in a weakly magnetized discharge plasma column.
They are synchronization and periodic pulling. Both of them can be explained by
means of forced Van der Pol oscillator. Experimental time series, power spectra and
phases were compared with analytical and numerical solutions of VdP equations with
the harmonic external force term. Results confirm that VdP model is applicable for
treatment of our experiment.
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COMMUNICATION ACTIVITIES DURING REMEDIATION
PROJECT OF ZAVRATEC
Tomaz Kukovica, Irena Mele
Agency for Radwaste Management, Ljubljana, Parmova 53, Slovenia
Abstract:
The remediation project of temporary storage of radioactive waste near village Zavratec is
under way. The Agency for Radwaste Management was assigned to perform this project
by the Slovenian government.
Radioactive waste was stored on site of Zavratec in 1961. That year an accident has
occurred at Oncological institute in Ljubljana in which several rooms and some equipment
have been contaminated by the content of radium applicator. Radioactive waste from
decontamination was transported and stored in an old Italian military barrack near village
Zavratec. The storage became known to public in eighties by the TV report. Since that
time it is frequently the subject of public polemics and discussions.
This year the first part of remediation project, i.e. the activity measurements and sorting of
radioactive waste is taking place. It is planned to conclude the project next year.
For successful realization of the project the PR activities, specially the communication
with the local community, are of great importance. Special plan of these activities has been
prepared by the Agency for Radwaste.Management in early stage of the project. Initial
activities have already been successfully realized.
In this paper the communication plan is presented and most important elements of this
plan are briefly described.

AN ACCIDENT AT ONCOLOGICAL INSTITUTE IN 1961
Public acceptance of radioactive waste disposal is a world wide sociological problem. The
lack of information many times spiced with rumors and human imagination can certainly
contribute to the problem. Such situations are usually very difficult to handle, specially
from PR aspect.
In rtiis^paper we would like to present our experience with overcoming NIMBY syndrome
in case of remediation project of temporary storage in Zavratec. It is specialty of this case
that we had to face communication problem on one and the lack of technical data about
temporary radioactive waste storage near Zavratec on the other side.
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The radioactive waste, contaminated with radium, has been placed in an abandoned Italian
military barrack near village Zavratec in 1961 after the decontamination of the Oncological
institute in Ljubljana, where by accident the content of radium applicator has been split
over the floor and some equipment. According to the Yugoslav legislation the handling
and surveillance of nuclear material were under the federal authority and the information
• on the subject was more or less confidential. Therefore the local community in Zavratec
was not informed about the transport and the content of stored material in barrack near
Zavratec.
In the eighties the media rediscovered the storage of radioactive waste in Zavratec. This
topic became the target of many public discussions.
In 1993 Slovenian government has assigned the Agency for Radwaste Management to
perform the remediation project of temporary storage in Zavratec. Next year the first
phase of the project, analyzing different possibilities, was prepared. Four solutions for
remediation of the storage has been examined:
• repackaging and restoring the waste in Zavratec;
• repackaging, transporting and storing the waste at Podgorica near Ljubljana;
• supercompacting in Zavratec and restoring in Zavratec or transporting and storing the
waste in Podgorica near Ljubljana;
.
• transporting to NPP Krsko, supercompaction of waste and storing the waste in NPP
Krsko or in Zavratec or in Podgorica near Ljubljana.
Practically feasible solutions are only the first two solutions. In 1995 the Slovene
government confirmed the Agency's remediation program of this temporary storage. The
program consisted of three steps. In the first step the detailed measurement of the
inventory, separation of radioactive and non-radioactive waste, if any, repackaging and
temporary restoring of waste at the same location were planned. In the second step, after
the analysis of experimental results, the final solution will be proposed and implementation
plan will be prepared. In the last step the remediation should be concluded.
Parallel with this program the program for public relations during remediation project has
been prepared, as well, for preparation of this plan three elements played an important
role:
• the appropriate and sufficient input information about the problem and the
target public
• identification of relevant target groups and
• selection of appropriate PR tools to communicate with each target group.
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COMMUNICATION PLAN
COLLECTING INFORMATION
Two types of information were important for preparation of communication plan. First,
technical data about the storage and stored material and, second, the data about the
publics, interested in the project.
The initial information about local community, general public and other target groups
opinion was taken from inquires on temporary storage in 1993. Specially among the
inhabitants of Zavratec the results of these inquiries have shown that people are frightened
of stored radioactive waste. Even more: they were scared that radiological catastrophe
may occur when the storage will be opened. The reaction seemed logical consequence of
mystery and various stories created in the past thirty-five years. The inhabitants were
distrustful and had poor confidence in institutions, since their previous requests to
remediate the storage has not been fulfilled.
The other problem that Agency was faced with was poor technical information on stored
radioactive waste. The existing documentation was incomplete, which made the
preparation of working and communication plans even more difficult. In such situation
instead of detailed, exact plan a flexible approach was necessary.

TARGET GROUPS
The Agency has defined target groups and publics that are directly or indirectly related to
the local community. Besides the inhabitants of local community of Zavratec and
municipality of Idrija as the basic target publics from public relations aspect the following
publics were identified:
• media;
• political parties, local authorities and government;
• experts;
• environmental groups;
• general public.
It was substantial for the project to provide accurate and prompt information on the issue
to all target publics. The information at right time delivered to the right audience is a basic
recipe to get as many allies you can by using PR tools.

CHOOSING PR TOOLS
On the basis of the results of public opinion polling and our past experience the Agency
has decided for asymmetric interactive PR model. The asymmetric interactive PR model is
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usually applied for communicating environmental problems, where the main objective of
communication is to convince target publics with scientific arguments. This model also
enables to receive reverse information about reactions, proposals and demands from target
audiences.
The basic
•
•
•
•
•
•
•
•

PR tools that we decided for, were:
public presentation of the project;
publications on the issue;
press releases (used in cases to communicate new facts concerning the project);
press conference (used in cases of announcement of important decisions);
negotiations (used in case of talks with authorities on compensation and crisis);
personal contacts with target publics;
information office (used during the works on the storage);
opinion polls.

At different occasions different PR tools have been applied. The selection of appropriate
PR tool for each target group is very important. Although there are some recipes and
recommendations, many times the decisions must be flexible and must take into account
the real situation. In our case some of planned PR tools turned out as a very useful and
efficient while some of them were applied only at unique occasions.

IMPLEMENTATION OF PR COMMUNICATION PLAN
Since the first contacts with the representatives of local community of Zavratec and
municipality of Idrija in the mid 'of 1995 the Agency for Radwaste Management performed
very open communication. After the exchange of information on the subject from both
sides the Agency started to collect information on local community's demands and
requirements, regarding the storage in Zavratec. The representatives of local community
agreed that the project will be realized in several steps in two years. They also accepted
that the final decision whether the waste from Zavratec will be relocated in Podgorica or
they will stay in Zavratec will be taken after the measurements in the storage will be
accomplished.
Parallel with these discussions the Ministry of Environment and Physical Planning has
successfully started negotiations on financial compensation to local community.
Negotiations were terminated by conclusion that the state will financially support the
construction of water supply system for the village Zavratec. The initial activities have
started this year.
During negotiations Agency for Radwaste Management has used several PR tools to
inform target publics on the issue. Several press releases have been sent to the media.
The media found the remediation project as an interesting news and they started to pay
attention to the Agency's further activities.
During preparation phase of the project many personal contacts with local authorities and
residents of Zavratec and Idrija have been established. Through these contacts the Agency
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for Radwaste management got the possibility for backward information about local habits,
wishes and demands.
On the other hand this was the opportunity to spread some basic information on radiation
and radioactive waste management. The leaflets on radiation, radioactive waste disposal
and low and intermediate level radioactive waste disposal were distributed to the
inhabitants of Zavratec. Special edition of Agency's newspaper with detailed presentation
of the remediation project in Zavratec was prepared and distributed in local community
and also to the media. The reactions among residents and media were mainly positive.
The next step was public presentation of the project to the city council of Idrija, where
village Zavratec belongs. A little bit later special presentation was organized for residents
of Idrija, as well. According to the communication plan the public presentation of the
project for inhabitants of Zavratec was only a week before the storage was opened and
measurements started in order to present them as much details on planned activities as
possible. After the presentation there was open discussion with questions and answers.
The activity measurements and sorting of stored radioactive waste material in storage in
Zavratec have started at the beginning of September 1996. The same day press conference
has been organized in Zavratec. After that the journalists and TV reporters were invited
to the site where measurements have just started. Everyday visits of the storage have also
been organized to follow on line the progress of remediation activities. Great interest
among journalists proved that this was the right decision.
The media reports were correct. Agency and the experts from Jozef Stefan Institute paid
special attention to give media access to the information and give them prompt answers to
their questions.
During the measurements the Agency paid great attention to regular personal contact with
the villagers. They were encouraged to visit the storage during the measurements. Many
of them including the representatives of local authorities used this opportunity to see on
their own eyes the inside of the storage. Although some of them have not visited the site
we believe that the majority of villagers approved our approach.
The PR activities, concerning this step of the remediation project, will be concluded by
opinion polling that will be performed in next weeks. We hope that the results will help us
to analyze the efficiency of our work and to get some backward information on perception
of this issue.

CONCLUSION
The survey," activity measurements and repackaging of radioactive waste from temporary
storage have just been concluded. The decision whether the radioactive waste will be
stored near Zavratec whether in storage in Podgorica in Ljubljana will be taken on the
basis of activity measurement's results. The preparations for the next step will continue.
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Since the. first step of the project has just been concluded it is not possible to make the
complete evaluation of the efficiency of PR activities. Although first estimations are
positive more detailed review will be performed in next days. On the basis of present
experience and results of this evaluation the PR plan for the next steps will be prepared.
Although enormous work has already been done in PR field we expect that the final step
of this remediation project will be even more extensive and difficult.
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Abstract
Between October 1995 and May 1996 we experienced a very strong anti-nuclear
campaign in Slovenia. A brief history of events is described in this paper. It is showed
once again that the future of nuclear energy is strongly dependent on its public
acceptance. On the other hand, public is very much influenced by the media, which
have been especially effectively used by nuclear opponents in the past. Nuclear
professionals, who believe that nuclear energy is beneficial for our society, have to get
more organized in approaching the public and creating the positive image about the
nuclear industiy. The proper public information strategy must be prepared and
implemented.
I. Introduction
Slovenia is no exception regarding the public opinion about the nuclear energy. Like in other
countries with nuclear power plants there is a loud and relatively strong opposition against this
kind of energy production also in our country. It emerged about ten years ago in parallel with
gradual democratization of the former socialistic system. Some new political parties based
their program on the request for an immediate closure of the NPP Krsko and thus gained the
substantial percentage of votes at the first democratic elections in 1990. However, after
coming to power their plans for shutdown of the plant had to be gradually reduced until they
were completely abandoned. In the period between 1993 and 1995 the nuclear opponents were
relatively quiet, while in the fall 1995 another strong campaign was started. In this paper I am
trying to summarize the events since October 1995 and to determine the lessons to be learned
from them.
II. Chronology of Events since October 1995
On October 27, 1995, it was announced at the press conference that 37 members of the
Slovenian Parliament had signed the request for the national referendum about the early
closure of the NPP Krsko in the year 2005. The signers were the members of all
parliamentary parties except Christian Democratic Party. The referendum was suggested to
take place on December 24, 1995. The question each citizen of Slovenia should answer was
proposed to be:
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"Do you agree that Slovenian Parliament brings the law which would request the NPP Krsko
to be permanently shut down at the latest in ten years after the referendum and later
decommissioned?"
The request was binding for the Parliament to organize such a referendum, since only 30
signatures would be sufficient (the Parliament has 90 members). The decision about the
organization of the referendum has to be made in Parliament in 30 days after the request is
received. The referendum itself must take place between 30 and 45 days after the decision of
the Parliament. Therefore by November 27, 1995, the Parliament had to accept the
referendum proposal and the referendum had to be organized before January 11, 1996.
The request for the early shutdown of the NPP Krsko was based on safety reasons, and was
justified by claims about military threats in this area, the seismic danger and the problem of
radioactive waste disposal. The lacking energy should be compensated by the restructuring of
Slovenian economy, energy conservation and increased production in thermal power plants.
The proposal neglected or very easily bypassed the role of Croatia as co-owner of the plant
in decision about its future. They claimed that in the case of the success of the referendum
Croatia would have to abandon the plant without any right for compensation, since the
shutdown would be proclaimed to be based on safety reasons. According to the original
agreement between Croatia and Slovenia that is the only reason, based of which Slovenia
could shut down the plant without the prior agreement from the Croatian side.
The request surprised most of the nuclear and pro-nuclear power community in Slovenia. On
the other hand, the timing was very logical. By the end of the year 1995 the Parliament had
to bring the so called Strategy About the Use and Production of Energy in Slovenia which has
been already quite long in the.parliamentary procedure. This document was a milestone also
for the NPP Krsko, since it was expected to give (and it later did) the green light for the
Steam Generator Replacement Project. The positive outcome of the proposed referendum
could stop or change it. Another good reason for the referendum were parliamentary elections
in fall 1996. One year ahead is a good time to start collecting votes.
Immediately after the announcement of this action the State Secretary for Energy made a
public statement explaining the role of NPP Krsko. He could not oppose the referendum and
promised to followthe eventual positive outcome. There were only few other sporadic public
appearances of eminent professionals supporting the further operation of NPP Krsko.
The Nuclear Society of Slovenia decided to take an active role in public information regarding
the negative effects of premature closure of NPP Krsko. A document summarizing main facts
was prepared and firstly widely distributed among the membership. On October 6, 1995, it
was also sent to all parliamentary clubs.
On November 8,1995, the Nuclear Society of Slovenia organized the press conference, where
our position was explained. Thirteen media representatives were present and the coverage was
very good. Report about the conference was one of the most important news in the evening
journal of national TV, all major newspapers brought it next day. Coverage was mainly
positive, our position explaining the non existing safety reasons for the plant closure and the
cost of such undertaking were stressed.
On November 8, 1995, the government of Austrian province Carinthia announced that it
would pay the amount of 250.000 Austrian Schillings to the environmental organization Global
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2000 for their campaign against NPP Krsko. Austrian prime minister also publicly supported
the motion for referendum.
Already on October 28, 1995, the news appeared in the media that the leadership of major
political parties were not supporting the act of signers from their respective parties, and that
some of them might withdraw the signature. On November 16, 1995, the Executive Board
of the leading Liberal Democratic Party recommended to those parliament members from their
party who had signed the request, to withdraw the signature. In next days several signers
actually informed the parliament chairman that they did no longer support the request. The
number of signatures dropped under thirty and the referendum request became void.
On January 11, 1996, the Slovenian Parliament passed the Strategy about the Use and
Production of Energy in Slovenia. This was the green light for modification projects in NPP
Krsko, including the replacement of steam generators.
Greenpeace started the campaign against the NPP Krsko already in October 1995. This
organization does not have Slovenian country office, but only the country coordinator. They
started touring Slovenia with the multivision show about the dangers of nuclear power. In
November 1995 they presented the document about the NPP Krsko and possible alternatives,
which should be technical and economical background for the early plant closure. In January
1996 an additional document about possible accidents in NPP Krsko prepared in a similar semi
professional way was presented. The third paper of this series came out in February 1996
depicting the seismic danger of the NPP Krsko.
The most active nuclear opponents were the members of the newly formed party Green
Alternative. An active role took also the so called Slovenian E-Forum (E stands for energy)
which is supposed to be a professional organization of energy specialists, Slovenian Ecological
Movement and, emerging only in January 1996, the Autonomous Group for Sustainable
Energy (ASTE).
On January 29, 1996, the E-Forum organized the first in a series of round tables, where
specialists from different energy sectors have been invited. The title of the first one was Early
Shutdown of NPP Krsko, Benefits, Costs and Risks. The introductory papers were presented
by Greenpeace and by Nuclear Society of Slovenia. The second round table discussion was
organized on February 27 about the efficient energy consumption and production.
In parallel, ASTE, where mainly the young sociologists were gathered, organized a similar
series of workshops. The first one, titled Communication and Decision Forms and Risky
Technologies, took place on February 15, 1996, the second Economy of Opposing Options
of NPP Krsko on March 19, and the last one The Opening Questions of NPP Krsko Safety on
April 9, 1996. Each workshop was a half day event with the limited number of specialists
invited. As the specialists against the nuclear Greenpeace activists were involved, members
of former Independent Commission for NPP Krsko Safety Analysis (ICISA) and also the
independent foreign experts, which were paid for the trip.
The series of ASTE Workshops culminated with the public round table in the major
Convention Center Cankarjev dom in Ljubljana in the afternoon of April 9,1996. There were
about one hundred people present with a very strong media coverage. The public influence
of this event was hard to measure, but both sides were pretty balanced.
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On March l s 1996, another international pressure happened: an Italian member of European
Parliament requested from European Commission to force the shutdown of the NPP Krsko
before Slovenia is allowed to join the European Union.
In the middle of March 1996 the opponents sent to the Parliament another demand for
organization of collection of 40.000 signatures of citizens under the request for national
referendum about the early closure of NPP Krsko in ten years. The demand was signed by
200 citizens. According to Slovenian legislation, such a demand is also mandatory for the
Parliament, so its Chairman ordered the Ministry of Internal Affairs to start the process of
collection of signatures on March 19, 1996. The organizers had 60 days to collect the
signatures of 40.000 registered Slovenian voters. Each signer had to go to the local community
office, where his signature had to be verified. In the case the opponents would manage to
collect more than 40.000 signatures under their request, it would become mandatory for the
Parliament to organize the referendum.
The main official organizer of this action was the Slovenian Ecological Movement which was
strongly supported by Greenpeace. The campaign consisted mainly of distribution of some
printed material and occasional exhibitions in the streets of major Slovenian cities. Greenpeace
anti-nuclear bus was touring Slovenia again. They brought also the truck with solar panels
claiming that such a technology could replace the energy from the NPP Krsko. Several press
conferences were organized repeating summaries of previously mentioned Greenpeace reports.
There were also several demonstrations held, for example in front of the Westinghouse
representatives in Ljubljana.
The organizers also used very controversial approach: they offered a trip to three closed
nuclear power plants in neighboring countries to 100 signers of the referendum request, who
would be randomly selected in a public drawing. It turned out that such an offer was not
against any law. However, no public drawing was ever made, and it is not known, if anybody
went to the trip.
In the second half of April 1996 15 journalists from Slovenia were invited by European
Commission to the one week tour to three European nuclear countries. They visited Doel in
Belgium, Brockdorf in Germany, and Forsmark in Sweden. This tour was later proclaimed
by opponents as a controversial pro-nuclear action.
The period of the signing process was intentionally placed in the mid of 10th anniversary of
the Chernobyl accident, so that the media coverage could be used for influencing the people
attitude to these questions. However, the professionals from nuclear technology, radiological
protection, and the medicine made quite strong appearance in the media trying to balance and
put on a realistic grounds very often exaggerated reports by opponents. We consider a success
.also the publication of a booklet with the translation of three international reports on
Chernobyl accident in mid of April 1996. It became a source book of facts for many
journalists and also wider public, so that it was not easy to manipulate with data.
The collection of signatures was progressing very slow. By April 12 they had 602 signatures
and by April 26 only 941. By May 17, when the time to collect 40.000 signatures expired,
only 2463 signatures were collected. The action failed, and the organizers blamed the rigid
formal procedure of collection, where each signer was requested to visit the official site during
working hours. This statement was unintentionally put on loose grounds by another political
party. At approximately the same time they have managed to collect sufficient signatures
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(more than 43.000 in one month) under the request for the referendum related to the election
system, not connected to nuclear issues.
The public activity of the nuclear opponents virtually ceased after the failure of their spring
action. Only on July 4,1996, the main organizer of the spring activities, also the member of
the Slovenian Parliament, made a press conference in Brussels. He was supported by the
Portugal member of European Parliament, also a very strong opponent of the nuclear
technology. They accused European Commission for the above mentioned tour of Slovenian
journalists. By them that was one of the reasons for the failure of referendum action in
Slovenia. Accusations were very strong, so that even the highest officers of European Union
had to respond. The journalists were also strongly attacked, what of course did not result in
any supportive response of Slovenian media.
III.

Lessons Learned

Why Should we get Involved?
In October 1995, at the beginning of the recent anti-nuclear campaign, most of us, working
in the field of nuclear energy, became very excited and revolted. Arguments of the nuclear
opponents were sometimes even personally offensive (like: "Nuclear professionals are
immoral, since they make their living by forcing other people to live with such a dangerous
thing like nuclear power plant!"), so many of our colleagues were concerned about their
personal integrity. Most felt a need to respond and to defend the nuclear power production.
But at the same time we asked ourselves, why should we do that? Should not somebody else
get the leading role in public debate for the nuclear energy?
It is clear that any important decision in a modern democratic society can not be left to a
single person or even to a group of people, however skilled they are. At some level some kind
of consensus of majority must be made. This consensus could be achieved at the level of the
government, in the Parliament, or even at the national referendum. But every decision should
be based on facts, carefully weighing pros and contras. Nuclear energy could not be an
exception.
To fully understand how the important decisions in today's society are made, we must know
the importance of the media. Their role in Slovenia is one of the things that experienced the
biggest transition in last five years. In the previous socialistic system the public media
primarily reflected the will of the only ruling party, and there was nothing like free press.
What was written or said in the media did not matter much to the establishment. The media
were only reporting, and not at all influencing the politics. Today, in a democratic multipartisan system, media have become a watchdog of the society, and can considerably influence the public opinion and political decisions (Some people would argue that media are still
influenced by politics, which might be truth in some cases, but fortunately opposing political
fractions have opposing media support, which again makes a balance).
The typical modern politician very carefully follows the public media and acts accordingly.
His survival depends on the will of the public which is created and reflected by the media. In
order to keep trust of his voters, the politician reads papers and watches TV to see what they
want. On the other hand, through the media it is also possible to influence and to manipulate
the minds of people. The freedom of speech has made it possible for anyone to publish
virtually anything and thereby to influence people and politics.
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The opponents of nuclear energy have realized this new situation very fast and acted
accordingly. They have learned to influence public opinion by launching alarming news full
of half truths or even lies. In the beginning, there was nobody there to answer, therefore such
a repeated half truths or even lies were gradually publicly accepted as valid.facts. And the
policy is based on public opinion...
Nuclear energy is a very special case because of its complexity and the real, although very
low probability, danger possibility. The complexity of public opinion creation and influence
can be observed also on much simpler cases like the meteorological radar. This device, for
which technical experts can easily prove harmlessness for villages under the respective site,
can not be constructed on the mountain in the south of Slovenia because of the local
opposition. The government through its agencies did not yet find the way how to make people
believe technical expertise. While public debate is going on already for several years, the
equipment is rusting in the warehouse.
Let me try to answer, why nuclear professionals should get involved in public debates about
the future of the nuclear energy. My answers are based on the assumption that we are
convinced nuclear energy is a very good option for mankind:
1. We should get involved in public debates because we know the most about technical,
environmental, and economical details of this technology. As scientists or skilled
professionals we must not allow that anybody is spreading untruth in the public.
2. We must also act because we are citizens of this country and thus have to care for its (and
by that our personal) future.
Of course each of us is also concerned about his own career in this industry, but this can not
be the only reason for the involvement in public debates.
Message that Should be Brought to the Public
Once we (at this point let me use we for whoever is the carrier of the pro-nuclear public
information activity.) have decided to act, we have to be sure what we want to achieve. Our
desire could be "Slovenia has to continue the exploitation of nuclear power", but that should
not mean that we could use any means to reach its public acceptance. In no way should any
information given to the people be wrong, misleading or hidden. Our goal is to submit
sufficient knowledge about advantages and disadvantages of nuclear energy to the decision
makers, being that the politicians or the general public. We want them to be able to rationally
judge the risks and benefits.
So the message we want to bring to the people is not "Nuclear is good, believe us." but
"Benefits of the nuclear are these, risks are such, now please you have to decide."
The Strategy of the Public Information
Nuclear energy is not treated like any other industry. People for example take the chemical
industry, air traffic, food production or road traffic as "normal", although everybody knows
that each of these technologies is connected with certain risks. Nobody is even too much
concerned with quite high death tolls, for example in road accidents. But in case of nuclear,
even the smallest and environmentally completely benign incident in the nuclear power plant
comes immediately to the front pages of newspapers.
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Whoever intends to act in favor of nuclear energy or at least against irrational attacks to it,
has to understand the complex interrelation between media, public opinion, and politics. For
technically trained people this is harder than for those skilled in humanistic sciences. In natural
sciences everything is more or less based on mathematically provable facts, and we are trained
not to claim anything which can not be proved in that way. Humanistic sciences are in a way
more complex and usually based on theories which strongly depend on personal attitude of the
author. Mathematics can not help much, the theory becomes valid if enough people can be
made to believe it. This two kinds of basic approaches to the world around us make also the
difference in how public appearances are made. As a rule attacks to nuclear energy are made
by people from "humanistic side" with their methods, which are much more suited for media
appearance, since they are closer to the emotional comprehension of the public. Technically
trained people with their strongly rational explanations lacking emotional touch frequently
receive little understanding.
To bring the nuclear technology back to the kind of "normality", we need a long term
strategy. Its basic elements must be based on the answers to the following questions:
1. What are the origins of the fear from anything nuclear?
We can assume that number of reasons are playing the role like the memory to atomic bombs
on Hiroshima and Nagasaki, the fear from nuclear Third World War, the fear from radiation,
which nobody can feel, but which could kill us, the fear from dangers of radioactive waste,
the possibility of radioactive contamination during an accident, especially knowing the terrible
consequences of Chernobyl accident.
2. How much do people know about real dangers of nuclear energy?
Are they not afraid of "just something" without having any idea of the real possible danger.
3. How is public opinion about nuclear energy created?
The elements of two step process in creating the public opinion about nuclear energy are more
than evident. Majority of the people do not follow direct technical reports in the media,
however they are very prone to the second hand information from intermediate sources. What
is heard from the friend on the street or in the bar counts much more than what is said on TV
or written in headlines. The official statements of authorities or professionals are not trusted.
It is extremely difficult to change the opinion of someone, who already has one. People do
not listen or do not want to listen to the arguments which are different from their own ones.
The bare technical facts could be understood completely differently by people with different
personal opinions.
4. What are the main ideas the public information activity should bring to the people?
We have to know exactly what messages we want to bring to the people and make them
understand. Energy and nuclear professionals have to find and define few comparative
advantages of that kind of electricity production. The messages should be simple, clear and
easily understandable. In addition, based on the results of the investigation about current
understanding of nuclear energy (see item 2), the proper program of corrective actions should
be prepared. Two of such possible messages could be about the cost of energy production and
about the environmental (nonimpact.
5. Wliat should be the most effective elements of the long term education and information
strategy about nuclear energy ?
We have to distinguish between two basic processes: education and information.
Education is longer and more tedious process which could give good results in the long term.
The best solution would be to have the basic knowledge about nuclear technology included in
the school curriculum of elementary and high schools.
Information is the activity which makes important data and facts available to anyone at any
time and non intrusively distributes such information also when people do not have strong
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need for it.
6. Who are target populations?
Keeping in mind the two step process of media influence, we should concentrate on opinion
makers in the first step (teachers, journalists, politicians, mayors of local communities etc).
Proper balance should be found between information directed to these profiles and wider
distributed activities.
7. Creating the image of nuclear energy.
In developing the strategy a lot could be learned from other industries. How could chemical
industry almost completely remove the fear from chemical accidents? Why are monopolistic
organizations like Telecom investing in public advertising campaigns?
8. How to act in the crisis situations?
From time to time there are situations which require the prompt action in public. This could
happen during some nuclear accidents anywhere in the world or during strong anti-nuclear
campaigns. The proponents of nuclear energy must be prepared for such situations in advance
and have trained personnel available for public interviews.
Organizational Structure
The events in 1995/96 have once again proved that the nuclear and other pro-nuclear
professionals were not well prepared for such a situation. It was not clear who should act
against the attacks of the nuclear opponents:
i
- Ministry for Economical'Affairs with the Secretariat for Energy pronounced that in principle
they have to be neutral and only professionally consider all the options, although they have
publicly admitted that the option without NPP would be very expensive;
- Nuclear Safety Authority similarly could not act as a strong proponent of nuclear energy,
since their concerns are in fact only the nuclear safety and the environmental protection;
- Nuclear Power Plant Krsko did not make any loud public statement mainly because of the
old claims of opponents that their job is just the production of electricity and not the country
long term energy policy, and that they are strongly biased;
- ELES - Electrical Utilities of Slovenia, who is the main distributor of electricity in the
country, did not act for no apparent reason.
There were only sporadic public appearances of several concerned eminent persons who L-:ve
raised their voice against the closure of the NPP Krsko.
It is inevitable to coordinate the future efforts. All the concerned institutions and individuals
should find some common organizational structure which will enable the effective creation
and implementation of public information strategy. All the activities should be planned and
coordinated from that one place. In other nuclear countries they have found different solutions.
In United Kingdom they have the British Nuclear Industry Forum, in Germany this is the
Informationskreis Kernenergie, and in Switzerland the Vereinigung fur Kernenergie.
IV. Conclusions
The events in the years 1995 and 96 should teach us several lessons:
-

The future of nuclear energy strongly depends on public opinion.
Long term political decisions are made in great extend based on public opinion.
Like any other industry, the nuclear industry has to take care of its image.
The strategy of public information has to be prepared including both, the long term
educational activities and the basic solutions for crisis situations.
- The proper institutional form should be found for organization of these activities.
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