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20 years of ENS: reminiscences and philosophies
Dr Peter Feuz
ENS Secretary General

At this year's General Assembly on July 7 in Helsinki, we were able to celebrate the 20th
anniversary of ENS. This is an opportunity to take stock, to look back at our origins and to
analyse what we have become.
Six years of European struggle
The founding president of ENS was Switzerland's Alain Colomb, one of our nuclear pioneers
who this spring retired from a top management post at EOS, the utility of Switzerland's
French part, also called "Romandie". In view of our 20th anniversary Alain Colomb shared
many of his reminiscences with me. As far as he could recall it, the first discussions on the
possible usefulness of a federation of Europe's nuclear societies took place back in 1969
when he as president of the Swiss Nuclear Society talked to Wolfgang Hafele, then president
of the German Nuclear Society. Both presidents felt that something should be done and
Hafele asked Colomb to be the prime mover. He said that if he as a German advanced the
idea, then the British or the French might be against it. So, Alain spent a frustrating four
years to promote the idea of an ENS around Europe. Nothing moved ahead up to 1973.
That's when the American Nuclear Society officially announced that it would hold a large
European Nuclear Congress in Paris in 1975. Here especially the French reacted strongly.
In April 1973 it was unofficially agreed by the chairmen of Europe's more important nuclear
societies that a European Nuclear Society should be formed. Alain Colomb was asked to
form a preparatory committee. At the time he was still only a modestly paid member of
middle management, but out of his own pocket he had to advance 5000 Swiss francs - which
would be at least twice as much today - for the expenses involved in creating ENS.
It took Alain Colomb another two years - from June 1973 to June 1975 - to do the
groundwork for launching ENS, which was officially created on the first day of the Paris
conference, now called ENC-1. That conference was then a real ENS/ANS venture and not
a US-dominated event as originally planned by ANS.
Between the first idea and the actual setting up of ENS six years had elapsed: six years of
typical European wavering. One does not have to be cynical to realize that only the threat
of a US-dominated large conference in Europe and the proliferation of ANS sections in many
European countries forced the European nuclear societies to go it together.
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The paradox of US challenge
This has to be emphasized here: the main reason for the creation of ENS was not to do
something positive together amongst Europeans, but to keep ANS expansion into Europe in
check. Even after the creation of ENS this was not easy. Alain Colomb recalls a heated
discussion he had with the ANS Executive Director at that time, Octave Du Temple, who
was in the process of setting up a Spanish section of ANS. As Alain remembers, he told
Octave that if ANS formed a Spanish section, that would mean "war" with the Europeans.
This stopped Octave.
Having put down that marker, the next big development in ENS - that is its practical
implementation - was ironic and illogical. This first step to being a learned society is to have
your own scientific journal. Alain Colomb was asked to start negotiations with existing
European technical and scientific publications in the nuclear field - and there were many at
the time. He talked to them separately and he talked to them in combination in order to
obtain a good offer from one national journal or from an international group of journals to
become the ENS periodical. Again European nationalisms, egoism and shortsightedness
prevailed. No European solution could be found. So - to say it again - it was ironical but
Alain Colomb had to
ask the American Nuclear Society whether they would share their scientific journal "Nuclear
Technology" with ENS. As astute businessmen the Americans sold us a 50% stake at an
imaginatively high price. To pay that stake ENS was compelled to take out a bank loan,
arranged by one of its officers. The interest rate was not low either and the loan had to be
paid back in yearly installments. This meant that for the first five or six years ENS simply
had no money to spend despite the fact that organizations and companies mainly in Germany
and Switzerland gave the society large donations. We later sold our 50% share in Nuclear
Technology at a profit. Today for our scientific journal we are associated with Elsevier's
Nuclear Engineering and Design.
Much talk - no action
For what ENS used to be before it became professional, let me recall one of the first ENS
Steering Committee meetings I attended, which in the end proved to be a very important
meeting for our future. This meeting took place in San Miniato in early May 1981 - in a
medieval convent. Our meeting was actually held in the chapel of that convent. At that time
ENS had a Planning Committee which was supposed to tell the Steering Committee what to
do. Under the item Planning Committee the chairman went up the stairs to the pulpit above
us mortals and read out a 14 - or was it 40 - page edict on his committee's suggestions for
ENS activities. His words should have been recorded for the minutes by the presidential
assistant, but during the whole "sermon" this assistant was absent - pacing contemplatively
and alone around the cloistered courtyard. So, all the proposals went unrecorded.
Unfortunately this somehow symbolizes the first five or six years of ENS - 1975 to 1981 much illusory talk and proposing but no specific action. Throughout its first five years (75
- 80) ENS was mainly run by committees, except during an initial period under the first
president who used the secretarial services of the European Physical Society in Geneva.
Call for professional rescue
It is clear that you cannot really manage a large organization via committees. With ENS this
became obvious in 1980 when the president Carlo Salvetti was made aware by the auditors
that quite a substantial amount of money was unaccounted for. They cautioned him that he
could be held personally liable for this, so he had to act and seek the services of
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professionals.
At that time I was in charge of a department at one of Switzerland's leading auditing and
business consulting companies in Berne, a department which specialized and still does in
managing the secretariats of national and international technical associations including the
Swiss Association for Atomic Energy. So, as well as managerial experience, we had the
nuclear know-how.
Carlo Salvetti came to us with a first contract for 20'000 Swiss francs for 1980. Our first job
was to locate the missing files and money. Most of the money was found, some of the files
are still missing.
First professional action
But by 1981 ENS was organizationally fit and ready for the new president Pierre Zaleski.
He was elected at the meeting in the medieval convent of San Miniato I just mentioned.
At that time probably only a very few of the members of the ENS member societies were
aware that they belonged to ENS at all, because our society was not visible to them. That's
why Pierre Zaleski felt ENS should have its own membership journal. Many of our members
felt that such a journal would compete with their own. They resisted. However, Pierre very
persuasively and persistently streamrolled the doubters into the project. Today its name is
Nuclear Europe Worldscan, and the first issue appeared in October 1981, only six months
after the initial proposal by the new president. The first 16-page prototype issue did not quite
reach all of the 13'000 members ENS had at the time. However, by the publishing date of
the January issue 1982 we had all the addresses from the member societies for direct mailing
of NEW from Berne - except SFEN's. For almost a year the 4000 SFEN copies were sent
by truck to Paris and distributed from there to the SFEN members.
NEW as a gift to each member
Some very hard conditions for publishing Nuclear Europe were placed on the secretariat by
the Steering Committee and they still exist today. Within two years Nuclear Europe had to
become self-supporting and a free service to the members of the member societies. ENS
invested only 150'000 Swiss francs into the launching phase and this money came from the
sale of our 50% share in Nuclear Technology. The financing was to be mostly through
advertising. At the start this seemed to be alright as we were Europe's largest circulation
journal from the beginning and the world's number 2. At the secretariat we simply had to
make it, if we hadn't the journal would have closed down end 1983. Of course in the
beginning of the eighties there was still a lot of optimism on the nuclear market and there
were many advertisers who wanted to reach the ENS target group. So, the gamble paid off,
Nuclear Europe made it. Only thanks to NEW do most of our members know that they
belong to ENS at all.
NEW first became the information link between the European ENS members and later
reached out overseas and became the strongest international journal on all nuclear markets
outside North America. Now it reflects the nuclear world to Europe and nuclear Europe to
the world - hence its name change to Nuclear Europe Worldscan. Still, its prime role is as
motivator and integrator among the European nuclear community.
We did suffer set-backs originating from the stagnation of the market for new plants and the
concentration + merger process in the nuclear industry. From originally eleven issues per
year we had to cut back to the present six. However, these six are exactly what our readers
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want according to readers surveys: each issue offers a wide variety of news, features
opinions about technology, business, people and politics.
Mission almost impossible
Our journal has grown into the nuclear world's number 1 not only in circulation but also in
innovation and quality. Believe me, it was not peanuts to achieve this position and to keep
it under our boundary conditions. Remember, NEW must still be self-supporting and a free
service to our now more than 20'000 members. Our overseas circulation brings us
subscription fees amounting to only about 5% of the overall budget of 1 million Swiss francs.
The rest of the money has to be brought in by advertising from a base which gets smaller
every year because the merger process in the industry continues and dozens of companies
disappear totally. The task is colossal. Only thanks to an advertising partnership scheme in
which a number of companies commit themselves to a certain partnership amount at the
beginning of the year - for which they then receive a corresponding amount of ads at a
reduced rate - is it possible to reach the ambitious goal. But still, whether it's partnership or
not, we have to earn almost 1 million Swiss francs through ads which puts those responsible
under incredible stress. Will we make it or won't we? This question we ask ourselves almost
daily and in the past four years including the present we managed to just make it. When you
look at an issue of Nuclear Europe Worldscan you don't realize what kind of efforts are
behind it. I don't know of any other technical membership journal which has to live within
such parameters. Our own costs for a yearly subscription to NEW are about 45 Swiss francs,
so we make a gift of 45 Swiss francs to each of the more than 20'000 members of the ENS
member societies. Now you can say that the members do pay membership fees. These were
never meant to pay for NEW but as a contribution to the overall operation of the society.
The fee paid by the member societies to ENS presently amounts to SFr. 11 per member,
which is less than 25% of what their subscription to NEW costs.
I have devoted quite some time and words here to our society's journal because it is a prime
example of professional project management within ENS and we all agree that without
Nuclear Europe Worldscan, ENS would not be the same. The way NEW is managed is also
rather typical for the overall management of ENS.
A professional secretariat
I quickly go back to 1981, when Pierre Zaleski launched our membership journal. In a
parallel move towards professionalism he made me Secretary General of ENS. For some of
our Steering Committee members it was hard to swallow the principle of having a
professional secretary backed by a professional organization; it was difficult to depart from
the glorious times of running ENS by committees.
On my side as a no-nonsense person with a background in business administration, I felt
somewhat uneasy at first among all the idealistic scientists and engineers who formed the
ENS committees in the early eighties. But with Nuclear Europe Worldscan I had a clear first
commercial objective for ENS. Some members of our committees still feel uneasy about me
because I always want to concentrate on carrying out concrete specific actions and dislike
precious time being lost on endless theorizing on impractical ideas which lead to nothing but
self-perpetuating talk.
Personally I was lucky to have a succession of presidents every one of whom wanted to leave
their imprint on ENS with a new project. Slowly, surely and specifically the philosophy came
through that ENS has to serve its members in helping to cope with their problems and not
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be simply a remote, self-serving body. Not only our presidents but also our Steering and
Standing Committees have become increasingly willing to focus on getting things done
effectively.
Learned and industrial
In addition to the approach of pragmatically tackling one important project after the other in
an efficient way, there is another strong characteristic in the ENS philosophy: we were
founded as a purely learned society. Soon it was realized that it was not enough to deal solely
with scientific and technical questions. Nuclear has matured into an everyday business sector
and most of the ENS members are employed by that sector. So, while pursuing its role as
a learned society, ENS quickly developed a large number of activities in the service of the
European nuclear industry. The industry recognizes this and today we have more than 100
Supporting Members not just in Europe but all over the world, who want to show their
gratitude to ENS and who want to be part of the world's largest and most dynamic nuclear
society. We remain a learned society but with a strong industrial orientation. We have
succeeded in becoming a vehicle both for the scientific + technical community and the
industry. We have become THE organization of all of Europe's nuclear community.
Integrating East-West
And here, when I speak of all Europe, it must be emphasized that ENS from the late 1980s
onward, became a pan-European society. We had started out as a purely West European
society which included what was Yugoslavia. When Central and Eastern Europe opened their
frontiers, nuclear societies were created in all of the ex-USSR dominated countries and joined
ENS. In Yugoslavia we had a special development with the Slovenian and Croatian societies
splitting off from the original ETAN Nuclear Division.
Today almost half of the ENS member societies are Central or East European, which has
drastically changed our character. However, the strong structure and clear aims of ENS
ensured that it was not an overwhelming task to integrate most of our new member societies.
As a pan-European society ENS serves as a platform for a constant East-West, West-East
exchange in all fields of nuclear energy - especially safety.
The gratis principle
I have to give a last but very important element in ENS philosophy. Not only Nuclear
Europe Worldscan has to be a gift to the members but the whole operation of the society
must be almost free of charge to the members. ENS is a federation only, the main activities
are with the member societies and so they can pay only a rather small amount of their
income to their European federation. In 1994 the income from the member societies totalled
ca. 137'000 Swiss francs, a small percentage of the overall turnover. It has become ENS
policy that most of its ventures must be self-supporting or even make some profit. So the
secretariat has somehow become the commercial or business center of ENS, which must try
to raise the necessary finances for today's many ENS projects. Here you have the
fundamental difference between ENS and the American Nuclear Society. A typical ANS
member in the US until now paid 80 $ per year including Nuclear News, with additional
charges for the membership in professional divisions. The overseas members of ANS pay an
additional 50 $ in postage. If we had that kind of money in ENS, we would have no financial
problems. Despite this kind of money ANS has financial problems as one could recently read
in their membership newspaper ANS News. But it's probably because we are used to being
lean that we have never really overspent and learned to live with it.
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For the secretariat this task of generating almost all the money needed for the ENS projects
and at the same time implementing all the ENS projects and activities, is like dancing on a
highwire. Very few people realize that due to this way of operating our affairs the staff of
the ENS secretariat is being constantly overstretched. Joking apart, what I like most is
hearing from our member societies that the secretariat people in Berne are greedy. They
should realize that because we have decided that the member societies should make only a
small contribution, the ENS secretariat simply has to make money for the society to live and
survive.
Due to the fact that the secretariat is taking care of the finances on the basis of tough
business plans, our Board and Steering Committee can concentrate on discussing the
important matters like our strategy and our activities. They have also time to initiate practical
collaborations between societies and their members. The ENS Board and Steering Committee
are very valuable, useful and creative bodies and their mere existence has led to better
European coordination in many nuclear fields and to pragmatic collaboration in other sectors.
ENC: the unique world event + ENS financer
The second large venture the ENS secretariat was asked to undertake was the organization
of ENC '86 after none of our member societies wanted to take the risk anymore. Fortunately
at the secretariat we had an inspiration; the ENCs used to be giant conferences and we
succeeded in coupling ENC '86 with a new nuclear world exhibition. This new formula
turned ENC '86 into a major success. No nuclear event had ever had such a large turnout
and the profits made ENS relatively prosperous. Since then much of the ENS income is
generated by the ENCs.
Effective ENS info tools
It is not the place here to enumerate all the ENS projects and services developed in the
interest of our member societies. To have an overview on this you can grab a copy of our
recently published ENS World Yearbook 1995, our 20th anniversary issue. I brought a few
copies along for those of you who don't have it. I must, however, say a few words on our
activities in the public information sector, which originally should have been the main topic
of my speech today. Let me mention the ENS PIMEs, which have become the traditional
international meeting place for the world's leading nuclear communicators. Let me mention
our briefing sheet Nucleus for Euro decision makers, which is published in more than ten
languages and distributed also here in Slovenia, and let me mention above all NucNet, the
ENS initiated and operated rapid fax-based information system which has grown into the
world's nuclear news agency. NucNet is beginning to have an impact on media coverage of
nuclear, especially regarding the reporting on incidents, where the half-life became much
shorter and the information more accurate. Still, as a whole the nuclear community and ENS
have so far failed to gain public confidence. That's why at PIME '96 we shall ask ourselves
the question what mistakes have we made and how we can change the situation?
President's proposal for a pragmatic info policy
Also our president, Prof. Pekka Silvennoinen called for a new, pragmatic approach to
realities by the nuclear community at the 20th anniversary General Assembly of ENS on July
7, 1995 in Helsinki. Mr Silvennoinen stressed that several European utility leaders were
spelling out that only in about ten years would it be necessary to consider the possible
expansion of most countries' nuclear parks: "So we should not argue now about decisions
that will only have to be taken in ten years. By taking this line of not arguing now, we can
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avoid antagonising politicians and the public with whom nuclear is presently unpopular". Do
have a look at his introduction to the 1994 annual report in the ENS World Yearbook 1995.
But I still want to read to you another paragraph of his policy statement:
Mr. Silvennoinen said: "The period leading up to these decisions does not have to be a
decade of despair. If we communicate to the public and the politicians this pragmatic,
realistic message - that for the time being in Europe we focus on running the existing plants,
then we can take the heat out of the controversy and should be able to find a political
consensus - even with those who are sceptical about nuclear."
He added: "If we run our business like a normal industry, and even without new plants, we
have far-ahead working horizons like any other industrial sector. We want to keep
modernizing our nuclear power units, thus extending their working lives to 40-50 years,
which makes economic sense. Pragmatic normality, working strength and far horizons will
make us attractive to the younger generation."
Jan Runermark and the young generation
The integration of this younger generation into the nuclear community is one of the main
tasks ENS has set itself for the coming years. We have created a Young Generation Network
which was proposed and pioneered by our president-elect 1996/97 Jan Runermark who died
tragically in a car accident on July 24, driving onto a ferry in Denmark homeward bound for
Sweden. The death of Jan Runermark, President of ABB Atom and a key-industrialist who
should have led our society during the next two years, is indeed a great loss for ENS and it
will be difficult to recover from it. May I ask you to stand for a minute's silence in memory
of Jan Runermark.
Slovenia, a model within ENS
To conclude, let me turn to the Nuclear Society of Slovenia. It is one of our smallest but one
of our most active member societies. Your president, Dr Andrej Stritar, is the first Central
European to be elected to the ENS Board, which is the ENS key-leadership body. He helps
to shape ENS policies and activities. Small countries benefit more from ENS than the large
ones who have large, powerful nuclear organizations and industries. You don't have to build
up new tools for everything, you can use tools developed by ENS. You can also benefit from
the ENS secretariat's information and documentation office in Berne and from its ability to
put you into contact with organizations and experts from other countries who can be of help
to you. We have recent examples of close collaboration with your waste organization RAO,
the only one with a lady-boss, which we in ENS very much appreciate, having had a woman
as president in 1992/93. But you are also doing a lot in the spirit of ENS. A prime example
is this second regional meeting on nuclear energy in Central Europe, which you are
organizing successfully. More of this kind of ventures are needed and the small Slovenian
Nuclear Society with its manifold activities can be a model for many other societies within
ENS. The stronger all the members are, the stronger and more effective will their federation
be.
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Present and Future Operational
and Safety Status ofKrskoNPP
Stane Rozntan
Director General

Topics
•* Energy Policy
<* Plant Status
* Productivity
o Availability
=» Nuclear Safety
* Environment
o Radiation Protection
o Human Resources
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Energy Policy
Today
* There is still no official policy document being adopted
on the Republic level to reflect the strategy of energy use.
* Declaration on Efficient Use and Supply of Energy in the
Republic of Slovenia - on the schedule of the Slovenian
Parliament
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Energy Policy
Tomorrow
Nuclear option:
=> High degree ofKiiko availability and safety during operation
=» Adequate level of safety when phase-out, conditions for
decommissioning
=> Continued operation with appropriate implementation of the
world safety standards
=» The decision on KrSko NPP phase-out at least 10-year in
advance
=> Implementation of recommendations of the international safety
missions
=> Provide storage of radioactive waste material on site till the end
of plant lifetime
=» Establish decommissioning fund
Present and Future Operational and Safety Status of Krsko NPP
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Plant Status
Today
• Formal status of KrSko NPP was not adjusted to new Slovenian
legislation yet
Q Socially owned enterprise of full responsibility
• KrSko NPP Is operated according to original documents:
Q Agreement of governments of Slovenia and Croatia from 1970
• Contract between Slovenian and Croatian Utilities for financing
and exploitation from 1974
• Agreement on authorities and obligations between both utilities
and KrSko NPP from 1982
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Plant Status
Today
Operative reconciliation of viewpoints, different
interests, commitments and the adoption of strategic
decisions are being approved by the Board of Directors
of KrSko NPP (4+4+4). The decisions are voted by
consensus.
Upon the independence of both the Republic of Slovenia
and the Republic of Croatia it is impossible to
implement some mutually agreed principles as they are
in contrast to the newly adopted Slovenian legislation.
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Plant Status Today
El. Utilities
Slovenia

HEP
Croatia
Board of Directors
4+4+4

Director
General
Advisors

Technical
Director

Information
Systems

KrSko NPP
Director General

Training

Deputy
Director General

Engineering I
Service
I
Director
|

Quality
System
Director

Security

Purchasing
Director
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Plant Status
Tomorrow
The following areas will be regulated in the future agreement between
Slovenia and Croatia:
- ownership
- organizational stmcture of a company
- principles of electrical energy supplying
- management of a company
- terms of payment
- implementation of Act on decommissioning fund
- Radwaste Management Commitments
•

This bilateral agreement is expected to be adopted by the end of
1995.
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Plant Status
Tomorrow

Legal status importance for KrSko NPP:
° Clear responsibility and authority deffinition of all the
participants
° Greater managing and decission making efficiency
" Company financial qualification
" Settlement of all the relevant facts concerning plant
exploatation and decommissioning
° Public opinion consolidation
0
Long-term planning, enhancement and upgrading
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Production - Today
Electrical Energy Production in Slovenia
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Net Electrical Energy Production Since Start
of Commercial Operation

1983 1984 198S 198S 1987 1988 1989 1990 1991 1992 1993 1994
Total:

[Year]

54.42 TWh
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Unit Capacity Factor
Unit Capacity Factor - Average 75.03 %
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Availability
Unit Forced Outage Rate
• Unit Forced Outage Rate - Average 2.06% |
• Unit forced outage rate
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L
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Nuclear Safety
Event Reports by INES Categorization
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Nuclear Safety
Automatic Reactor Trips and Root Causes
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Nuclear Safety
Automatic Reactor Trips and Root Causes (Continued)
Explanation of Abbreviation:
•
Equip./Sys.Op. - Equipment/System Operation - The actual performance of
the equipment or component when performed its intended function
•
Maint/Test - Maintenance/Testing - The process of components/systems
are maintained in the optimum condition
•
Work Pract/Train. - Work Practices/Training - Worker methods and
ingrained habits used in the completition of a task. The process of
presenting training information on how a task is to be performed prior to
accomplishing the task
•
Design Conf. - Design Configuration and Analysis - The design layout of
system or subsystem needed to support plant operation and maintenance
•
External - External - An influence outside the usual control of the company.
The influence can be human or non-human.
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Nuclear Safety
Safety Upgrade Program
PSA (Probabilistic Safety Assessment)
-

Level 1
Level 2
External Events
Shutdown Modes

RCP (Regulatory Compliance Program)
SUP (Safety Upgrade Program)
- On the basis of Regulatory Compliance Review
findings, Regulatory Body amendments, PSA, and
EEAR screening, the prioritized item list shall be
prepared.
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Nuclear Safety - PSA
Contribution of Internal Events
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Nuclear Safety
RCP (Regulatory Compliance Review)
% Resolved

% Under Implementation

% In Preparation

10CFR

71

13

16

TMI

81

14

5

Unresolved Safety Issues

59

22

19

Generic Safety Issues

67

12

21

Generic Letters

86

6

8

Bulletins

80

4

16

Programatic Requirements (FP,
EQ, Security...)
TOTAL

36

9

55

81

11

8
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Nuclear Safety
External Requirements
Solved Unsolved

Not
Applicable

Continuous Total ; Percentage
(%)

1

167

45

OSART

149

17

ICISA

34

35

74

20

URSJV

88

34

130

35

Total

271

86

371

100

Percentage

73

23.2

1.6

2.2
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Volume of Low and Intermediate Level
Radioactive Waste
MBO

**
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[GBq/Year]

-

K 3 Average 4.2 GBq per year

'

M Regulatory Requirement Limit (200 GBq/year)
Trendline
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Environment
Liquid Radioactive Release - Tritium

[Year]
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Gaseous Radioactive Release - Iodines

n

Average 0.2 GBq per year

E 3 Regulatory Requirement Limit (18.5 GBq/Year)
— Trendline
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Gaseous Radioactive Release - Noble Gases
[TBq/Year]
120

BB Average 2.3 TBq per year
Regulatory Requirement Limit (110 TBq/Year)
Trendline

[Year]
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Environment
Decommissioning
•i The "Act on Krsko NPP Decommissioning and Radioactive
Waste Disposal from Krsko NPP Financing Fund" (Official
Gazette No. 75-2/12/1994) has been adopted.
*-.- The Act addresses the following topics:
-

The purpose of funds
0.61SIT/kWh
Fund management
First-class securities Investments
15-month period for development ofKr&ko NPP decommissioning plan

•* It is Krsko NPP's responsibility to develop a Decommissioning
Plan.

n

o The financing fund has not been establish yet and there is still
no funds being collected for the uppermentioned purpose.
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Radiation Protection
Collective Radiation Exposure
IB Average 1.60 Man.Slevert per year |

SG modification
Tube support plate expansion

[ManSv]
47

SG inspection
and repair
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Human Resources
RO and SRO Licensed Personnel
Year
Licence
RO

1991

1992

1994

16

17

SRO

36

37

41

41

Total

52

54

58

64

1993
r

17

:

23
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Human Resources
Turnover
Year

1991

1992

1993

1994

Base Status

602

596

582

596

New
Personnel
Employed
Personnel
Leaving
the Plant

11

21

13

34

41

27

27

20

%

6.38

4.33

4.43

3.25

Fluctuation
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Human Resources
Educational Krsko NPP Employee Structure
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Organizational Krsko NPP Employee Structure
Organisational Unit
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Human Resources
Training (1990 -1994)
• General Employee
• Safety of Work (average 372 per year)
• Radiation Protection (average 269 per year)
• Licensed Operators
• Nuclear Technology Phase 1 (average 10 per year)
• Nuclear Technology Phase 2 (average 7 per year)
• Initial Simulator Training (average 4 per year)
• Annual Simulator Retraining (average 49 per year)
• Annual Retraining (average 49 per year)
• EOP Refresher (average 7 per year)
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Human Resources
Training (1990 -1994) - Continued
• Non-Licensed Operator
• Basics of Nuclear Technology (average 24 per year)
• Specific Courses for NLO (average 29 per year)
• Maintenance Courses (average 49 per year)
• Engineering Courses (average 63 per year)
• Miscellaneous (average 144 per year)
ANNUAL TRAINING COSTS 1.2 mil. USD
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WASTE MANAGEMENT IN THE UNITED STATES
John Graham
President, American Nuclear Society
I will speak to four aspects of nuclear waste management: to the wasteful U.S. fuel cycle; to the
tragic contamination of US sites dedicated to the pursuit of the cold-war; to the issue of excessweapons materials; and to the problem of those innocuous wastes arising from our everyday
nuclear life.
1 POWER PROGRAM WASTES
The United States has 109 operating plants, about one quarter of the world's operating plants,
some of which have been in operation since the late sixties and are approaching the end of their
lifetime. On-site fuel storage pools are becoming full without a national location to dispose of the
spent fuel.
1.1 Fuel Cycle Issues
Prior to 1975, the US had been developing the breeder reactor to take advantage of the
reprocessing of light water reactor fuel for the production of plutonium for use in mixed oxide
fuel cycle in the light water reactors. The planned cycle promised nuclear fuel for centuries.
However, in 1975, Jimmy Carter, by Presidential edict, prohibited the reprocessing of nuclear
fuel. This was done, without public debate, as a purely visceral response to what the opponents
were calling "the most toxic material known to man" - plutonium. After five years, this policy
was rescinded for twelve years of Reagan and Bush, and then restated again, in 1993, by Bill
Clinton, who has the same advisors as Jimmy Carter.
Through the Nuclear Waste Policy Act of 1983, the Department of Energy took the responsibility
for building a national repository for the disposal of 'spent' fuel, and of taking receipt of that
'spent' fuel from the various utilities by 1993 (later changed to 1998 ). The repository was to be
funded by a universal citizens' tax of 1 mill per kilowatt hour of electricity used. $11 billion has
accumulated in the Nuclear Waste Fund although little has been spent. By 1998 the cost of the
repository program could reach $4.5 billion.
Thus, the US is officially dedicated to the throw-away fuel cycle, when after using 3% of the
energy in the fuel, the partially used fuel is called 'spent' and designated as high-level waste. The
US is one of only three nations which have taken mis position. It takes a nation rich in natural
resources to be so wasteful.
This policy results in a great number of problems for the US, not the least being the immense
volume of material which is designated as "high-level waste." This large volume (about 30 times
greater than it would have been in a reprocessed fuel cycle) exacerbates all transportation,
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storage, and disposal options. By 2040 the 'spent' fuel inventory could reach 86,049 metric tons
of heavy metal.
Furthermore, 'spent' fuel contains all the long-lived actinides so that disposal concepts have to
accommodate half-lives up to 2,400 years. Reprocessing would have removed these long-lived
actinides from the real waste.
1.2 Repository Disposal
As a result of the Nuclear Waste Policy Act of 1982, an intensive program of site investigation
in salt, basalt, granite, and volcanic tuff, was commenced, with five sites being narrowed down
to three, and then, in 1988, down to a single site in Nevada. This site at Yucca Mountain is in
tuff- a volcanic rock form. The final selection of this site was made, not on technical grounds,
but on political grounds. It appeared to be the easiest site to license, since its Congressional
representation looked weak. That proved to be wrong.
Thus, the repository program is still aimed at characterizing the Yucca Mountain site - to see
whether it is suitable, and the geologists have now bored 650 feet to the first fault zone.
However, being a Government program, it is plagued by over-management, inefficiencies, and
cost and schedule over-runs. The original date when fuel might be deposited in the repository has
moved from 1993, through 1998, to 2010, and there is talk of a more realistic date of 2028.
Thus, since the Nuclear Waste Policy Act of 1983, in 12 years the operating milestone appears
to have slipped by 35 years. By any measure, that's not good forward progress. DOE had tried
to make the case that the agency had no legal obligation to take receipt of the fuel at all.
In August, Congress vented its frustration with the Department of Energy by passing a new bill
(Upton-Towns HR 1020) which
- mandated that DOE accept 'spent' fuel, starting in 1998;
- mandated an interim storage facility since the repository could not be ready;
- mandated the development of a new multi-purpose canister to store, transport, and to dispose
of 'spent* nuclear fuel;
- mandated a new annual funding mechanism for the work;
- mandated the building of a railroad spur to transport the 'spent' fuel to the site; and
- mandated real intermediate milestones.
The only significant opponent to this bill was the Secretary of the Department of Energy, Hazel
O'Leary, who testified that her Department couldn't work to these schedules.
As an initial step however, Westinghouse Electric has won the $ 14 million contract for the
design of the multi-purpose canister in two sizes (75 and 125 tons) and has 12 months to
complete the design reports ready for Nuclear Regulatory Commission certification review.
1.3 Interim Storage
With this sort of time scale - a repository that might open in 2010 (if it isn't 2028) - the present
nuclear power plants will shortly run out of on-site storage capacity for their spent fuel.
Originally, the Nuclear Regulatory Commission had refused additional on-site storage but has
now relented to allow dry-cask storage on site. Twenty-six units will exhaust their spent-fuel
storage capacity by 1998. Thus, presently, ten utilities are following a pattern set by Virginia
Power, and Ontario Hydro in Canada, by setting up storage pads with dry-cask storage of
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natural-convection-cooled 'spent' fuel. These containers cost about $800,000 apiece.
However, this is no solution to local residents who don't like the idea of their locale being a de
facto high-level waste storage location. Hence, pressure has been put on Congress to mandate
a national interim storage facility for use until the national repository is opened.
Here again, there has been technical and political confusion over the years. Earlier acts of
Congress had mandated that a Monitored Retrieval Storage (MRS) location could not be opened
until the Repository was open - just in case the MRS became the final resting place of all fuel.
Then, an initiative was developed to pay (bribe) any local community to become the site of an
MRS. Just when it appeared that an Indian Tribe, the Mescalero Apache Tribe of New Mexico,
would take advantage of the offer, and had already received two study grants totaling $300,000,
the program was canceled. DOE does not appear to be anxious that a real solution for 'spent'
nuclear fuel storage be found.
However, the Mescalero Tribe, disillusioned with the Government are proceeding on their own.
They have formed a coalition with 33 utilities to develop an interim storage facility, a MRS, on
their tribal lands. They received the approval of tribal members in a public referendum and the
new Governor of the State has adopted a wait-and-see, rather than an opposing attitude. Thus,
the Mescalero Tribe is presently working on the environmental impact statement and doing site
characterization with Stone and Webster. The tribe is also part of the Westinghouse project team
which is designing the new multi-purpose canister.
Officially, however, it appears that a Government interim storage facility will be sited in Nevada
close to the Yucca Mountain site - some said even within the repository, but no one really knows
for sure.
Thus, the story continues - with a geological repository being investigated; an impatient congress
pushing a reluctant and inefficient Department of Energy; an Indian Tribe trying an independent
approach; and utilities being forced closer to the wall. All this being exacerbated because of a
reluctance to consider reprocessing as a means of recycling resources and reducing waste, both
in activity and volume.
One day, a new Wagnerian composer may adopt this disastrous piece ofU.S. history as being
a suitable subject from a grand tragic opera. Unfortunately, we do not yet know how it ends or if it ends.
2. DEFENSE SITE CONTAMINATION
From the earliest development of the bomb, the US strategy was to mine uranium in the west;
to generate the plutonium at a remote location; separate it at an another fabricate plutonium pits
in a third; provide other material from a fourth; and build the bomb elsewhere. Thus, a very
large number of sites were heavily contaminated as the Government paid special attention to the
mission, while ignoring the consequences of waste. Wastes were dumped with very little common
sense. Hanford in Washington State, Fernald in Ohio, Rocky Flats in Colorado, Pantex in Texas,
Lawrence Livermore in California, Los Alamos in New Mexico, Savannah River in South
Carolina, Oak Ridge in Tennessee, and the western slopes of Colorado's Rocky Mountains, were
all involved and have paid heavy environmental consequences.
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2.1 The Scenarios
The range of wastes produced from 1945 to 1965, includes the mill tailings of old uranium
mines; old fuel from the plutonium generating reactors; residues from the reprocessing lines; old
contaminated buildings; silos full of radon emitting solid wastes; single-shell tanks of high-level
wastes and sludge; contaminated soils from liquid waste spills; open-air evaporative basins; burn
pits; sludge ponds; scrap; beryllium contaminated buildings and equipment; tritium stores;
laboratory waste, and excess plutonium and high enriched uranium. If you add waste organic
material and oils; and even the carcasses of animals on which testing was performed and you
have a real devil's brew.
A typical waste site is Pit No. 9 in Idaho. It is the size of a football field, 5 meters deep. It is
back-filled with the local sand, over waste that was simply tipped into an open pit. In the pit
there are old decayed drums of plutonium-contaminated fire waste from Rocky Flats; there is an
old reactor from the Arctic Dew-line; there is a contaminated ambulance that carried corpses
from the SL-1 accident; there are oils; there are truck-beds and fuel storage racks. The whole
pit has been flooded twice.
In activity, the wastes range from low-level contaminated materials from laboratories, to highlevel radioactive actinides, including the intermediate and TRU wastes. (The TRU wastes are a
class of highly-radioactive wastes which do not generate heat.) The cost of cleaning the entire
complex of US cold-war wastes is estimated to fall in the range of $200 to $350 billion over 75
years, but the $23 billion spent so far since 1990 shows little effect.
2.2 WIPP
The Waste Isolation Pilot Plant (WIPP) east of Carlsbad, New Mexico, consists of engineered
caverns tunneled deep in layered salt. This repository exists. It was started in 1980 and has been
ready to operate for about 5 years. Rather than civil wastes, it was (is) meant to accept cold-war
TRU wastes from sites like Hanford. There is 3.9 million cubic feet of TRU wastes and WIPP
could accept 6.2 million cubic feet in 100 excavated acres. However, the WIPP site is not in
operation and it is not likely to start operation for several years. It has been overtaken by
changing and conflicting environmental regulations, and it is currently a subject of yet another
evaluation.
The reason for this is yet another tragic opera story - in establishing the WIPP repository, DOE
ignored the need to approach Congress for permission to use Federal lands. When Congress was
finally approached, after WIPP was constructed, Congress was so annoyed that it put the
Environmental Protection Agency in charge of yet another new characterization and evaluation
of the whole repository - thus delaying its opening for many years. So, while tests have been
done and packaged wastes have been designed to fit the specifications of the repository, nothing
yet has been disposed of in WIPP. "
2.3 The Actors in the Drama
Remediation of all the defense sites will take eons - currently estimated at 75 years. Whereas
DOE used to be in sole charge, control has now effectively passed to (a) the State in which any
site is located; (b) the Environmental Protection Agency (EPA) for non-nuclear contamination;
(c) the Nuclear Regulatory Commission for nuclear contamination; and (d) Public Interest groups.

"Public Interest" groups are self-interest groups. They may include some local inhabitants but,
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often, their principal interest is to halt any and all nuclear activity. They particularly oppose
nuclear power. Thus, making any clean-up action more difficult and, thereby, giving anything
nuclear a bad name, fits right into their agenda. Thus, "Public Interest" groups tend to delay and
obstruct any progress. To my mind they are the villains of this opera.
The States have been able to force DOE, through Act of Congress, to establish tri-partite cleanup contracts with the States and with the EPA. These contracts contain milestones which must
be achieved. If those milestones are not achieved, DOE is fined. DOE has paid non-performance
fines, but, unfortunately these fines are not levied on the incompetent management but on the
nation. Nevertheless, the Tripartite Agreements do seem to affect DOE, with the result that more
time is spent in renegotiating tri-partite contracts than in cleaning anything.
2.4 Clean-up
Most progress has been made in repackaging rather than in disposing - valleys of many thousands
of decaying and rusted drums of waste, which were filled 20 to 30 years ago, are being emptied,
inventoried, and refilled into new containers. That might complete a milestone, but the waste is
still there. At one site, 76,000 drums are being repackaged.
Most activity is confined to the easy-to-do jobs, rather than cleaning-up the most hazardous areas.
At Hanford, high-level processing waste was originally stored in hundreds of single shelled tanks
in the ground. These leaked, creating much greater volumes of contaminated soils which will also
need remediation. Over the years, the contents of most single-shelled tanks have been pumped
into double-shelled tanks. However, a few of these tanks then developed a burping phenomenon
during which quantities of hydrogen generated in the sludge would periodically burst through the
harder crust. The hydrogen, together with nitrous oxides, would have provided, with a small
spark, a rocket-explosion which could have distributed the high-level wastes far and wide. It was
something of this ilk that caused the widespread devastation in the Soviet Union at Kyshtym in
1957. Those wastes are still there. After many years, a large rotating mixer has been installed
in the worst tank (S -101) (v-e-r-r-y carefully) so that the hydrogen can be released continuously
without accumulation. However, there is still no coherent analysis of the contents of the tanks
nor a workable plan for the processing of the wastes towards a final clean solution.
At Rocky Flats, large evaporative basins contained heavily contaminated sludges. An attempt to
mix this sludge with grout for disposal in steel drums failed because the grout had not been
suitably selected for the activity and chemical constitution of the sludges. Now, the contaminated
friable pond-crete, that was created, constitutes a volume of nuclear waste far beyond the original
volume of the sludges.
With mistakes like this it is understandable that DOE managers at the defense sites find a virtue
in doing nothing more than moving waste from one place to another.
There are success stories - a few smaller sites have been cleaned; a great deal of research and
development into promising processes has been done - including bio-remediation, and in-situ
vitrification of moving plumes of contamination. Some buildings have been decontaminated and
decommissioned (torn down) but progress is slow and, in the nature of an agency which is better
at planning than at implementation, it is very expensive. Unfortunately, it is only in a country
rich enough to study a problem to death that nothing much is done. Our opera has an indefinite
number of acts.
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3. EXCESS WEAPONS MATERIAL
Following the use of nuclear weapons during World-War II, the threat nuclear weapons has been
used in a cold-war stand-off, for thirty years. During that time, the military establishments in
both the US and the Soviet Union were able to persuade the politicians than it was always a
national emergency, and where one nuclear weapon was good, a hundred would be better.
Moreover, each one produced was already obsolete, so that another new and improved, bigger
and better, weapon had to be developed. The result were large numbers of nuclear war-heads and
huge stock-piles of the enriched uranium and plutonium ingredients of future weapons.
3.1 Recommendations
As a result of the disarmament process between the US and its previous enemies, weapons, and
the material in process, have become nuclear waste. Thus, around the US at various sites there
is over 40 tons of Plutonium in various forms -13 tons of which is at Rocky Flats within sight
of my home. There is a national quandary as to what should be done with this.
Elsewhere, the solution would be clear - process the material into mixed-oxide nuclear fuel and
use it in existing reactors. However, this obvious solution gives the US Administration a moral
dilemma. It is dedicated to not-encouraging the use of plutonium in civil reactors. Therefore, a
report, on behalf of DOE, was produced by a group purporting to represent the very prestigious
National Academy of Science. The report was produced by a sub-committee lead by Wolfgang
Panovsky. Its principle conclusion was that the plutonium should be encased in glass and buried
in 3,500 separate bore holes. This recommendation would have turned our tragic opera into high
comedy. The licensing of even one site for a plutonium bore-hole repository would be highly
unlikely. Fortunately, the group saved their faces by also mentioning the mixed-oxide solution
as a fall-back option.
The American Nuclear Society then convened a truly blue-ribbon committee lead by Dr. Glenn
Seaborg, the co-discoverer of Plutonium, and chaired by Ambassador Richard Kennedy who had
spent many years on Non-Proliferation issues at the IAEA, together with Dr. Myron Kratzer.
Members of this panel included eminent scientists from Japan, Russia, Britain, Germany, France,
Switzerland and the US. After nine months, their report is complete and the results were released
in Washington on August 22nd. The principle conclusion is that while excess-weapons material,
including the plutonium, must be carefully guarded as if it were still a weapon, nevertheless
plutonium is an energy resource to be used, not a waste to be disposed of. They recommended
the mixed-oxide solution, but they did not go so far as to choose one of the many reactor options
to be used.
As a result of the publication of this panel's findings, it will be very difficult for the US DOE
to do anything other than elect to burn excess-weapons material. On the other hand, this is so
much against the ethic of the present administration that they may simply elect to
do nothing.
4. NON-POWER PROGRAM WASTES
There are 109 operating reactors in the US - almost 25% of the world's total. They generate
400,000 jobs and an economy of $75 billion per year (1992 figures). Yet, and this may surprise
you - the non-power nuclear science industry is larger: 4 to 5 times larger. In 1992, the nonpower part of our industry supported 3.6 million jobs with an economic benefit of $357 billion.
That's the result of nuclear medicine, food irradiation, industrial applications of radiation and
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radioactive sources, biological and environmental research, and waste management.
The one connective issue which spans the whole range of non-power nuclear applications and
links them to the power program is the need to dispose of low-level radioactive wastes. A very
good global survey of low-level waste disposal practices has been published by the International
Nuclear Societies Council (INSC) for technology transfer to countries which are just now
developing more extensive nuclear applications programs.
4.1 Low-level Waste Issues
Most people in the US know about nuclear medicine but very few know much how dependent
US society has become on the industrial applications of radiation in process quality applications,
or the use of radiation-polymerized plastics and organics in the home. However, they have been
taught by the self interest groups that low-level radiation waste is a toxic horror.
US experience in disposing of low-level wastes has not been good. In the days of the cold war,
the disposal site on government complexes was merely a hole in the ground with little thought
being given for remoteness from aquifers, or any protection against wastes leaching in an
uncontrolled manner. Maxey Flats, Beatty, West Valley, are synonymous with bad management
practices. Liquid wastes were stored; employees took home contaminated items for private use;
contaminated equipment was used for public construction; one wet site overflowed its
contaminated materials; in another degrading waste released tritium-contaminated gases; and in
another the trench caps collapsed and were breached. Those sites have been closed.
Experience at Barnwell in South Carolina, and Hanford, have been much better, and those sites
are still operating today.
The public's operating philosophy towards low-level waste sites is NIMBY - "not in my back
yard." Thus, Congress in the Low-Level Radioactive Policy Act of 1980, proposed that the States
should get together in groups, called Compacts, to arrange for one LLW site to accommodate
the wastes from their own Compact of States. This immediately caused a jockeying for position each state wanting to avoid taking wastes from another, or to be designated as the Garbage
Center for that particular Compact. Some "Compacts" were anything but compact: California is
in a grouping which includes Arizona, and North and South Dakota, which is like combining
Slovenia with Norway and Sweden for a joint disposal of wastes. The existing site at Hanford,
fortunately, remained open as the low-level waste disposal site for the Northwestern States.
The sum effect of this congressional action, 15 years later, is that new LLW disposal sites are
just being identified. Hudspeth County in Texas could serve as the site for the Texas Compact,
which includes Maine and Vermont. Each of the new locations is up against local NIMBY
opposition, which has reached its height of absurdity at Ward Valley, in California.
4.2 Ward Valley
The case of the Ward Valley site in Southern California is a whole tragic opera of its own,
involving political opportunism, heroic animals, court jesters, and court advisers. Its history is
something that we can learn from
After a search of some eighteen geological-closed desert sites in which the drainage would lead
to a dry lake, rather than a waterway, a site in Southern California, at Ward Valley was chosen.
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Ward Valley fits all the required geologic requirements - it is so dry that water in the ground
evaporates upwards rather than draining downwards, it has no drainage features to any active
water source, it lies high above groundwater, it is remote from any community, it has good
transportation facilities, and it has been licensed by the Nuclear Regulatory Commission. It has
one small problem - it is not in operation.
It's most extreme opponents - a local Californian Senator, Barbara BoxerGreenpeace and extreme
American Indians, recognize that they can almost shut-down nuclear power in California if they
succeed in stopping LLW disposal at Ward Valley. As a result they have a sustained program
of opposition: they
- tried to persuade the medical community to declare their wastes less hazardous so they can
accept medical wastes while excluding power plant wastes,
- found three geologists (not hydrologists) to announce that any contaminated groundwater (far
below a dry desert site) would travel tens of miles across geologic boundaries to the Colombia
River,
- argued that a Desert Tortoise, which roams many thousands of hectares in the area, would be
endangered by the site and its roads,
- raised technical issues of stabilization, and
- forced a public inquiry, four court suits, and another National Academy of Sciences study after
the site was licensed.
The site is still not open and, meanwhile, LLW is stored locally around California in 900
locations, at every hospital, every research laboratory, every manufacturing facility, and every
power station. The possibility of uncontrolled exposure to the public is far greater than if all this
LLW were disposed at Ward Valley.
Moreover, at a hospital or university which uses isotopes for research or medicine, the isotopes
and sources are bought from commercial suppliers. The low level waste is handed on to the
administrator of wastes for the facility, and that administrator would provide for disposal - if
there was a disposal site. Lacking proper disposal the administrator arranges for temporary onsite storage (possibly after having it compacted). As that storage gets filled, the administrator then
has no recourse but to put pressure on the medical or research facility to stop using nuclear
procedures to avoid generating more waste.
Thus, in Stanford University Hospital, the doctors are being forced to cut back on nuclear
medicine - a tragic result of not being able to dispose of LLW waste in a safe desert location.
Likewise, New York Hospital - Cornell Medical Center announced that it would halt indefinitely
all research using long-lived isotopes, such as metabolic and structural studies on heart disease.
The Cedars-Sinai Medical Center in California has also curtailed potentially life-saving research.
4.3 Barnwell
The case of Barnwell is a comic opera in itself, but with moral overtones.
The South Carolina site is an old one. It has accepted LLW from the length and breadth of the
country according to strict receipt specification - waste shipments not in compliance were
returned or charged an excess amount - and the management of the site was excellent.
However, when Congress enacted the Low Level Waste Compact legislation, the South
Carolinians rejoiced in the idea that somewhere else in their Compact would be selected and their
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LLW dump would be closed. The closure date was set for this year, 1995, although it was to be
closed to out-of state waste generators earlier. North Carolina was selected as the site for the new
waste site for that south-east Compact.
As time went on, the North Carolinians did virtually nothing. A site at Wake county was
identified but very little work was done. Yet, Barnwell's closure was moving along. Out of state
generators were very concerned. Then, the South Carolina legislature realized that in closing
Barnwell, they were losing considerable income. Disposal charges ranged above $200 a cubic
foot - $5 to 6 thousand a cubic meter - and State taxes took their share. Thus, in 1995, the
decision to close Barnwell was reversed at least for another ten years. Jobs were saved and tax
income for the State education fund was preserved. Now Barnwell is open again for LLW
generators in the Southeast Compact - except for those from North Carolina next door. The South
Carolinians haven't forgotten that North Carolina had done nothing towards receiving waste.
So Barnwell is available again. Costs are high, now over $330 per cubic foot. Yet, Californian
waste generators, like the San Onofre Plant, would, if they could, ship their wastes two and a
half thousand miles to Barnwell because the costs of Ward Valley are likely to be higher, when
it does open.
Yet, despite the Barnwell pragmatic success, still 33 of the 50 US states and DC lack access to
a low-level waste disposal facility. Moreover, the Californian impasse prevents the demonstration
that low-level radioactive wastes can be handled safely as a normal everyday task.
5. SUMMARY
In summary - hampered by a Pollyanna national policy against reprocessing, the large US volume
of 'spent' fuel appears to be heading towards long-term above-ground dry-cask storage, while
the DOE and its geologists play at Yucca Mountain for another 20 or 30 years.
The clean-up of cold-war sites will proceed, at very high expense, emphasizing the easy things,
rather than the high risk conditions, until such time as the amount of funding available, in a
country which is trying to balance its budget, will force a focus on important issues.
The US now has another national site for low-level waste disposal at Barnwell in South Carolina,
yet the public at large still has to understand, firstly, that the benefits of our high standard of
living do not come without some radioactive wastes being generated, and, secondly, that it is a
very simple thing to dispose of low-level radioactive wastes, if self interest groups are recognized
for what they are.
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TRIGA Reactor Power Upgrading Analysis
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J. Stefan Institute, Ljubljana, Slovenia

ABSTRACT - Reactor physics safety analysis supporting the power upgrading from 1MW to
2MW of a typical TRIGA Mark II reactor is presented for steady state and pulse operation. The
analysis is performed for mixed core configuration con'sisting of two types of fuel elements:
standard 8.5% or 12% stainless-steel clad fuel elements and LEU fuel elements (20% uranium
concentration). The following reactor physics codes are applied: WIMS, TRIGAC,
EXTERMINATOR, PULSTRI and TRISTAN. Results of the calculations are compared to
experiments for steady state operation at 1 MW. The analysis shows that besides technical
modifications of the core (installation of an additional control rod) also some strict administrative
limitations have to be imposed on operational parameters (excess reactivity, pulse reactivity,
core composition) to assure safe operation within design limits.

1. Introduction
The reactor physics part of the TRIGA reactor safety analysis study is
presented. The study was performed within the scope of the power uprating
project of the Puspati TRIGA Mark II reactor in Kuala Lumpur, Malaysia. The
goal of the project is to increase reactor power from 1 MW to 2MW without major
changes in the reactor design. The purpose of the power uprating is to increase
flux for isotope production. Experience of other TRIGA reactors of the same type
shows that it is feasible to increase power up to 2MW without significant
modifications in the core design or in the cooling system, provided that
additional limitations are imposed primarily on core composition and pulse
reactivity.
The reactor is TRIGA Mark II type cooled by natural convection. The core
consists of 7 annular rings surrounded by the graphite reflector (Fig. 1). The
reactor is practically equal to TRIGA reactor in Ljubljana, except that it contains
one more ring (G) of fuel elements. Four boron carbide control rods are applied,
one of them is transient rod. Two types of fuel elements are used: Standard fuel
elements with 8.5% or 12% uranium concentration and LEU fuel elements with
20% uranium concentration. The enrichment of both types is 20%. The reactor
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was in 1982 originally licensed to 1MW, it has been mainly operating in steady
state mode at 750kW.
The following parameters were identified as the most important and
potentially limiting for power uprating:
- nitrogen activity at the surface of the reactor tank
- shutdown margin (number and position of control rods)
- power peakings (film boiling, residual heat).
The nitrogen activity was proposed to be reduced by installing a special
delay tank in the reactor pool. The only hardware modification on the reactor
was expected to be repositioning and installation of additional control rod
mechanisms. It was also decided to reconstruct the heat exchangers and the
cooling tower, however, more for maintenance reasons than for increasing
capacity. No other hardware modifications related to the power upgrading were
planed. The purpose of this paper is to present the reactor physics calculations
necessary for shutdown margin and power peaking analysis in steady-state and
pulse mode, and in particular their verification.

2. Verification of computer codes
The following computer codes were used in the analysis: TRIGAC [1 ] for
fuel management and excess reactivity calculations, WIMS [2] in combination
with EXTERMINATOR [3] for full core 2-D power distribution calculations,
TRISTAN [4] for rough thermal-hydraulics analysis and DNBR calculation and
PULSTRI [5] for pulse temperature and power calculation. Although the codes
had been used and tested for other TRIGA reactors we decided to test them for
the given reactor by comparing measured results with the calculated ones for
some selected experiments.
The burn-up of fuel elements was calculated using TRIGAC code taking
into account entire operating history of the reactor since 1982. The purpose of
this work was also to verify the accuracy of excess reactivity calculations by
comparing results to the measurements that have been regularly performed at
least once per week from the beginning of operation. Results are presented in
Fig. 2. Main reasons for large scattering of experimental data are inconsistent
control rod calibrations and operational conditions at which the measurements
were taken (e.g. xenon poisoning). However, general trend agrees very well with
the calculation even over very long time period (10 years). It means that the
calculational error doesn't grow with burn-up. This could happen if there was
error in energy and material balance of burn-up calculation. Practically we can
conclude that the error in predicting excess reactivity doesn't exceed +/- 0.5 $
neither for fresh nor partly burned mixed core.
After determining the burn-up of fuel elements we performed rough
optimization of the operational core and measured its parameters. The optimized
core configuration (denoted 9.6) is presented in Fig. 1. The calculations were
performed in 1-D approximation using TRIGAC code and in 2-D geometry using
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EXTERMINATOR code. Results of both codes agree well for the parameters
which can be compared (excess reactivity, ring averaged power). Predicted
excess reactivity of this core was 7.07 $, measured was 7.02 $.
The power distribution and peaking factors were experimentally verified in
an indirect way by measuring outlet water temperature in core denoted 9.6
above C ring (calculated maximum rod power) and above D ring (calculated
average rod power). The water temperature was calculated as part of thermalhydraulics analysis using PARET code by another team [6]. The calculation was
also performed independently by the author using TRISTAN code. Comparison
of the results is presented in Table 1. Good agreement between PARET and
TRISTAN results as well as with the measurements is observed.
Table 1. Outlet water temperature above maximum and average rod
power positions at 100 kW reactor power, core 9.6
T outlet (deg C)

(deg C)

Core position Rel. rod p.

23.5
23.8
24.7
25.0
26.1

D-11
C-7
D-11
C-7
D-11

1.00
1.60
1.00
1.60
1.00

Experiment

PARET

TRISTAN

28.6

29.6

29.7

32.5
31.8
35.6
32.1

33.7
29.9
34.7
32.0

32.1
30.8
33.2
32.1

The pulse calculations were verified by comparing results of the PULSTRI
code to the results of the pulse experiments which were performed during the
start-up tests of the reactor in 1982. Measured and calculated results are
presented in Table 2.
Table 2. Measured (M) and calculated (C) pulse parameters
REACT.

($)
1.50
1.75
2.00
2.25
2.50
2.75
3.00

ENERGY
(MWs)
C
M

M

C

M

C

M

C

6.7
9.0
11.3
12.7
14.5
16.6
18.9

119
267
388
614
797
1063
1359

90
201
356
551
790
1072
1403

215
242
271
304
354
391
423

159
213
263
309
353
394
434

40
26
20
15
13
12
10

40
27
20
16
14
12
11

4.1
6.1
8.1
10.1
12.0
14.0
16.0

PEAK P.
(MW)

MAX. T
(deg C)

WIDTH
(ms)

The calculated energy corresponds to the prompt energy, it is for this
reason systematically lower than the measured. The physical model of PULSTRI
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is based on adiabatic prompt neutron kinetics equation so it is not accurate for
small prompt reactivity. Results are reliable in the range 2-3.5$ inserted
reactivity for the core configurations which consist mainly of 8.5 and 12% fuel
and small number of LEUs. The code was not tested for a uniform LEU core.
3. Core analysis for uprated power operation
Final goal of the core analysis was to establish technical specifications
and limitations for 2 MW operation and to establish a typical core configuration
using the fuel elements which were available. The analysis was particularly
demanding due to the design objective that the reactor would be capable of
operation at 2MW also with mixed core containing LEU fuel elements. It
consisted of the following steps:
- determination of the position and number of the control rods
- mixed core power distribution analysis
- pulse analysis
- establishing of technical specifications and limitations for 2MW
operation.
On the basis of the measurements at 1MW and calculations for 2MW
conditions it was estimated that 11.4$ excess reactivity would be convenient for
normal long term operation at 2MW (power defect 4.5$, xenon 2.9$, 3$ burn-up
credit, 1$ conservatism). Measured total worth of all 4 control rods was 13.4$,
however, assuming the most reactive rod stuck out of the core it was only 10.2$.
It was decided to install one more control rod in D ring. Assuming that the worth
of this rod were 3.2$, the reactor could be made subcritical for 2$ even if the
most reactive rod remained stuck, out of the core. However, taking into account
uncertainties in excess reactivity and control rod worth determination, it was
decided to reduce the maximum allowable excess reactivity to 9$.
Mixed ring power distributions were studied in systematic way by
performing a set of calculations for most unfavorable conditions with respect to
the rod power peaking factor: full uniform core composed of standard 8.5%-type
fuel elements containing only one LEU element in one of the rings. The location
of the LEU was changed from B to G ring. The calculations were repeated for a
12%-type fuel element in 8.5%-type core and for a LEU fuel element in 12%-type
core. The results are presented in Tables 3 and 4.
On the basis of the thermal hydraulics analysis in the General Atomics
safety analysis reports for other 2MW reactors it was concluded that maximum
relative rod power (rod power peaking factor) from 1.60 to 1.70 is acceptable for
2 MW operation. From the results presented in Tables 3 and 4 it can be derived
that the 1.6 limit on relative rod power will be most probably exceeded in any
mixed core configuration if the LEU elements are placed closer to the center
than in F-ring. The analysis is conservative in the sense that the core is
practically homogeneous so the power distribution is not flattened by the
presence of other highly reactive fuel elements in outer rings. If the core is mixed

Nuclear Energy in Central Europe, Portorol, Slovenia, 11.-14. September 1995

39

more flat power distributions can be expected and superimposed local peakings
of LEU fuel elements are not so strong.

Table 3. Relative rod power and k-eff as a function of one LEU or 12% standardtype fuel element in a uniform core of 125 8.5% standard-type fuel elements
)osition

B-4
C-7
D-10
E-13
F-16
G-19

relative rod power

k-eff

LEU

12%

LEU

12%

2.74
2.47
2.23
1.90
1.50
1.05

2.14
1.92
1.73
1.48
1.16
0.79

1.01599
1.01430
1.01337
1.01223
1.01111
1.01047

1.01399
1.01303
1.01235
1.01149
1.01061
1.01005

Table 4. Relative rod power and k-eff as a furtction of position of one LEU fuel
element in a uniform core made of 125 standard 12%-type fuel elements
position

rel. rod p.

B-4
C-7

2.07
1.87
1.69
1.43
1.13
0.80

D-10
E-13
F-16
G-19

k-eff
1.11694
1.11642
1.11641
1.11645
1.11648
1.11666

The effects of irregularities in the core (irradiation channels, water gaps
and partly inserted control rods) on maximum rod power were investigated as
well. The calculations were performed in 2-D full core geometry. They showed
that the effects are comparatively small with respect to the mixed-ring effects.
The irregularities may either increase or decrease maximum rod power in the
core depending on the location of the perturbation and on other conditions. The
calculations showed that it is conservative to assume that the irregularities in
total increase the rod power peaking factor for» 10%.
Pulse calculations were performed for various mixed 2MW core
configurations. Limitation on the rod power peaking factor 1.6 was considered.
Other power peaking factors, important for calculating maximum temperature in
the pulse, were taken from literature [7] since they depend mainly on fuel
element properties. We found that total power peaking factor FT for pulsing with
2 MW core may be expected in the range from 2.56 to 3.48, depending on the
loading pattern. Results of the pulse calculations performed with PULSTRI are
presented in Table 5 for three variants of the operating core (denoted 9.6) and
three variants of a 2MW core.
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Table 5. Pulse parameters for several loading patterns of core 9.6 and a 2MW
core for 3$ inserted reactivity and 100W initial power
core

It

FT

Energy
MWs

Peak P.
MW

Max. T
degC

1
2
3
1
2
2
3

2.56
2.56
3.22
2.56
2.63

21.2
21.2
21.2
22.8
22.8

2010
2010
2010
2140
2140

467
491
540
466
500

3.48

22.8

2140

570

variant

9.6
2MW

It can be concluded that the adiabatic temperatures for pulsing at normal
conditions with maximum inserted reactivity 3$ are conservatively below the
safety limit temperature 1150 °C.

4. Design modifications and limitations
The following requirements for design modifications and operational
limitations can be summarized:
- one more control rod has to be installed to compensate excess reactivity
required for 2MW operation with equilibrium xenon,
- the excess reactivity shall be limited to 9$ assuming the shutdown
margin shall exceed 1$,
- the maximum rod power shall be limited to 32kW corresponding to the
rod power peaking factor 1.6 in a typical core with 100 fuel rods,
- the radial rod power peaking factor below 1.60 can be achieved in mixed
core only if the LEU fuel is used in outer rings (beyond E-ring)
- fuel temperature at pulsing from zero power with inserted reactivity less
than 3$ is considerably below fuel element design limits provided that above
limitations are respected.

5. Conclusions
Reactor physics analysis of TRIGA Mark II core with more than 100 fuel
elements shows that the reactor is capable of normal steady state operation at
2MW power provided that specified limitations are imposed on some core
parameters. However, thermal hydraulics analysis shows that minimum DNBR is
only « 1.4 for these conditions and some boiling takes place in the core.
Experiments confirm that the operation may become unstable due to steam
bubbles formation in the core. If the number of fuel elements is smaller (below
100) operation may become unstable already above 1.5 MW owing to higher
specific power per one fuel rod. TRIGA Mark II reactors are for this reason
normally licensed to 1MW.
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Thermal power calibration of the TRIGA reactor Wien
A. Breymesser, P. Katrik, H. Bock,
Atominstitut der Osterreichischen Universitaten, Wien, Austria,
P. Sumah,
Ghana Atomic Energy Commission, Accra, Ghana

ABSTRACT - An improved method for thermal power calibration of a low power TRIGA
reactor is described using five electrical submersion heaters with a total output of about
20 kW. The temperature increase of the reactor pool water is monitored with six Pt-100
temperature sensors. The results are compared with the initial power calibration 32 years
ago.

1. Introduction
The thermal power calibration of low power research reactors (< 1 MW) is usually
performed during initial start-up and the value obtained is used for many years. However,
during the years the heat capacity of the reactor tank has changed due to various
experimental installations, changes in the collimators or other mechanical modifications.
The 250 kW TRIGA reactor Wien has initially started up in March 7, 1962. Since that
time, the type of fuel elements has changed, a rotary dry irradiation facility has been
removed from the reflector, a thermalizing column filled with graphite has also been
removed and all beam tubes now contain various types of collimators. These are all
modifications which influence the overall heat capacity of the system and make the initial
absolute power calibration from 1962 suspect.
An accurate thermal power is important for many beam tube and irradiation
experiments. Therefore, it was decided to recalibrate the system again with all the present
installations in and around the core.

2. Calibration procedure
It was decided to install 5 electrical submersion heaters at some selected core positions.
The submersion heater has been designed as a double bended heating coil which fits into a
fuel element position. Such a position has a diameter of 37 mm and a length of 720 mm.
Being double bended, the total heating length of one heater was about 2.6 m, therefore,
producing a total power of 4 kW.
For safety reasons some spacers were installed along the heating coil to prevent contact
with neighbouring fuel elements during the experiment. At the upper end of the heater a
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perforated disk made of aluminum was used to suspend the heater in the core position. The
perforation allowed free convection flow out of the core. The design of one submersion
heater is shown in figure 1.
The five submersion heaters with an approximate total power of 20 kW were placed in
selected fuel element positions shown in figure 2. One heater was placed into the central
thimble of the core while the other four heaters were distributed in the E-ring at positions
E6,E12,E18andE25.
The next decision was to select the positions of the temperature sensors of the type Pt100. Totally six temperature sensors were suspended into the reactor tank in various radial
distances from the center and in different submersion depths (see figure 3). To determine
these positions, the total tank volume was divided into six concentric subvolumes with
equal volume and to each subvolume one temperature sensor was allocated.
To determine accurately the total power of the submersion heaters, a power monitor,
with power integrator was used (type NORMA AC-Power Analyser D 5255 S). This
allowed to read the total power input and integrated power in kWh at any time. The overall
accuracy of this system is about 0.3%.

3. Results
Before the experiment started, the temperature distribution in the reactor tank was even,
with only 0.24 °C difference between any of the 6 temperature sensors.
On October 31, at 11:12, the experiment started running for about 327.6 minutes until a
total power input of 100 kWh was reached. Temperature reading were done at all sensors in
10 minutes interval. A maximum temperature difference of 5.25 °C was observed for at
least one temperature sensor at the end of the experiment. When the external heat input was
stopped, the total water volume of the tank was thoroughly mixed and the temperature
differences were equalized to 0.39 °C.
The temperature increase with time for one selected sensor is shown in figure 4. From
the overall data resulting from this experiment, a value of 5.195 °C/100 kWh was obtained.
Interestingly enough, this differs only slightly from the original value 32 years ago which
was 5.41 °C/100 kWh.
After the external power input with the submersion heaters has been performed, the
same procedure was performed a few days later with the reactor core as a heat source. The
reactor was operated at 20 kW power for 5 hours and the temperature increase was again
monitored. After evaluation of the results, the positions of the neutron sensors around the
reactor core were changed in such a way that they indicate the power level calculated from
the temperature increase.
Generally, it was found during this experiment that the heat capacity of the reactor tank
water is so dominant compared to changes in tank installations that such modifications can
practically be neglected.
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Figure 1: Design of one submersion heater (dimensions in mm)
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TRIGLAV-A Computer Program for
Research Reactor Core Management
Calculations
TRIGLAV-Racunamiski program za
reaktorske preracune raziskovalnih
reaktorjev
A.Persic, S.Slavic
"J.Stefan" Institute, Ljubljana, Slovenia

ABSTRACT - TRIGLAVis a new computer program for the core management calculation
of a TRIG A Mark II reactor. The code is divided into three main subroutines; the first one
for effective cross sections calculations for all types of unit cell and the second one to perform
the burn up calculations. The third one, named TRIGA2D, is a two dimensional diffusion
code for flux calculations. In the first stage of the work the subroutine TRIGA2D was
developed. In this paper the physical model of the subroutine TRIGA2D is briefly discussed
and some results of the calculations for selected benchmarks are presented.

POVZETEK - TRIGLAV je nov racunalniski program za reaktorske preracune raziskovalnih reaktorjev vrste TRIGA Mark II. Razdeljen je na tri samostojne podprograme. Prvi je
namenjen izracunu efektivnih reakcijskih presekov osnovnih celic, drugi izracunu izgorehsti
elementov. Tretji podprogram, ki smo ga poimenova.li TRIGA2D, pa predstavlja. dvodimenzionalni difuzijski program za izracun Huksa nevtronov.
V prispevku je opisan fizikalni model programa TRIGA2D in predstavljeni so rezultati
izracunov testnih primerov.

1

Introduction

The TRIG AC computer program [1-3], was developed for the core management
of TRIGA Mark II reactor in 1-D geometry and two group approximation. For
more accurate calculations we have been developing a new, four groups, 2-D
program named TRIGLAV. The code is primarily intended for TRIGA reactors. However, the application for other water moderated reactors is straightforward provided that reactor has cylindrical geometry and that program is
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supplied with appropriate data base consisting mainly of the nuclear constants
and of the fuel operating history. The program can be applied for criticality
and power peaking calculations, fuel element burn-up calculations, in-core fuel
management and core optimization.
TRIGLAV consists of the main program and the library. The structure is
presented in the flow-chart (Figure 1).

Figure 1: Flow-chart of the program TRIGLAV
It is divided into three subroutines: subroutine for cross section averaging ,
TRIGA2D and BURN. The subroutine, named TRIGA2D, is an independent
code for calculations of multiplication factor, flux and power distributions in
two dimensional cylindrical geometry. The code is intended for reactor physics
calculations of stationary thermal multiplying systems in four groups diffusion
approximation.
TRIGA2D is designed for standard TRIGA MARK II research reactor
geometry (Figure 2). It is assumed that the core has cylindrical configuration
with annular graphite reflector. Elements are arranged in seven concentric
rings: A,B,C,D,E,F and G. The distances between location of the elements in
a given ring and also between rings are equal.
A coarse spatial mesh is needed for calculations using finite differences
method. It is selected on the basis of the core geometry. The reactor core
is divided in radial direction into eight rings with arbitrary radia. Diametral
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Figure 2: Geometry of the TRIGA MARK II reactor assumed in TRIGA2D.
Presented are unit cells and basic subdivision into zones in r and r? directions.
The last region represents graphite reflector, 30 cm thick.
lines, passing through the origin and the edges of all unit cells determine
azimuthal (theta) subdivisions. It is assumed that all unit cells have equal
volume.
The program TRIGA2D is written in FORTRAN for the PC. The geometry
and material specification of the core are input data. The basic mesh spacing
in the azimuthal direction is built in the program. The cross section library
is not built in the code. On the basis of core geometry, material structure
and cross section data, TRIGA2D calculates the flux of neutrons for all energy
groups and multiplication factor kejf.

2

TRIGA2D physical model and method of
solution

Four groups, time independent diffusion equation is solved for two dimensional
region (r, i? geometry) [4, pg.115]. The boundary condition
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t) = o,
5=1,-,4

(i)

is imposed at the outer boundary of the reactor. In the azimuthal direction,
the periodical boundary condition is imposed:
= 0) = $3(0 = 2ir)
0 = 1,.., 4-

(2)

Upscattering in the model is not neglected.
All material coefficients such as D3, S^ and E^ are assumed to be step function
of the local variables r and •&. The points of discontinuity define the interfaces
of homogeneous zones. It is assumed that the mesh points lie on the zone
boundaries. The radial dimension is divided into J+l intervals (rj values) and
the azimuthal one into I-f 1 intervals (t?, values). The intervals are in general
not equidistant.
By replacing the differential equations and the boundary conditions by their
finite difference approximations, a set of algebraic equations is obtained [5j.
Each of these algebraic equations is formed by constructing a spatial mesh of
points (rj,I9J) and writing a neutron balance around each of them. We use
five-points or diamond discretization scheme.
The equations are solved by "inner-outer" iteration procedure. A guess is made
of the source distributions, that is, of the rate at which neutrons appear at each
space point in each of the groups by fission (fission density distribution) or by
scattering from the other groups. The set of inhomogeneous equations is solved
iteratively to find solutions which conform to the guessed source distribution
(inner iteration). When all the fluxes in all the groups have been recomputed
to the desired degree of convergence, a new estimate is made of the source
distribution.
The cycle from one estimate of source distribution to the next is called an
outer iteration. The process is completed when some convergence criterion is
satisfied, such as a criterion requiring that the amount by which the source
change at any point from one iteration to the next be less than some prescribed
value. The outer iteration is also used for determination of multiplication
factor, which is calculated as a ratio of current and previous fission density
distribution.
In general, various methods could be used to accelerate convergence in both
types of iteration, but we have not used any of them.
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3

Verification of the code TRIGA2D and final remarks

The code was tested by comparing the results to the calculated values of the
ke/f calculated by TRIGA2D with other diffusion codes such as EXTERMINATOR^] (2D diffusion code), CEBIS[3] (ID diffusion code) or with the analytical results where possible.
At this stage of the project we specified three test cases with increasing complexity in geometry details in r direction. They are presented in Fig.3.
8 wt.% U
8 wt.%

Figure 3: Three different test cases in r-i9 geometry
The first one is homogeneous, with $ = 0 boundary condition (r=60 cm).
It is the simplest possible can for which also the analytical solution can be
calculated. The cross-sections correspond to 8% standard TRIGA fuel.
The second one consists of two regions that correspond to fuel elements 20%
enrichment, 8 wt % uranium (r=26 cm) and the reflector of graphite (r=60cm),
with $ = 0 boundary condition.
The last one consists of rings with alternating composition of fuel elements
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20% enrichment , 8 wt % uranium and fuel elements 20% enrichment, 12 wt
% uranium (r=6,10,14,18,22,26 cm). It contains also the water region in the
centre (r=2cm) and the graphite reflector (r=60cm) with $ = 0 boundary
condition.
Calculations were performed in two groups approximation. The cross sections were generated with WIMS and condensated with XSWOUT program.
Upscattering of the neutrons from lower to higher groups was not accounted for
in the calculations. The convergence criterion for outer iteration is 10~4. The
axial buckling B2 is 0.006 cm~2 for both groups. The results of the calculations
are given in the Table 1.
The calculations of kejj have been made for different number of the mesh
points in r-t? directions. The convergence of parameter kejj calculated with
TRIGA2D is presented for homogeneous model (Fig.4).
1.188

1.1879

1.1878

10x102

• anal.solution

80x102

1.187
100

200

300

400
500
num. of out. iter.

600

700

800

Figure 4: Convergence of kefj for different meshes, homogeneous test model
We observed that the solutions converge in reasonable time to the analytical
value of kejf, if the number of the mesh points is increased. In the case of
homogeneous model, the differences in kejj are neglected (~ 20 pcm for thick
mesh). When the complexity of the models grows, the differences are increased.
Running time is comparable or better than running time of other similar codes
(~ Is/outer iteration).
On this stage of our work it can be concluded, that results show satisfactory
agreement with the reference results for all three models.
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Table 1: Summary of the results for selected test cases
test case
first

program
EXTERMINATOR

CEBIS
»
»
TRIGA2D

second

analytical
EXTERMINATOR

CEBIS
TRIGA2D
»
))
»
third

EXTERMINATOR

CEBIS
TRIGA2D
V

»
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mesh points
20x60
40x120
80x240
100
200
300
900
10x102
20x102
40x102
80x102
100x102
20x60
40x120
80x240
900
10x102
20x102
40x102
80x102
100x102
20x60
40x120
80x240
900
10x102
20x102
40x102
80x102
100x102

num. of out. iter.
209
251
387
45
45
45
100
83
145
404
750
998
108
197
334
39
69 .
107
315
532
856
100
169
303
501
67
107
320
730
922

keJf

1.18756
1.18750
1.18327
1.18736
1.18736
1.18736
1.18736
1.18761
1.18745
1.18741
1.18739
1.18738
1.18738
1.10667
1.10615
1.10485
1.10628
1.10165
1.10500
1.10596
1.10618
1.10620
1.14652
1.14638
1.14559
1.14756
1.14379
1.14570
1.14609
1.14616
1.14615
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. 4

Conclusions

A computer code for reactor core calculations of TRIGA research reactors,
which was developed at "J.Stefan" Institute has been presented. Two dimensional, four group diffusion code TRIGA2D is one of the main subroutines of
the program. The subroutine can be applied for calculating the neutron flux
and multiplication factor of the sistem. Results of the test calculations are
presented.
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The Neutron Flux Redistribution Effects on the
Power Level Reading from the Nuclear
Detectors in a Research Reactor
A.Trkov, M.Ravnik
Institute Jozef Stefan
Ljubljana, Slovenia

ABSTRACT - Thermal power calibration of the nuclear instrumentation
in the TRIGA reactor in Ljubljana is described. To correct for the position
of the control rods, perturbation factors are introduced and the procedures
to measure them are described. The use of the perturbation factors is shown
to enable power readings from the nuclear instrumentation with an accuracy
better than 2 % standard deviation. This is a significant improvement compared to the case without corrections, where the displayed power can vary by
as much as 30 % in the most unfavourable case.

1

Introduction

The reactor power can be measured quite accurately by the calorimetric method,
but this is time consuming and impractical for monitoring the instantaneous
reactor power level, particularly during transients. The power is usually monitored by one or more nuclear detectors, which are calibrated by the calorimetric
method. Unfortunately, the response of a nuclear detector is sensitive to the
changes in the core configuration, particularly to the control rod position. This
is especially important in research reactors, which do not have distributed absorbers for reactivity control and the normal mode of maintaining criticality
is by the insertion of the control rods.
In the context of the control rod worth measurement by the Rod-Insertion
method [1], the influence of control rod position on the detector response has
been investigated in detail. Here, the results are applied for the correction of
the power reading displayed by a nuclear detector due to the specific control
rod configuration. The results presented herein show, that the correction can
be as large as 30 %.
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2

Theoretical background

Consider the core of the TRIGA Mark-II reactor at the " Jozef Stefan" Institute
in Ljubljana, which is shown schematically in Figure 1.

Figure 1: Schematic diagram of the TRIGA Mark-II core at the Institute Jozef Stefan in Ljubljana. The fuel element locations are
black, control rod positions are R, C, T, S, irradiation channels are IC, the neutron source is I, dummy graphite elements
are blank and detector locations are marked L and V.
It is commonly assumed that the reactor power P is proportional to the
signal T(x) from the nuclear detector, measured at the position a;:

P = KxT(x)

(1)

where Kx is the proportionality constant. The signal T(x) is assumed unperturbed by the control rods. A correction for the perturbation py(x) due to the
presence of a control rod Y on the actually measured signal Tm(x) is:

T(x) =

(2)

The perturbation factors py(x) can be expressed in terms of the flux depression factors fy(x), which in turn are defined by the ratio of the unperturbed
flux Fo(x) and the flux Fy(x) with the Y-rod fully inserted, measured at the
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detector location x. For intermediate control rod positions / the interpolation
function gy(l) is defined. The required relations are:
Fy(x)
fy(x) = Fo(x) '

[fy(x)-l}gy(l)

(3)

For the TRIGA core in Ljubljana, for all control rods and for the detector
locations L and V the flux depression factors were measured. The details are
described in [1] and the values are reproduced in Table 1. Also, the approximation relating the interpolation function gy(l) with the integral reactivity
worth curve py{l) and the total reactivity worth Wy.
gy{l) =

MO
WY

(4)

was experimentally justified. Therefore, all parameters required to calculate
the perturbation factors are known.
Table 1: Measured flux depression factors for different control
rods (y=R,C,T,S) for detector locations L and V.

C
S
fr{L) 0.884 0.975 1.142 1.025
fv(V) 1.116 1.025 0.858 0.975

Y

3

R

T

Measurements and analysis

Power calibration of the TRIGA Mark-II reactor in Ljubljana was performed.
The reactor has not operated for more than two days prior to the experiment
and the bulk coolant temperature was 22.7° C. The reactor was made critical
with S- and T-rods fully withdrawn, C-rod at 620 steps and R-rod at 505
steps. The control rod position scale goes from 200 to 900 steps from the
withdrawn to the fully inserted position, except for the T-rod which goes from
zero to 900 steps. Primary cooling was then activated to lower the bulk coolant
temperature by approximately two degrees. The reactor thermal power was
raised to about 50 kW with the C-rod at 725 steps and R-rod at about 325
steps. The reactor control was switched to "automatic" so that the apparent
power displayed by the nuclear instrumentation connected to the linear channel
at location L (see Figure 1) was constant with variations of less than a fraction
of a percent. The necessary changes in the R-rod position to compensate the
reactivity due to the temperature increase and the accumulation of xenon
were less than two steps. The bulk coolant temperature and the signal from
the second (redundant) nuclear detector positioned at location V were logged
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Figure 2: Temperature change during power calibration measurements.
at two seconds intervals by the digital reactivity meter DMR-043 software [2].
A temperature increase at a constant rate GT was observed due to nuclear
heating.
When the temperature increased by about one and a half degrees after
about fourtyfive minutes, the control rod positions were changed. The C-rod
was moved to 310 steps and the R-rod was placed at about 882 steps. Reactor
control remained in the automatic mode so that the apparent power remained
at 50 kW. The whole procedure was repeated two times. The results are
summarized in Table 2.
Table 2: Summary of power calibration measurements.
Meas.

C-rod
[steps]

1
2
3
4

725
310
725
308

R-rod Tm{L)
[steps] [kW]
50.0
325
882
50.0
50.0
325
50.0
881

Tm(V)

M
4.41
6.71
4.46
6.77

Init.Temp.
[°C]

20.88
22.42
24.25
25.62

Gj

[°C/h]
1.7989
2.3069
1.8079
2.1370

Power
[kW]
34.26
43.94
34.44
40.70

The measured change in temperature is shown graphically in Figure 2. In
measurements 1 and 3, which correspond to the same core configuration, the
rate of temperature increase is constant and practically the same in both cases.
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In measurement 2 the rate of temperature increase is also constant but higher,
because the core configuration is different. In measurement 4 the bulk coolant
temperature is considerably higher than the ambient temperature. A slight
deviation from a linear increase is observed due to heat losses on the walls of
the reactor tank, therefore this measurement is not included in the proceeding
analysis.
From the rate of temperature increase Gr the true reactor power is calculated from the relation:
P = aGT-

(5)

Parameter a is the experimentally determined heat capacity constant, normally
used in the power calibration procedures. Its value for the TRIGA in Ljubljana
is 19.0476 kWh/K. The true power calculated for each measurement is given
in Table 2.
From the relations defined in the previous section and the control rod integral worth curves [1] the perturbation factors for the specific control rod positions are calculated. They are given in Table 3. Applying the perturbation
factors in equations (1) and (2) for each measurement, the power calibration
constants KL and Ky are calculated for the detectors at locations L and V,
respectively. They are given in Table 4.
Table 3: Flux perturbation factors py(/) due to Y-rod positions
/ at detector locations L and V.

Y(0

9Y(1)

C(725)
C(310)
C(308)
R(882)
R(881)
R(325)

0.8143
0.0557
0.0539
0.9971
0.9968
0.0866

PY(L)

py(V)

1.1156 0.8844
1.0079 0.9921
1.0077 0.9923
0.8843 1.1157
0.8844 1.1156
0.9900 1.0100

Table 4: Power calibration constants for the detector locations L
and V.
Measurement
Kv
KL
[kW/fiA]
1
6.939
0.7568
2
0.7833
7.248
0.7607
6.898
3
Aver.
0.767
7.03
Std.dev.
0.012
0.16
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The calculated power calibration constants exhibit excellent consistency.
The measurements show that without corrections the power displayed by the
nuclear instrumentation can have a spread as large as 30 %, depending on the
control rod position, relative to the true power measured with the calorimetric
method. The error in the displayed power can be reduced down to 2 % by
introducing the perturbation factors, which can be calculated quite simply
from the control rod integral worth curves and the flux depression factors.
These in turn can also be measured and may be assumed constant for a certain
reactor core, unless large changes are made to the core loading pattern.

4

Conclusions

Thermal power calibration of the nuclear instrumentation is usually performed
for some arbitrarily chosen control rod configuration. The calibration is strictly
valid for that configuration only. As a consequence, two simultaneously calibrated detectors show a different power level when the control rod position
changes. By introducing the flux perturbation factors a correction to the signal from the nuclear instrumentation is made which practically eliminates the
sensitivity on the control rod configuration. The consistency of the readings
from different neutron detectors is thus restored. The method is particularly
convenient when digital processing of the detector signals is possible.
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Pulse Parameters Measurements
at

TRIGA Reactor in Ljubljana
B. Zefran, D. Kavsek, M. Ravnik
"Jozef Stefan" Institute,
Jamova 39, 61 111 Ljubljana,
Slovenia
A b s t r a c t — After reconstruction to the pulse mode operation of the TRIGA Mark
II reactor in Ljubljana in 1991, pulse experiments were performed. In the four years
more than sixty pulses were measured.
Pulse power and temperature was measured during each experiment. Power
data were recorded and saved for off-line analyses. Results that were calculated
with program DASFGR: maximum power, energy, width at half maximum of the
pulse and time delay of pulse maximum after the fire signal are presented.

1

Introduction

Measurements were performed in General Atomic's research reactor, 250-kW
TRIGA Mark II, placed at "Jozef Stefan" Institute's Reactor Center Podgorica
near Ljubljana. It is a light water reactor cooled by natural convection. The
reactor core is cylindrical with an annular graphite reflector. Ninety-one locations in the core are arranged in six concentric rings. Geometry and material
data of the reactor are given in [1]. It is in operation since 1966.
In 1991 reactor TRIGA was reconstructed and converted to the pulse mode
operation. After startup tests and steady-state experiments first pulses were
measured [2].
Reactor pulse mode operation is used for experimental (neutron radiography,...) and educational purposes (University of Ljubljana, Physics Department).

2

Pulse Experiments

Pulse power from the logarithmic pulse channel and temperatures from two
temperatures measuring channels were recorded during the experiments. Power
was recorded by high-speed analog-to-digital converter. Data were saved for
off-line analyses.
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Figure 1: Cherenkov radiation during pulse No. 16.
Program DASFGR was developed for analyzing saved data. Program calculates maximum power, energy, width at half maximum of the pulse and time
delay of pulse maximum after the fire signal (see Fig. 2). Program first search
the maximum power, compute width and then with the Simpson's integration
formula calculates the energy of the pulse.
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Figure 2: Example of DASFGR output.
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3

Experimental Results

Results calculated from the power signal with DASFGR program are provided
in the following tables.
Descriptions:
Pulse No. pulse identification number
Date and Time date (month, day, year) and time (hour, minutes, seconds) of the
fire signal
pi inserted reactivity calculated from the transient rod worth measured
in $
Prnaz pulse peak power measured in MW
Etotal total released pulse energy measured in MWs
Time time of pulse peak power measured in ms from the fire signal
Width width of pulse at half maximum measured in ms
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Pulse
No.
3
4
5
6
7
8
9
10
11
12
14

M

D

Y

H M

Time

S

11
11
11
11
11
11
11
11
11
11
11

4
4
5
5
5
5
5
5
5
6
6

91
91
91
91
91
91
91
91
91
91
91

16
16
11
12
12
13
14
14
15
17
20

19
38
44
11
42
23
19
48
9
20
4

44
30
5
34
30
16
34
34
9
37
31

Pi
$
1.53
2.05
1.73
1.53
2.28
2.52
2.75
2.84
2.16
2.52
2.52

15
16
17
18
19
20
21
22
23
24
25
26

12
12
12
12
12
12
12
12
12
12
12
12

16
16
16
16
16
16
16
16
16
16
16
16

93
93
93
93
93
93
93
93
93
93
93
93

15
16
16
16
16
17
17
17
18
18
18
19

44
8
25
36
54
12
31
54
19
34
48
2

36
8
31
30
9
44
54
26
6
1
50
31

1.07
0.43
0.65
0.97
1.07
0.71
1.16
1.21
0.37
0.87
0.87
0.77

Date

64.4
289
129
62
447
660
899
994
363
570
344

5.01
8.48
6.39
5.07
10.1
11.8
13.5
14.1
9.3
11.3
9.2

408
297
350
439
277
260
251
253
287
264
302

Width
(ms)
48.8
20.2
31.7
50
16.3
13.2
11.3
10.8
18.2
14.4
18.6

682
166
286
593
696
365
848
990
167
459
485
393

12.7
6.91
8.66
11.8
12.7
9.6
13.9
15
6.94
10.6
10.8
9.97

248
307
280
253
241
268
245
230
318
259
257
292

14.6
30.8
23
15.7
14.5
20.2
13.1
12.2
30.7
18
17.5
19.5

"max

Etotal

(MW) (MWs)

Time
(ms)
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Experimental results continued:
Date .

Pulse

No.
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

48
50
51
52
53
54
55
56
57
58
59
60
61
62
63

M

D

5 31
5 31
6 1
6 8
6
6
6
6
6

6
6
6
6
6
6
6
6
6
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

8
8
8
8
8
9
9
9
9
9
9

9
9
9

Time

76.8
378
90.2
38.7
300
464
479
482
924
94.4
441
875
890
872
900
99
111
454

5.7
10.5
6.01
4.41
9.7
11.6
11.8
11.8
15.7
6.17
11.3
15.3
15.4
15.2
15.4
6.3
6.58
11.4

374
264
349
530
281
272
276
252
258
331
252
225
233
228
231
328
322
246

Width
(ms)
50.7
20.7
46.2
78.1
23.9
19
18.7
18.7
13.4
45.2
19.4
13.6
13.5
13.6
13.4
44.3
41.5
19.2

22 1.5
46 1.5
56 2
1 2.25
30 2.5
38 2.1
40 2.25

91.3
96.5
393
633
816

57
0
15
19
35
59
21
48

91.8

6.68
6.81
11
13.3
14.8
12.4
12.8
6.63
15.4
14.2
10.4
10.5
10.6
10.2
6.25

325
326
264
252
243
248
244
340
238
241
261
275
294
298
339

44.3
43.3
19.3
15.1
13.2
16.6
15.3
44.6
12.4
13.3
19.4
19.3
19.2
20.2
42.3

Pi
$
94 14 7 28 1.5
94 14 19 18 2
94 14 33 16 1.5
94 13 25 29 1.5
94 13 37 11 2
94 13 51 25 2.2
94 14 34 37 2.2
94 14 45 53 2.2
94 15 9 13 0
94 12 48 17 0.5
1
94 13 9 12
94 13 42 27 1.4
94 14 23 53 1.4
94 14 36 57 1.4
94 14 59 56 1.4
94 15 25 1 0.5
94 15 46 28 0.5
94 16 21 42 1

Y

H M

18 95 12 13
18 95 14 14
18 95 14 30
18 95 14 48
18 95 15 2
18 95 15 19
19 95 11 51
19 95 12 44
19 95 13 16
19 95 15 2
20 95 10 51
20 95 13 13
21 95 9 33
21 95 10 5
21 95 11 38

S

1.5
2.6
2.5
2
2
2
2
1.5

£ max

Etotal

(MW) (MWs)

527
604
923
808
386
389
398
359
93.9

Time
(ms)
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Figure 3: Pulse power for six pulses as a function of time. Time is measured
from the fire signal. Pulses are indicated by identification number.
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Figure 4: Combined pulse power measurement. Pulse power signal for the
pulse number 62 was measured in linear and logarithmic channel simultaneously.
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4

Conclusions

Program DASFGR was developed for systematic recording and evaluation of
the pulses. The program is in routine use and proved to be a useful tool for
immediate analyzing and storing results of the pulse experiments.
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Testing of the EXTERMINATOR Code for
Research Reactor Calculation
Testiranje programa EXTERMINATOR za
preracune raziskovalnih reaktorjev
A.Persic
"J.Stefan" Institute, Ljubljana, Slovenia

ABSTRACT - The test cases, based on well defined problems with the input
data and a exact solutions, are needed for testing of newly developed multigroup diffusion code named TRIGA2D. A number of selected test cases have
been calculated with the diffusion code EXTERMINATOR. The additional
tests of the program were made, because the results of the calculations showed
some discrepancies regarding input numerical parameters. It was observed
that the multiplication factor does not converge, if the mesh step is reduced.
This shows the numerical instability of the program probably due to improper
computer installation.

POVZETEK - Za testiranje novega vecgrupnega difuzijskega programa
TRIGA2D potrebujemo testne primere, ki temeljijo na dobro definiranih vhodnih parametrih, skupaj s rezult'ati izracunov. Nekaj izbranih testnih primerov
smp modelirali s ze uveljavljenim difuzijskim programom EXTERMINATOR.
Ker so rezultati izracunov kazali razlicna,odstopanja glede na vhodne parametre modela, smo izvedli dodatna testiranja programa. Ugotovili smo, da izracu
nane vrednosti pomnozevalnega faktorja ne konvergirajo, ce zmanjsujemo korak v mrezi koncnih diferenc. Napaka izvira iz numericne nestabilnost programa, ki je verjetno posledica napacne nastavitve programa.

1

Introduction

The EXTERMINATOR [1] is a computer program for reactor core management calculation, originating from OAK RIDGE National Laboratory. We use

68

Nuclear Energy in Central Europe, Portoroi, Slovenia, 11.-14. September 1995

PC version provided by the NEA CPL in Paris [1]. The code is based on
multigroup diffusion equation. It is solved in 2-D general geometry, also in
r — fl geometry. As such it is convenient for TRIGA MARK II applications.
The finite differences method is employed for numerical calculation. Beside the
flux calculation, the code can perform calculation of the eigenvalues, compute
adjoint fluxes and perform perturbation calculations. The code can do also a
direct iteration search on nuclide concentration and a direct iteration search
on macroscopic poison cross section.
Our intention was to use the program EXTERMINATOR as a benchmark
code for newly developed codes for TRIGA MARK II burn up calculation in
two dimensional approximation. Prior to using the program as a benchmark
code, we extensively tested it for some well defined problems. A summary of
the results is presented below.

2

Definition of the test cases

Three theoretical test cases with increasing complexity in geometry were specified. Reference results exist only for cases heterogeneous in r direction so
only such test cases are definited. All of them are homogeneous in axial and
azimuthal direction and heterogeneous in r direction.
The simple test case is bare reactor containing only one type of material for
which the analytical solution can be calculated. The cross-sections correspond
to TRIGA fuel elements with 20% enrichment and 8 wt% uranium. The radius
of the reactor is 60 cm.
The second test case contains two different material regions. The inner one
contains standard TRIGA fuel elements with 20% enrichment and 8 wt% uranium. The radius of this region is 26 cm.. The outer region represents graphite
reflector with radius 60cm (Fig. 1).
The last test case, consists of rings with alternating composition of fuel elements 20% enrichment, 8 wt% uranium and fuel elements 20% enrichment, 12
wt% uranium. The case contains also central water region (r=2 cm) and the
graphite reflector (r=60 cm).
The boundary condition $ = 0 is imposed in all three test cases. Calculations were performed in four and in two group approximations. The cross
sections for all materials were calculated using 69 groups library of the program WIMS [2]. The condensation in four groups (or two groups) was done by
the program XSWOUT (it is the subroutine of the program CORD-2 [3]). Upscattering of the neutrons from lower to higher energy groups was considered
in the calculations in some cases.
It is assumed that fission neutrons are released only in the first energy
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8 wt.% U
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Figure 1: Three different test cases in r — 'i? geometry
group (x = 1,0,0,0 or x = 1,0). The axial buckling B2 is 0.00.6cm"2 for all
energy groups. The convergence criterion for the parameter kejj is 0.0001.

3

Results

A parametric study of the effect of different input options on calculated parameter kefj was performed for selected test cases. The analytical results exist
only for homogeneous test case. The heterogeneous cases are too complicated
for analytically calculations and only results obtained by other diffusion program, such as CEBIS (1-D, two groups diffusion code)[4], served as reference
values. The results of all calculations are summarized in Table 1.
The calculations have been made for different number of the mesh points in
r and 1? directions. It is expected that the errors of algorithms diminish with
finer mesh used. We observe in our calculations that the solutions do not
converge with decreasing mesh step even in the homogeneous test case for
which the analytical solution is known (Figure 2). The differences between
the analytically and calculated kej/ is 20 pcm. The error grows if the number
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of the mesh points is increased. This indicates numerical instability of the
methods employed in the code.
The same behavior is observed also for the other two test cases. The
calculation shows ~ AOpcm differences for the first test case and ~ 130pcm for
the second one compared with the CEBIS results.
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Figure 2: kejj in dependence of the iteration number for different mesh steps
for homogeneous test case

The upscattering may slow the convergence quite significantly owing to the
effect of group coupling. In the case of homogeneous test case the differences
between Jfce// when upscattering is included and when it is not are ~ lOOpcm
(Fig.4).
Investigation of the EXTERMINATOR code results shows that it is in general
not adequate for detailed calculations with fine mesh and required accuracy
better than 100 pern in keJJ. As such EXTERMINATOR can not be treated
as a reference code for testing other codes in r - d geometry. Only the results obtained for small number of mesh points are adequate and can serve as
reference results for making rough comparison.
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Figure 3: kef/ as a function of different mesh steps for two or four groups,
homogeneous test case. Upscattering is included in the calculation.
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Figure 4: kejj as a function of different mesh steps for two groups, with or
without upscattering, homogeneous test case.
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Table 1: Summary of EXTERMINATOR results for selected test cases

test case meshes [rxd) E groups upscatt. out. iter.
20x60
4
217
1
+
Yl
4
40x120
295
+
1>
4
80x240
818
+
160x480
4
625
+
>!
320x960
4
433
+
)t
2
20x60
209
«
2
40x120
251
»
2
387
80x240
1)
2
160x480
383
))
2
536
320x960
)>
211
20x60
2
+
»
2
251
40x120
+
»
2
387
80x240
+
1)
2
383
160x480
+
1)
2
536
320x960
+
100
2
45
CEBIS
2
200
45
2
300
45
»
2
900
100
exact
2
/
/
2
2
20x60
113
2
40x120
160
2
80x240
300
900
2
39
CEBIS
2
3
20x60
108
)>
2
40x120
153
n
2
80x240
300
900
2
100
CEBIS
-

kef}
1.18209
1.18201
1.17498
1.15711
1.13427
1.18756
1.18750
1.18327
1.16212
1.13819
1.18685
1.18679
1.18319
1.17276
1.12612
1.18736
1.18736
1.18736
1.18736
1.18739
1.10667
1.10615
1.10485
1.10628
1.14685
1.14638
1.14559
1.14756
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4

Conclusions

Testing of the PC version multigroup diffusion code EXTERMINATOR dessiminated by the NEA CPL has been presented. Some results of parametric study
of effective multiplication factor for selected benchmarks are given. In summary it can be concluded that the results do not converge with decreasing
mesh step due to numerical instability of the program. Because the results of
calculations made with the original program are satisfying [5] we concluded,
that the errors are probably due to improper installation of the code for PC
computer.
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Abstract
Neutron activation analysis requires a knowledge of the values for the
Westcott g factors, the resonance integral I o and 2200 m-s'1 cross section a0 for
the (n,^) reaction, Qo defined as the ratio IQ/OQ and the effective resonance energy
Er. The required constants can be calculated from the JEF 2.2 evaluated nuclear
data files. A sensitivity study was carried out to investigate the influence of the
spectral parameter a on Er. The sensitivity of I o to temperature due to Doppler
broadening was also investigated. The results obtained were compared to those
reported in the literature. Further, the calculated parameters were then applied to
the analysis of a number of standard samples.

Introduction
The nuclear parameters for neutron activation analysis (NAA) can be
measured experimentally, or else they can be derived from the basic evaluated
nuclear data libraries. Some of the parameters and their sensitivity to temperature
and neutron spectrum are difficult to measure. Due to the uncertainties in the
environmental conditions in which they are measured, the question of their
consistency also arises. In view of the availability of new evaluated data libraries
[1], a feasibility study was performed to derive a consistent set of parameters for
NAA from the evaluated data. The results show that the performance of the
alternative NAA parameter data set for selected isotopes is at least as good as the
original, experimentally derived data set.
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Methods
The parameters required for NAA have been determined for 6 selected
isotopes from the JEF - 2.2 evaluated nuclear data files [2]. A list of the isotopes
selected and their material numbers MAT are presented in Table 1. The 1994
version of the ENDF pre-processing codes [3] was used for data processing. The
program sequence MERGER/94-1, LINEAR/94-1, RECENT/94-1, SIGMA1/94-1,
FIXUP/94-1, GROUPIE/94-1 was applied to obtain the (n,y) neutron cross sections
at room temperature (293.59 K) and an elevated temperature of 324.0 K which is
typical of the thermal neutron effective temperature in the TRIGA Mark II reactor
core at US-Ljubljana. The output of GROUPIE was in a form of a multigroup cross
section library in the 640 SAND-II energy group structure using a "1/E" weighting
function for cross section averaging over each group. The (n,y) cross sections as
a function of energy are shown in Fig. 1-6.
The average flux and the averaged cross sections are defined by:

(l)
AE

,

o(E)-w(E)dE

J

O

£„_,

=

(2)
£s

f

w(E)dE

J E

where:

w(E) is the weighting function for calculating the group cross sections
a (E) is the (n,y) cross section
(p (E) is the neutron spectrum
E ., is the lower energy boundary of the group g
Eg is the upper energy boundary of the group g

The cr0 cross section values were retrieved from an intermediate file produced
by FIXUP/94-1 after resonance reconstruction and Doppler broadening.
The resonance integral I o for an arbitrary spectrum is defined by:
/» IT

f\

~

\

\

) ' T \^)

£*"*-*

\

/

JEC

where:

Ec is the cadmium cut-off energy (0.55 eV)
Eg,, is the upper energy limit for integration (20 MeV).

I o for a spectrum with E'(-x+a^ shape can be calculated approximately as a function
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of the spectral parameter a from the group averaged cross sections by
condensation:
AE

'o («) = E < V V

g

(4)

g

where cpg is calculated from (p (E) with
0,
ssion spectrum,

E < 0.55 eV
E > lMeV

The above approximate definition of I o (a) would be exact if the weighting function
w(E) in generating the cross sections was equal to 0 (E). It was confirmed by
direct calculations that the approximation introduces a negligible error.
The effective resonance energy Er is defined in the context of deriving an
approximate expression for Qo (a) in terms of the constant Qo (defined at a = 0),
which is given by 14]:
(6)
Era

(2 a

where is Eg = 0.0253 eV (thermal energy at room temperature To = 293.59 K).
The above expression is a fairly rough approximation based on single-level BreitWigner resonance formalism. From the basic definition, Er can be calculated only
when single-level Breit-Wigner resonance parameters are available. In our case we
adopted a different approach. We calculated Q0(a) directly by choosing <pg which
corresponds to a particular value of a. We chose the a values: al = + 0.08 and
a2 = - 0.08 and we define:

The sensitivity of Er on a is given by defining the sensitivity parameter Rgr as

SE.
R

E.

=

~

Er

da

i
Er

E.(a,) - £ fa.)
a

i ~ a2

The sensitivity of Qo on temperature was also investigated. The cross sections
were Doppler broadened to temperature T1 = 324 K and the appropriate
parameters QQ(T) and ao(T) were calculated as before. The sensitivity parameter RQ0
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is introduced:
R

•

-

<?0

*

(9)

• _^

«

dT

Qo

T, - To

The Wescott g factor is defined as:
2 •o

(10)

where a^ is the cross section averaged in a Maxwellien spectrum. Again, this cross
section is calculated from the group averaged values by condensation

2 . < V <P,
o., = -«

(ID

where 0 g is calculated from O (E) with a pure Maxwellien shape at the appropriate
temperature.
The sensitivity parameter Rg is defined by:
R

= 1 . .§£ « 1 . g ( r ' } " 8
8
g

dT

g

(12)

r, - T0

The calculated parameters are shown in Table 1. The % differences from
reference values [4,5] are also given. In Table 2 the sensitivity of Er to a and Qo
and g to temperature are displayed in terms of the appropriate sensitivity
parameters Rgr, RQQ and Rg. A relatively high sensitivity of Er to a is observed,
particularly for Ca and Zn. These nuclides have no resonance parameters except
at very high energies and the impact of the correction on Qo involving Er is small.
The sensitivity of Er on a arises due to the deficiency of the approximation by
which the dependence of Qo on a was derived.
The Qo parameters are sensitive to temperature due to Doppler broadening.
The results show that for the nuclides considered the temperature effects on Qo are
small.
The Westcott g factors for pure 1/v absorbers in a Maxwellien spectrum
should be equal to 1 with no temperature dependence. This is indeed observed. A
slight sensitivity to temperature was observed for Au due to the Doppler
broadening of the tail of the lowest resonance at 5.65 eV which slightly influences
the cross sections at thermal energies.
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The calculated and the reference parameters were applied to the analysis of
standard samples from the National Institute of Standards & Technology (NIST),
U.S.A., for the Standard Reference Materials Citrus leaves 1572, Peach leaves
1547 and Estuarine sediment 1646 with certificated concentrations of the elements
of interest. The absolute 7 intensities and y energies of activation products which
were analysed are presented in Table 3. The calculated element concentrations and
comparison with certified values are shown in Table 4.
Table 1.

Comparison of nuclear constants for NAA with ref. [4,5] at 293.59 K.

NUCL.

MAT

,<ro[b]

5CT 0 (%)

Qo

SQo (%)

Er [eV]

5Er (%)

8

Ca-0

2000

0.430

-30.65

0.497

-61.77

13268

-

1.0001

Fe-58

2637

1.274

-2.75

1.089

+ 11.69

490.2

-23.05

0.9997

Zn-64

3025

0.764

+5.23

1.889

-0.996

2505.6

-2.12

1.0010

Ge-76

3243

0.142

-

9.443

-26.80

678.8

+ 16.43

0.9997

As-75

3325

4.303

+ 11.15

13.963

+2.67

127.6

+20.38

1.0001

Au-197

7925

98.76

+ 1.11

15.796

+0.55

5.702

+0.92

1.0049

Table 2.

Sensitivity parameters for the dependence of Er on a and Qo and g on
temperature.
RQO

Rg HO'5]

-2.656

0.0016

-0.1

2637

-0.614

0.0014

0.4

30-Zn-64

3025

-2.740

0.0016

-0.5

32-Ge-76

3243

-0.605

0.0017

1.1

33-AS-75

3325

-1.187

0.0016

-0.3

79-AU-197

7925

-0.382

0.0016

1.4

NUCLIDE

MAT

%

20-Ca- 0

2000

26-Fe-58

Table 3.

Energies and their absolute gamma-intensities in ref. [4,5].

NUCL.

Ca-47

Fe-59

Zn-65

Ge-77

As-76

Au-198

E r keV

1297.1

1099.2

1115.5

264.4

559.1

411.8

7> (%)

74.9

56.1

50.70

51.0

45.0

95.56
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Table 4.

Comparison of results obtained by (^-standardization method with
above nuclear data constants; parameters a = -0.009, f = 19.6 [6];
results are in mg/kg.

ELEMENT

De Corte

This work

(n)

NIST certified

NIST SRM 1572 Citrus leaves
Ca

32390 ± 2110

33750 ± 2230

10

31500 ± 1000

Fe

94.8 ± 13.1

94.5 ± 13.0

10

90 ± 10

Zn

30.9 ± 1.8

31.1 ± 1.8

10

29 ± 2

Ge

< 68

< 77

10

-

As

3.51 ± 0.07

3.48 ± 0.07

10

3.1 ± 0.3

Au

(2.6 ± 2.0) 10-4

(2.6 ± 2.0) 10"4

5

1.10 10"4 (1)

NIST SRM 1547 Peach leaves
Ca

15320 ± 540

15960 ± 570

5

15600 ± 2000

Fe

211 ± 12

211 ± 12

5

(220)

Zn

18.6 ± 0.9

18.7 ± 0.9

5

17.9 ± 0.4

Ge

< 190

< 200

3

-

As

0.088 ± 0.036

0.087 ± 0.036

2

0.060 ± 0.018

Au

(6.6 ±1.1) 10"4

(6.6 ±1.1) 10"4

4

-

NIST SRM 1646 Estuarine sediment

80

Ca

9120 ± 2720

9500 ± 2830

5

8300 ± 300

Fe

34070 ± 910

33970 ± 910

5

33500 ± 1000

Zn

142 ± 4

143 ± 4

5

138 ± 6

Ge

-

-

-

1.4

As

10.0 ± 0.9

9.9 ± 0.9

5

11.6 ± 1.3

Au

(6.6 ± 1.2) 10"3

(6.6 ± 1.2) 10"3

5

-
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Fig. 1-6. The (n,?) cross sections as a function of energy.
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Conclusion

Nuclear parameters for NAA were calculated from basic evaluated data
libraries. The results show that their application to reference materials yields
concentrations which agree well with the certified values. The main advantage of
calculating the NAA parameters from evaluated data files is their consistency and
the possibility of analytically determining the sensitivity coefficients for various
physical parameters which define the experimental conditions. Furthermore, some
parameters such as Er are difficult to measure. The proposed procedure allows Er
to be calculated even in cases where no resonance parameter data are available.
The calculated parameters agree well with reference values from [4,5] and their use
in NAA produces consistent results, as evident from the test cases in which some
reference materials were analysed.
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ABSTRACT:
The ET-RR-1 reactor spent fuel storage pool is a trapezoidal aluminum tank
concrete shield and of capacity 10 m 3 . It can hold up to 60 fuel assemblies. The long
operation history of the ET-RR-1 reactor resulted in a partially filled spent fuel storage
with the remaining spaces not enough to host a complete load from the reactor .
This work have been initiated to evaluate possible alternative solutions for providing
additional storage spaces to host the available EK-10 fuel elements after irradiation and
any foreseen fuel in case of reactor upgrading.
Several alternate solutions have been reviewed and decision on the most suitable
one is under study. These studies include criticality calculation of some suggested
alternatives like reracking the present spent fuel storage pool and double tiering by the
addition of a second level storage rack above the existing rack. The two levels may have
different densification factor. Criticality calculation of the double tiering possible accident
was also studied.

INTRODUCTION:
The operation of nuclear reactors produces

a lot of burnt irradiated fuel

assemblies. There are two main types of these spent fuel storage facilities; wet spent fuel
storage and dry spent fuel storage. As the time of reactor increases, the spent fuel
assemblies to be stored also increases and may generate a problem in the spent fuel
storage facilities [1].
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For increasing the spent fuel storage capacity there are some options as: spent fuel pools,
shipping assemblies to other reactor sites with available storage space, consolidation of
individual assemblies and out of pool dry storage.[2,3,4]
The first Egyptian research reactor ET-RR-1 has been in operation for a number of
years ( 30 years), and has discharged a number of spent baskets into the storage pool. The
fuel type is EK-10 with 10% enriched uranium mixed with magnesium and has aluminum
cladding. The fuel baskets consist of 16 fuel rods in square lattice.
The spent fuel storage facility consists of two tanks mounted one within the other. The
inner tank has a rectangular shape and it is made of Al- alloy, filled with distilled water 3
m height for cooling and shielding against radiation. The outer tank is made of stainless
steel [5]. The ET-RR-1 reactor spent fuel storage pool has a capacity to store only 60 fuel
baskets. Now it is already occupied by nearly 37 spent fuel baskets. As the ET-RR-1
reactor core load is 45 fuel baskets it means at any emergency case the existing capacity of
the spent fuel storage is not sufficient for accepting the core fuel load.
This work is an attempt to provide some alternate solutions for increasing the
capacity of ET-RR-1 spent fuel storage facility using criticality calculations. The
suggestions for increasing the spent fuel pool capacity include the reracking the present
storage pool, double tiering by similar present rack and double tiering by dense racks. The
criticality accident for the double tiering rack was also studied. The EGCODE-2 and the
MUGDE2 code were used in the preparation the macroscopic cross sections of the EK-10
fuel element and

of the two dimensional criticality of the spent fuel storage pool

respectively.

METHOD OF CALCULATIONS:
The main objective of this work is criticality study of spent fuel storage pool of
ET-RR-1 reactor at different proposed configurations for expanding its capacity.
The criticality of the spent fuel storage depends on a number of parameters; the inter
spacing of the fuel in the storage pool, the burn-up content of the irradiated fuel and the
dimensions of the spent fuel assembly.
The calculations of the spent fuel storage pool criticality need the multigroup
macroscopic cross sections library of the spent fuel and multigroup two dimension code.
The two groups macroscopic cross section is obtained by using the EGCODE-2 [6], that
solves the integral transport equation for 76 energy groups, ten group thermal and 66
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groups fast and condensed it to two groups one fast and one thermal. The multigroup two
dimension diffusion codes MUGDE-2 [7] used the two group macroscopic cross sections
to calculate the two dimensional criticality of the spent fuel storage pool of the ET-RR-1
reactor. The effective multiplication factor" Ken " for the proposed configurations of the
spent fuel storage pool is calculated.

CRITICALITY CALCULATIONS OF THE EXISTING SPENT FUEL STORAGE
CONFIGURATION:
The spent

fuel storage of the ET-RR-1 reactor is shown in fig.(l). Fig.(2)

represents the lattice pitch and arrangements of the spent fuel in the storage pool. For the
conservative calculations, the burn-up is considered 10%, while most of the spent fuel
baskets have been discharged from the reactor core at nearly 20% burn-up. The effective
multiplication factor " Keff " of the existing spent fuel storage pool at 10% burn-up is
calculated and found to be 0.910.

RERACKING THE SPENT FUEL BASKETS:
To increase the storage pool capacity, reracking the spent fuel was studied. In this
case, the existing spent fuel grid should be replaced by new dense one. This allows closer
placement of the fuel baskets that permits more space to store extra number of the spent
fuel in the same space.
The suggested reracking of the ET-RR-1 spent fuel storage is shown in fig.(3). In
this design the central place among each four fuel baskets is used which provides 44 extra
places in the existing storage pool. The calculated" K^f" of the proposed storage pool
will reach 0.951, which still has a criticality safety margin.
Through the reracking process of the existing storage pool, the spent fuel baskets can be
transferred and kept in some canisters, which will be prepared for this purpose until the
end of the reracking of the existing storage pool.

DOUBLE TIERING:
The possibility of double tiering arrangements in the existing spent fuel storage
pool were studied. There are several alternatives in adopting double tiering, these
alternatives depend on the shape and capacity of the upper tier, providing the lower one
remains the same. The first suggestion is by using the same design of the lower rack to the
Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995
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upper one and the proposed distance between the two racks is about 25 cm. For this
design the criticality was calculated and the effective multiplication factor found 0.9123.
This double tiering provides 100% extra capacity with only an increase of less than 0.5%
in the criticality of the storage pool.
The second double tiering design depends on more dense upper rack as shown in
fig.(3). The double tiering design of the spent fuel storage, shall provide safe access to all
system, areas and components requiring periodic inspection and/or maintenance [8]. For
that the upper tier will occupy 75% from the lower rack space. Each three spent fuel rows
will be tied together as one unit, these units are movable on rails by wheels as shown in
fig.(4). The multiplication factor of the double tier spent fuel storage with dense upper tier
was calculated and it reached to 0.9440. This design will provide 80 fuel baskets positions
to the existing spent fuel storage facility, but with more increase in the criticality factor.

CRITICALITY ACCIDENT:
Criticality accident for double tiering of spent fuel storage was studied. The most
possible accident is the collapse of the upper spent fuel rack on the lower one, in such a
way that they are positioned on top of each other. The criticality was calculated, and the
effective multiplication factors in case of the upper rack have the same feature as the lower
one is 0.935, but in case of dense upper rack ¥^s is 0.981. These values of the effective
multiplication factor indicate, even in case of collapse of the suggested double tiering the
spent fuel storage facility is remaining subcritical.

DISCUSSION AND CONCLUSIONS:
As sufficient spent fuel storage capacity has been provided at reactor during the
design stage itself, the need for alternate storage for spent fuel will be not there for many
years to come. To solve this problem there are two alternatives for that;
1-construction of centralized storage facility and
2- provision of additional capacity at each reactor site either by increasing the capacity of
the pools (e.g. reracking option is currently being implemented in several stations) or dry
storage in metal casks [9].
The preliminary calculations performed in this study showed that there are several
alternatives for increasing the capacity of the ET-RR-1 spent fuel storage facility. This
alternate directed toward augmentation of the spent fuel storage capacity by reracking the
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existing one or the double tiering of it. The criticality calculations of these alternatives
were done and showed that the spent fuel storage is still safe and subcritical under the new
conditions. Study of the criticality accident in the two cases of double racking showed that
, even in these conditions the spent fuel storage remains subcritical and has a safety margin
especially in case of the upper rack being similar to the lower one. In case of dense upper
rack the criticality is increase to the upper limit of the safety margin. Looking for that, the
more condensed studies are essential and necessary.
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KARATE CODE SOLUTIONS FOR HEXAGONAL
BENCHMARK PROBLEMS ON CONTROL
BANK WORTH
Gy. Hegyi, G. Hordosy
KFKI Atomic Energy Research Institute
Hungarian Academy of Sciences
H-1525 Budapest 114 POB 49, Hungary

ABSTRACT
The accurate prediction for the reactivity worth of control rods is a highly important question
of safety assessment and operational margins as well. The efficiency of control rod(s) is
rather difficult to measure with good precision and there are some difficulties in the
interpretation of the measurement being either static or dynamic in character. Only two
benchmark problems on control rod worth of WER-440 type reactors are known. Both cases
are calculated with the KARATE-440 code and the results are compared with calculations
done with different codes used in Central European Countries.

1. Introduction
VVER-440/213 reactors are regulated by inserting hexagonal absorber assemblies into
the core characterized by the same outer radial geometry than the fuel assemblies. Control
assemblies (CA) are joined to fuel assemblies (FA) named followers, which are shorter 10 cm
than the normal FAs. Axially the CA can be divided into two parts. The longer part is the
real absorbent. It is 224.4 cm long and its materials are boron steel, steel and moderator (see
fig. 1). The connection between fuel and boron steel is 48.1 cm long and its materials are:
steel and coolant. The 37 control rods are divided into 6 groups. All the 6 groups consist of
6 rods in 60 degree symmetry excluding the 6-th one which has an extra member in the
centrum of the core (see fig. 2).
Special attention has been paid to the control rods in the KARATE-440 code package,
which has recently been developed [1] and verified [2]. The two parts of CA are represented
by 2-group albedo matrices in the global calculations, which were evaluated by the COLA
transport code [3].
In the first calculation the VVER-440 type core is idealized for the case of an infinite
reactor [4], so the benchmark can be calculated by transport theory code as well as by nodal
code. In our case the COLA was chosen as the transport code and the KARATE global code
for nodal calculations. The reactivity worth calculated by various codes can be compared.
An experimental benchmark of VVER control bank was given for the 7-th cycle of
Unit II. of Paks NPP [51. All data, which were necessary to calculate the 7-th cycle were
given from the 3-rd cycle. Some measured scram reactivities, the differential and integral
bank worths were published. Calculation of the efficiencies of some prescribed CAs positions
are expected in the definition of the problem.
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While our result in case of the mathematical test shows a reasonably good agreement
with the results of other codes, there is some underestimation in connection with reactivity
measurements. Taking into account the method of measurements and some previous
experiences with different codes, the discrepancies can be understood.

2. The Infinite Core Benchmark
The test problem defined by P. Siltanen et al. in [4] is an infinite core consisting of
mutually identical VVER-440 type fuel assemblies. Their enrichment is 3.6% and their
burnup is 10 MWd/kgU. A regular triangular arrangement of the VVER-440 type control
absorbers among the fuel assemblies is supposed, so the infinite lattice is built up from
clusters containing one CA and an amount of fuel equivalent to eight fuel assemblies (see fig.
3). The reactor is infinite also in the axial direction. The detailed data for the materials and
geometry of FA and CA are given in [4]. In the benchmark only the boron steel part of the
CA was modelled. This problem approximating the insertion of control rods into VVER-440
reactor core can be used to check the control bank description in either nodal, fine mesh
diffusion or transport method. Although the correct solution is not known, it is useful to
compare the results of various calculations.
2.1 Transport Calculation:
The efficiency of the CA can be described as the ratio of the neutrons absorbed in the
control rod to the number of the neutrons absorbed in the control cell. It is the so called
fractional absorption (denoted by a). If the above characterized reactor is in critical state
without CAs, their insertion will cause: p = a/(a-l) reactivity.
The COLA code is applied to the calculation of the fractional absorption for the
system containing the absorber and the surrounding fuel assemblies. The surrounding is
described by homogenized multigroup macroscopic cross sections. Generalized first flight
collision probabilities are applied in the cylindrical geometry. The energy spectrum of the
scalar flux at the boundary needs to be prescribed.
2.2 Nodal Calculation:
The reactivity worth of the CA, can be calculated from two eigenvalues. If the
multiplication factor of the fuel assemblies is denoted by k[ and for the case with CA by k2,
after normalizing k, to unity the reactivity worth can be expressed as p = 1. - k,/k2 . It is
approximately the worth defined by the fractional absorption (see [4]).
In the core calculation code of KARATE the CA is characterized by two group albedo
matrices. To get these albedo matrices, calculations were prepared by COLA, where the
absorber cell was surrounded by some homogeneous fuel cells.
The benchmark was approximated by a core with 6*55 + 1 FA (see fig.3.), where reflective
boundary conditions are given at the radial and axial surface. Reactivity worth was calculated
using albedo matrices prepared by the finnish code ANISN and the COLA code as well.
The results, summarized in table 1. show that:
-the reactivity worth calculated with COLA agrees well with the result of ANISN,
-the albedo for absorbent evaluated by COLA, gives higher reactivity worth than the albedo
' predicted by ANISN.
-the albedo matrix evaluated by COLA gives higher rod worth than those cited in [4].

3. AER Control Rod Benchmark
The benchmark problem was specified for the beginning of cycle 7 of Unit II.at Paks
NPP (BOC). The following information was given, as input (see [5]):
-The burnup distribution and enrichment at the EOC of Paks Unit 2 Cycle 3.
-The operational history and fuel shuffle scheme of cycles 4,5,6,7
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There are measured values for two cases:
-Integral efficiency of all control groups,except one rod from group 4,at zero power (8.09%)
-Differential efficiency of group 6, at zero power BOC
-Integral efficiency of group 6, at zero power BOC.
The benchmark has been calculated with the KARATE code, where the CA is characterized
by albedo matrices. Axially two different albedo matrix sets were used for boron steel and
for the connection part made of steel. There was no information on the B-10 depletion of
the absorber, so fresh CAs were supposed. Because of its structure, its positions and the
applied nodalization in the core, five types of axial nodes should be used to characterize the
fine move of controller. They are: pure fuel, pure boronsteel, pure steel, fuel mixed with
steel and steel mixed with boronsteel. There is a work on getting response matrices for the
mixed node (see [6]) but the method has not yet been integrated into the KARATE system
so in the following calculations we used only pure nodes.
A slightly different input was used in our calculations as it was given, because in our case
all the 7 cycles rather than cycles 4-7 were calculated. The differences between measured and
calculated EOC states are given in table 2. The rod efficiencies were evaluated from series
of eigenvalue calculations. The following calculations were required:
- Integral efficiency of all control groups at zero power BOC and EOC
- Integral efficiency of all control groups, except one rod, at zero power BOC and EOC
- Differential and integral efficiency of group 6, at zero power BOC and EOC
- Differential and integral efficiency of group 6, at full power BOC and EOC
- Integral worth of one single rod of group 6, at zero power BOC and EOC
- Integral worth of one single rod of group 6, at full power BOC and EOC
Our results and some further calculations gathered from [7] are presented in tables 4-7. in
the same order as it was specified above. The integral and differential efficiencies of group
6, at zero and full power BOC and EOC are presented in figures 4-12.

4. Conclusions
All the results received for the mathematical benchmark are in good agreement with
each other. So these nodal codes with their boundary conditions for the CA agree with the
more fundamental (transport) calculations sufficiently. As there are no more results and the
exact solution is not known, it can be stated only that the KARATE + COLA and the
HEXBU + ANISN code has the same error. However the further test calculations show the
important role of such benchmarks, where 30% of discrepancy occurs between the calculated
values of different codes.
The given measurement was simulated by seven different codes. In table 3. a short
description of the applied programs is presented. The benchmark seems to be a relatively
complicated one, as the burnup calculations could cause hidden built up error. On the other
hand the CA was not specified,though it is modelled in relatively different ways in the codes.
The great differences between the results may be the consequence of the slightly different
state of the core (which should cause considerable spatial effect in flux) and the different
description of the CA.
Two different measurements were cited in the benchmark:
- the differential and integral efficiency of group 6, at zero power BOC was measured during
physical startup at critical state. In this measurement the boron concentration of the core
was slowly changed while the criticality was balanced by rapid insertion of some CAs.
During the experiment the reactivity steps Ap,the changes in the position of control rods
AH, and the boron concentration are read to calculate the dp/dcB and dp/dH values.
Because of the very small changes in the reactor parameters the point kinetics can be used

Nuclear Energy in Central Europe, Portoroi, Slovenia, 11.-14. September 1995

93

as a good approximation. The dp/dH measurement would be more informative with some
further data, such as parallelly prepared dp/dcB data and the cB values measured at the
beginning and at the end of the procedure.
Taking account of the relatively coarse movement of the CA in our calculations the
predicted integral efficiencies will give better results then the differential ones.
- SCRAM or integral efficiency of all control groups at zero power was measured by rod
drop technique,where the current of the excore detectors vs. time was measured and
evaluated by point kinetic method. Due to the large flux perturbations the correct
interpretation of these measurements is uncertain. For precise evaluation of the
measurement the effect of the location of the detectors and the effect of the reflector
surrounding them should be taken into account. Another factor influencing the dynamic
measurement is the calculated value of /3eff.
Our results can be summarized in the following:
+ the calculated EOC states fairly good in case of the different codes, see table 2.
+ generally the calculated CA efficiencies have relatively big differences, however in the
measured case all these data show an underestimation, see table 4.,
+ the measured integral efficiencies of working control group at zero power BOC show a
fairly good agreement with the KARATE calculations, see fig.4. and 6.
+ the measured differential efficiencies of working control group at zero power BOC are
somewhat underestimated by KARATE, see fig. 9.
+ our calculated CA efficiencies are in good agreement with HEXBU-3D results.
A relatively high 30% discrepancy can be found in the calculational results in general. This
is the reason to emphasize the importance of mathematical benchmark calculations.
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Table 1 Results of the Mathematical Benchmark
a(%)

k,

COLA

10.0

-11.I

AN1SN

!0.3

-11.4

KARATE & COLA

1.11675

KARATE & ANISN

1.11675

0.99364

-12.38

0.99S0715

-11.89

HEXBU

1.1196

1.0004

-11.9

MCU

1.141

1.025

-11.3

BIPR-7

1.1322

1.0032

-11.9

Table 2 Reactivities and boron concentrations at end of cycle 4^7 Unit 2 of NPP Paks
Cycles

HEXBU-3D
<H (PPm>

MOBY-DICK

DYN3D

P(«)

„(%)

DYN3D
^(PPm)

KARATE

KARATE
k(-)

Cj (ppm)

4

-24

-0.280

0.257

28

2.1

1.00016

5

-56

•0.572

0.021

2

-22.4

0.99810

6

-13

-0.234

0.387

43

9.1

1.000768

0.165

18

1.3

1.00011

-0.493

7

Table 3

j

Main characteristics of Codes used in the test calculations

CODE

Cross-section gen. Code

Library

Brief description

BIPR-5AK

KASSETA

Zholkevich

1.5 group & finite difference code

HEXBU-3D

CASMO-HEX

UKNDL

2 group & nodal code

C-PORCA

WIMSD4

ENDF-B4

2 group & final element in radial direction andn
and finite difference inaxially

PYTHIA-Q

NESSEL-4

ENDF-B5

1.5 group & coarse mesh finite difference code

BIPR-7

KASSETA

Zholkevich

2 group & coarse mesh code

MOBY-DICK

WIMSD4

MAGDA-3CH

2 group finite difference code

DYN3D

NESSEL-4

MAGRU

2 group & nodal code

Table 4 Integral efficiency of all CA and the same except one, remaining in upper position
Code

Integral efficiency of all CA
Critical state Pow=0%,T = 260C,H1,.j=250>H(=200cm

Integral efficiency of all CA except one single rod from IV.
Critical state Pow=0%,T=260C,H,, iS =250,H 6 =200cm

BOCp(%)

B0Q>(%) MEAS.: 8.09 %

EOCp(%)

EOCp(%)

B1PR-SAK

9.41

9.51

7.51

7.16

HEXBU-3D

8.9

8.65

6.55

6.26

C-1'ORCA

8.28

8.03

7.10

6.77

PYTHIA-Q

10.37

9.96

7.30

6.81

BIPR-7

11.04

10.68

7.93

7.31

MOBY-DICK

8.98

8.91

6.38

6.23

KARATE

9.13

8.42

6.70

6.03
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Table 5 Integral worth of group 6, calculated by KARATE
H6(cm)

Integral efficiency of group 6.
Critical state Pow=0%,T=260C,H, j=250,H6=2O0cm

Integral efficiency of group 6.
Critical stale Pow=100%,T=260.C,H, .j = 250,H6=200cm

BOCp(%)

BOCp(%)

EOCp(%)

EOCp(%)

0.0

0.00(0.9844635)

0.00(0.9891598)

0.00(0.9836794)

0.00(0.9865558)

25.0

0.01879

0.005

0.04246

0.0556

50.0

0.12128

0.0282

0.2002

0.2038

75.0

0.36529

0.0925

0.448

0.3879

100.0

0.67148

0.2114

0.7144

0.5637

125.0

0.94485

0.3687

0.96876

0.7337

150.0

1.17152

0.5512

1.2046

0.9077

175.0

1.36879

0.7752

1.42357

1.1028

200.0

1.55347

1.0840

1.6290

1.3438

225.0

1.72489

1.4773

1.8057

1.6217

250.0

1.81113

1.7508

1.8915

1.8242

Table 6 Differential ertectivity of group 6, calculated by KARATE
H6 (cm)

Differential efficiency of group 6.
Critical state Pow=0%,T=260C,H,i...s = 250, H,=200cm
BOC dp/dH(pcm/cm)

EOC cVdH(pcm/cm)

Differential efficiency of grou[ 6
Critical state Pow = 100%,T=260C ,H,..,s = 250,H,=200cm
BOC ri>/dH (pcm/cm)

EOC dp/<Oi (pcm/cm)

12.5

0.75

0.2

1.70

1:22

37.5

4.10

0.93

6.31

5.93

62.5

9.76

2.57

9.92

7.36

87.5

12.25

4.76

10.66

7.07

112.5

10.93

6.29

10.17

6.8

137.5

9.07

7.30

9.434

6.96

162.5

7.89

8.96

8.76

7.8

187.5

7.39

12.35

8.217

9.64

212.5

6.86

15.73

7.07

11.12

237.5

3.44

10.94

3.43

8.1

Table 7 Integral worth of a single CA of group 6
Code

Integral efficiency of a single CA from group 6
Critical state Pow=0%,T=260C,H, , , = 2 5 0 , H 6 = 50 cm

Integral efficiency of o single CA from group 6.
Critical state Pow = 100%,T = 260C,H, ,s = 250,H6=150cm

BOC>(%)

BOCp(%)

EOCX*)

EOCp(%)

BIPR-5AK

0.63

0.75

U.10

0.15

HEXBU-3D

0.60

0.59

0.11

0.14

C-PORCA

0.52

0.56

0.11

0.13

PYTHIA-Q

0.77

0.81

0.11

0.15

BIPR-7

0.75

0.82

0.17

0.16

MOBY-DICK

0.65

0.65

0.13

0.19

KARATE

0.66/0.18*

0.64/0.25*

0.10

0.13

+case of central CA from group 6
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Abstract - A nodal algorithm of the LEM code, used for the solution of 2-group diffusion equation in multidimensional rectangular geometry, has been supplemented to cover
general multigroup problems. Presented are modifications of the working procedures.
Multigroup capabilities of the code are tested on various benchmark problems. Results
show high accuracy of the method.

1

Introduction

LEM (Laplace Eigenfunction nodal Method) has been found to be very accurate and
efficient method for the solution of the 2 and 3-dimensional 2-group neutron diffusion problems in rectangular geometry [1, 2, 3]. Main differences that distinguish
the method from other nodal approaches arise from the choice of node expansion
functions and improvements in the determination of transversal leakage at node
boundaries [1].
Eigenfunctions of Laplace operator (i.e. eigenfunctions of the eigenvalue problem
associated with the diffusion equation) satisfy diffusion equation in a point manner
and are therefore very suitable choice of the basis functions in a nodal formalism as
well as in subsequent pointwise flux and power reconstruction procedure [4]. They
are capable to model accurately even strong gradients of the neutron flux in the
vicinity of the border where material properties change.
It is well known that in 2 group diffusion problems eigenvalues of the diagonalized diffusion equation are real. Because of that, it is relatively easy to establish
the connection between in- and out- node average partial currents. In multigroup
cases we are looking for the eigenvalues of general real matrices. In general they
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arise in complex conjugate pairs and therefore require the modification of working
procedures.

2

Theory

We start with a diffusion equation in the standard matrix notation. For each node
we have:
- V 2 * ( r ) + <B)2$(r)=0

(1)
(2)

$ is the flux vector, (B) 2 is the buckling matrix, (D) diffusion and {£) matrix
of scattering and fission cross-sections (implicitly dependent on keff). With the
transformation
* ( r ) = <T>#*(P)

(3)

where the matrix (T) comprises eigenvectors of the buckling matrix
1

(4)

diffusion equation transforms into diagonal form (Helmholtz equation):
V 2 $*(r) - <A)2$*(r) = 0

(5)

In LEM algorithm transformed flux is approximated with a linear combination
of functions (energy dependence omitted):

n=l

A is a square root of the Laplace eigenvalue. One-dimensional functions are of
the form:
1D\

) — C O D I I ^ A X J{SQJ.

y oinil^/\XJOSJC

[ (J

The set of two-dimensional functions (index n omitted) is given by:

100

=

cosh(ax) cosh(/fy) C*c

+

sinh(aa:) cosh(/3y) C*c

+

cosh(ax) sinh(/3y) C*s

+

sinh(aa;) smh.(/3y) C*3
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with
a = \sin(<p) fi = \cos{ip)

(9)

where tp is a free parameter. One-dimensional coefficients can be eliminated from
equations with partial current formalism. For each direction we obtain:

ar'+ir") = «i)-2<Quoin+j!B)+(Q>.*+w.

(10)

( j r - j r ) = (<i>-2(Q)j(jr-jh+wa

(n)

where j is node average partial current on the 1-left or r-right side. Twodimensional coefficients are determined from flux derivatives at node corners [1].
They contribute with vectors W and represent additional higher order term in
response-matrix-type relations.
In a general multigroup case eigenvalues and eigenvectors arise in complex conjugate pairs. To keep matrices real, two complex conjugate eigenvectors are replaced
by the columns of its real and imaginary part:

Tj) + i Im(Tj)), Tj+1 = (Reft) - i Imfr))

-

Re{Tj), Im(Tj) (12)

On the corresponding places the diagonal matrix (A) transforms into:

(A)5

Re{\))

Im(Xj)

(13)

This procedure affects also the determination of two-dimensional coefficients.
The quantities in transformed space are at corresponding places j and j + 1 of the
form:

2Re(Pp
< T P P = P* <-* - 2 / m ( P / )

(14)

which allows the use of same equations for coefficients as in 2-group case except
that calculated variables are complex quantities.
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3

Numerical results

In order to verify algorithm extension, LEM code was supplemented with subroutines
from the EISPACK public domain software package. They enable eigenvalues and
eigenvector determination of a real general matrix. Code was tested on various
multigroup benchmark problems:
• 7-group ANL/BSS-3 [5]
• 4-group ANL/BSS-4 [5]
• 4-group KOEBERG test problem [6].

3.1

ANL/BSS-3

The ANL/BSS-3 is a 7-group 2-dimensional homogeneous problem (67.5 cm x
13.5 cm) with <f) = 0 boundary condition. This although highly simple problem
is interesting because analytical solution (cosine flux) is available. The results of
calculations performed on different meshes are shown on Table 1. With a reduction
of mesh size obtained solutions clearly converge toward the exact analytical solution.
Table 1: Summary of results for the ANL/BSS-3 problem.
Number of nodes keff error

XxY
5x1

10x2
15x3
25x5
50x10
75x15
100x20

[pcm]
115.680
14.812
4.378
0.937
0.115
0.034
0.014

Max. rel. node
power error [%]
4.986
1.028
0.431
0.153
0.039
0.017
0.010

Reference solution is analytical (keff =0.7745451357).

102

Nuclear Energy in Central Europe, Portorol Slovenia, 11.-14. September 1995

3.2

ANL/BSS-4

The ANL/BSS-4 is a 4-group spatially highly nonseparable problem. To obtain
suitable geometry for comparisons, additional dissectors (at x—15.240 cm and
y=11.43 cm, 34.29 cm) were introduced forming a case with 4 x 4 regions. Results are presented in Table 2. For verification of the accuracy, the same problem
was calculated with NEXT code [7] (standard nodal expansion method with DPA
transversal leakage approximation). Errors of the LEM method are almost 2 times
smaller.

Table 2: Summary of results for the ANL/BSS-4 problem.
Code
LEM

NEXT

Number of nodes keff error Max. rel. regions
per region
[pcm] power error [%]
lxl
64.0
2.306
2x2
0.221
15.8
4x4
3.4
0.048
0.7
8x8
0.010
0.002
16x16
0.1
Ref.
24x24
lxl
101.8
4.331
2x2
29.9
0.391
4x4
6.1
0.061
Reference keff is 0.875846.

3.3

KOEBERG test problem

This is a 4-group PWR problem with realistic cross section data including general
up and down-scattering. It is representative of an actual operating reactor - BOL
condition of the Koeberg Unit 1 nuclear power station. The results of calculations
performed on different meshes are presented in Table 3. They show high accuracy
of the LEM method. In comparison to nodal expansion method errors of the calculations performed on the same mesh size are almost 3-times smaller. Assembly
power errors for one node per assembly calculation are shown in Figure 1.
The reference solution agrees well with best solution given in [6]. Discrepancies
in power distribution are smaller than 0.1% and kefr values agree within 0.05 pcm.
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Table 3: Summary of results for the KOEBERG problem.
Code

Number of nodes keff error Max. rel. assembly
per assembly
power error [%]
[pcm]

LEM

lxl
2x2
3x3
8x5

10x10
20x20
NEXT

lxl
2x2
3x3

13.03
0.63
0.22
0.16
0.07
Ref.
27.27
2.27
0.87

0.750
0.077
0.032
0.018
0.007
1.612
0.200
0.086

Reference keff is 1.0079543.

4

Conclusion

The LEM algorithm has been modified to take into account general nature of eigenvalues and eigenvectors which appear in multigroup diffusion problems. The code
was tested on various multigroup benchmark problems. Results show high accuracy
of the method. In comparison to standard nodal expansion method errors are approximately 2 times smaller. The LEM method is suitable for calculations where
high accuracy is required (benchmark purposes, particular core design calculations,
comprehensive 3-D problems, etc.).
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1.0064
0.9994
-0.696
1.0858
1.0815
-0.395

1.0269
1.0205
-0.628

1.0451
1.0390
-0.577

1.1304
1.1269
-0.316

1.0935
1.0885
-0.453

1.1639
1.1616
-0.195

1.1060
1.1015
-0.411

1.2232
1.2220
-0.098

1.0369
1.0348
-0.200

1.1325
1.1294
-0.275

1.2425
1.2423
-0.020

1.0587
1.0570
-0.160

0.9990
1.0012
0.221

0.7866
0.7922
0.710

1.2142
1.2165
0.185

1.0624
1.0617
-0.064

1.0394
1.0422
0.265

0.9811
0.9873
0.636

0.6663
0.6665
0.032

0.9603
0.9626
0.239

1.0418
1.0484
0.629

0.9676
0.9688
0.121

0.6499
0.6485
-0.210

0.8323
0.8385
0.750

0.6419
0.6434
0.226

0.8323
0.8385
0.750

reference 20x20
lxl
Error (%)

Figure 1: Assembly powers and relative errors for the KOEBERG test problem.
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ABSTRACT
A three dimensional analysis of NEA-NSC 3-D PWR core transient benchmark of
uncontrolled control rods withdrawal at zero power is presented The analysis is performed
using the three dimensional code QUABOX/CUBBOX-HYCA which combines coarse
mesh neutron flux expansion method with a parallel channel model for the thermal
hydraulics. The results for steady state and transient calculations are prepared in a format
suitable for inter-comparison with results of other groups.

1. INTRODUCTION
The Nuclear Energy Agency Committee on Reactor Physics (NEACRP) initiated a
benchmark, which is aimed at assessing the discrepancies between different codes for transient
calculations in light water reactor cores. The reference problem chosen for simulation in PWR
is the ejection of a control assembly from the core. 13 groups from different countries
provided solutions of this benchmarktH. An inter comparison of the results has been
performed and discussed. As a follow-up of ejection benchmark a slow PWR control rods
withdrawal transient benchmark has been specified and distributed!^]. This transient consists
basically of a continuous reactivity insertion caused by uncontrolled withdrawal of control
rods at zero power.
A modeling of this benchmark is performed using three dimensional code
QUABOX/CUBBOX-HYCA (QCH)[ 3 ], developed at the Gesellschaft fur Anlage- und
Reaktorsicherheit in Garching, Germany. The calculational model of the QCH is briefly
described in Section 2, while Section 3 describes the NEA-NSC 3-D PWR control rods
withdrawal benchmark. Analysis of the withdrawal benchmark is presented in Section 4.
Conclusions are given in Section 5.
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2. QUABOX/CUBBOX-HYCA COMPUTER CODE
The QCH code solves the multidimensional kinetics equations by a coarse-mesh fluxexpansion method. Thermal-hydraulic feedback is described by a parallel-channel coolant
flow model, a fuel pin model, and a cross-section library which describes the nuclear data
dependence on the main variables. A brief description of the model is given below.
The basis of the coarse mesh method is the spatially integrated multigroup neutron
diffusion equation

V

V

J

J

where \|/=(<E>,C)T5 O and C represent the neutron fluxes and delayed neutron precursors
concentrations, respectively, and L is differential diffusion operator. The regions of integration
V; correspond to rectangular node volumes. These equations are supplemented by continuity
conditions across interfaces between adjacent boxes, and by relations describing the
dependence of the nuclear cross sections on node conditions. Spatial coupling is restricted to
nearest neighbors.
In order to evaluate the integrals in the above equations, the flux O in each box Vj is
approximated by a polynomial. The node center point and the six surface midpoints are used
as support points for the polynomial expansion. Additional conditions are derived by applying
Galerkin weighting to the polynomials.
The solution is advanced in time using a semi implicit scheme (ADI-ADE scheme)
described by the following equation

JJJ(7- aAtL)i/1+ldV = JJJ[7 + (1 - a)AtLJy/1 dV
V

V

J

J

with a weighting factor a (0.5 < a < 1.0), obtained by spectral matching. Truncation errors
due to time differencing are reduced by the period factorization method

y

y

,

0

.

j= 1

S

where coj are mean periods calculated from kinetics equations, spatially integrated over the
reactor volume. This time integration method is also used in the static calculations, since the
stationary solution is found as the asymptotic limit of a dynamic solution.
A thermal hydraulic model assumes the core is divided in a set of parallel channels,
and in each channel the heat transfer to the coolant is represented by an average fuel pin
model. The fuel heat conduction model allows any number of radial meshes in the pin and one
radial zone for the cladding. Fuel conductivity is temperature dependent, and the gap and clad
conductivities are assumed to be constant. Axial heat conduction is neglected.
The coolant model consists of mass, energy, and momentum conservation equations in
one dimensional axial geometry. Two phase flow is treated using a slip model and assuming
thermodynamic equilibrium. The channel integral momentum can be solved by providing
either the inlet mass flow rate or the total pressure drop across each channel. In this case, an
iterative procedure is used to calculate the flow distribution between the channels to match the
total pressure drop. The time integration of the flow equations uses a predictor-corrector
scheme to advance the solution from t n to + *
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3. NEA-NSC 3-D PWR CONTROL RODS WITHDRAWAL BENCHMARK
A reference pressurized water reactor for the benchmark is derived from real reactor
and the radial geometry of the reactor core as well as the radial distribution of control
assemblies is depicted in Figure 1. Within the core geometry there are 11 different
compositions corresponding to different U-235 enrichments and different numbers of
burnable absorber rods in fuel assembly. A complete set of macroscopic cross sections for
transport, scattering, absorption and fission and their derivatives with respect to the boron
density, moderator temperature, moderator density, and fuel temperature is defined for each
composition. Two prompt neutron groups, i.e. thermal and fast neutrons, and six delayed
neutron groups are used for neutron modeling. Reference relations for the heat conductivity
and specific heat capacity of fuel and cladding are given as a functions of temperature.
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Figure 1. Position of control and safety rods in reference core
It is assumed that the reactor is at the beginning of cycle 1 (no Xenon or Iodine, no
fiiel depletion). The transient to be analyzed as a function of time in three dimensions is
generated by the withd rawal of control rods banks from an initially critical core at hot zero
power. The withdrawal speed is a typical bounding value (72 steps/minute). The reactor trip
signal is generated when the power level reaches a typical setpoint value (35% of nominal);
the control rod banks begin to fall after a conventional delay (a typical conservative value of
0.6 seconds).
Four different cases to be analyzed are:
A) bank D withdrawal,
B) banks B and C withdrawal,
C) banks B and C withdrawal with the constant heat transfer coefficient between cladding
and water,
D) banks A and B withdrawal.
In order to achieve an effective multiplication factor of one, the critical steady state
parameters of the rea.ctor core have to be found from a search calculation of the critical boron
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concentration for the given thermal power and control rod configuration. Transient
calculations have to be performed until 10 seconds after reactor trip signal. Prescribed are
parameters which have to be calculated by steady state and transient calculations.

4. ANALYSIS OF NEA-NSC 3-D PWR CONTROL RODS WITHDRAWAL
BENCHMARK
Three dimensional core modeling for all four cases is performed using 18 nodes in
axial direction and one node per fuel assembly in radial direction. The results for steady state
and transient calculations are obtained. In this paper we are presenting only results for case A.
The steady state results are the following: critical boron concentration is 1281 ppm,
radial shape factor F,^ equals 1.2235, and maximum power peaking factor F q is 1.8553.
Steady state radial distribution of thermal flux is given in Figure 2.
As the withdrawal of control rods is very slow bigger time steps (10 ms) were used in
modeling of the first 65 seconds of the transient. The rest of the transient in which the core
power increases is modeled with the time step of 1 ms. The transient is limited by reactor trip
which occurs 0.6 seconds after 35% of nominal power is reached. The variation of the relative
fission power of the reactor as a function of time is given in Figure 3. A first power limitation
is caused by Doppler feedback slightly below trip level. The maximum of fission power occurs
at 83.9 s and amounts a little above 35% of nominal power. The change in the coolant outlet
temperature with time is shown in Figure 4. Figure 5. presents the fuel Doppler temperature
as the function of time. Hot pellet relative fission power density dependence on time is
depicted in Figure 6. Figure 7. shows hot channel outlet temperature as the function of time,
and hot pellet centerline temperature change with time is given in Figure 8. The hot pellet
cladding outer surface temperature as the function of time is presented in Figure 9.
The results for steady state calculations and transient calculations are prepared in
format suitable for inter comparison with results of other groups.

5. CONCLUSIONS
The 3-D modeling of a NEA-NSC 3-D PWR core transient benchmark on
uncontrolled withdrawal of control rods at zero power using QUABOX/CUBBOX-HYCA
computer code has been successfully performed. The results will be in the recent future
compared with the results of other benchmark participants.
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Figure 2. Steady state radial distribution of thermal flux, case A
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Figure 3. Relative fission power vs. time, case A
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Figure 4. Coolant outlet temperature vs. time, case A
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Figure 5. Fuel Doppler temperature vs. time, case A
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Figure 6. Hot pellet relative fission power density vs. time, case A
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Figure 7. Hot channel outlet temperature vs. time, case A
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Figure 8. Hot pellet centerline temperature vs. time, case A
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ABSTRACT - After an emergency shutdown of a power reactor, although the reactor is
no longer critical, I.Iie gamma and neutron flux of course, do nol, drop to zero. The. neutron
and gamma, flux and spectra at shutdown conditions were studied with the objective to
investigate whether their levels are sufficient and spectral forms suitable to provide meaningful
information about the coolant density and/or coolant level in the reactor. The analyses are
only of preliminary character and are to give a rough idea of the order of magnitude of certain
effects.

Introduction
The main sources of the gamma radiation are fission products formed during the
reactor operation and the reactions of neutrons with the matter. The first source
depends on the burn-up of the fuel and the cooling time.
Neutrons are generated following the reactions such as:
• delayed fission neutrons;
• (7, H) on deuterium present in the water (photo-neutrons, threshold energy=2.226MeV);
• fission;
• spontaneous fission;
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The lasi, two terms were found to be negligible compared to the others.
Strong dependency of the neutron source (the (7, n) reaction on 2 / / , fission), as
well as of neutron transport, on the water density was expected. This gave the idea to
use these neutrons as a. monitor of the coola.nl. level/density in the rea.ctor.
On I he other hand, gamma transport is also dependent on the water density, giving
thus the possibility of an alternative method to measure the level of the coolant in ihe
reactor.
The estimations of the neutron and gamma flux in a. French 900 MWe PWR were
performed for a chosen burn-up and cooling time condition (5000 MWd/T, fOO seconds). The corresponding gamma, source from fission products was obtained by the
inventory code PEPIN [7]. Spatial and energy distribution of these gamma, radiation
was calculated by 2D Sri code TWODANT [8]. Based on these results the (7, n) reaction rales and the neutron emission spectra were then estimated, a.nd were used as a
source term in a. subsequent coupled neutron-gamma transport calculation. The contribution of the delayed neutrons (with long periods) to the total neutron and gamma
(lux was also estimated.

Description of the Calculations
Delayed neutrons
The dependence of the delayed neutron fraction on time after the shut-down is
presented in Figure 1. At times above about 100 s the dependence is nearly linear
in logarithmic scale, since almost only the Qth group - with the highest decay period
contributes.
The neutron a.nd gamma flux in the cavity during the normal reactor operation is
presented in Figures 2 and 3. The effect of water density variation is also presented,
assuming the same neutron source distribution as for normal operation conditions.
The flux at different cooling times can be approximately obtained by multiplying this
spectra by factors given in Figure 1.
Fission product gamma
The gamma radiation emitted by the fission products after the reactor shut-down
was calculated by the code PEPIN [7]. Figure 5 gives the gamma source corresponding
to the cooling time of 100 s after the shut-down, and the typical reactor conditions in
the peripheral fuel elements at the end-of-life of a 900 MWe French PWR. The values
are normalized to It of uranium.
The gamma transport calculation was performed by the 2D discrete ordinates code
TWODANT, in R — Q geometry, using S%, P5 approximations. The cross-sections were;
taken from the 100-rieutron. 30-gamma group Vitamin-C library [9]. The gamma source
from PEPIN was extrapolated from 16 groups of PEPIN to 30 Vita.min-C groups. The
relative spa.ee distribution used corresponds to the fission rate distribution during the
reactor operation.

116

Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995

Neutrons from (7, re) on deuterium
The gamma rays with the energy above threshold (2.23MeV) can consequently
ee photoneutrons on deuterium. The (-f,n) reaction rate on deuterium present
in lh<! water layers in the reactor was calculated by the formula:

/?-»,„(r,0) = ND(r, 0)-Y,®9{r,°)-

^(7»»)

(1)

a
where,
<l>f'(r, 0) = gamma flux, ca.lcula.ted by TWODANT, in group g, and interval (r.O):
Np(r,0) = atomic number density of deuterium (the value used wa.s 0.015% of 2H
per I atom of 7 // [6]);
fTfl(7,77,) = cross-section for the reaction (7,n) (Figure 4) [2], [3], [4],
The energy of the neutrons produced is obtained from the conservation of energy
and momentum [5]:
En = a + b • cosip

A ~ l /

„

(2)

El
1862 - { A - I )

_EW
'

~A\

En is the energy of the neutrons in MeV, A is the mass of the target nucleus, Ey is
the energy of the 7-ray in MeV, Q is the threshold energy in MeV, and ij) is the angle
between the flight path of the 7-ray and the emitted neutron.
The neutron energy depends on the direction of the emitted neutrons (Figure 7),
but only very small variations between different positions in the reactor were found
(Figure 6). A coupled n, 7 calculation was then performed with TWODANT code,
using the following approximations:
• The neutron source can be decomposed into separate space and energy components;
• The neutrons are emitted isotropically and the energy dependence which corresponds to ij> — 0 was used overall in the calculations.
The k,jj = 0.9 was assumed, thus the neutrons are multiplied by 10 in the reactor core region (,9 = .S'u/(1 — k,:jj))- The energy spectrum of these neutrons is the
one of fission. The above approximations have therefore little impact, on the overa.ll
('ilcnlational precision.
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Table I: Gamma flux in the energy range between 150 keV and 1.5 MeV in the cavity
lor different water densities, at two azimuthal positions in the reactor.
Gamma flux (0.15 < E < l.bMeV) [7/cm2 *]

0
PH2O

0=0
0=45

= 0.7g fern3

2.64 -107
5.62 -107

PH2O

:

= 0.35^/crn 3

pn2O = 0.07gfern?

4 .18 -107
1.12 -108

6.18 •107
1.97 •108

The gamma. Hux produced by the (7,n) neutrons (therefore the reaction 7 —> n —>
7) was calculated in the same run, and is presented in Figure 9 together with the
gamma radiation from the fission products.
The comparison of all the terms calculated is presented in Figures 8 (for neutrons)
and 9 (for gamma).
Water density variation
Water density was diminished (for factors of 0.5 and 0.1) to study the effect on the
flux. As shown on Figure 10 and in Table 1 the fission product gamma increase by a
factor of ~ 3 over this water density range.
For the neutron flux only the general tendencies were evaluated. In fact, two phenomena tend to increase the neutron flux (higher gamma flux and higher neutron
transport due to lower water density). This is opposed by the decrea.se of the (7,n)
source, as well as of ke/f. Therefore, when the water density is decreased, the neutron
flux at first, increases, and finaly decreases rapidly.

Results and Discution
At, least for 100 s cooling time, it is obvious that the delayed neutron component is
preponderant, by 104higher than the (i,n) + fission neutrons (Figure 8 compared to
Figures 2 + 3), but decreases rapidly with time. According to the Figure 1 it should
remain so up to the cooling periods of 10 to 30 minutes. The first impression is that
the (7, n) neutrons seem to be too low in absolute value to be detectable in the cavity
region. The delayed neutron flux is sufficient up to few minutes after the shut-down,
hut they require very large corrections to componsate for the decay. It is questionable
whether the water density dependence of neutron flux is high enough to be visible
(separable) from the time variation.
The gamma flux may be more promissing. Two possibilities are envisaged ior
the measurements: the total gamma radiation, or some specific gamma, peaks. Total
gamma flux is largely sufficient in magnitude for the measurements, as shown on Figure
!) and Table 1. The component, produced by the fission products is very important, and
this component varies slowly with time The gamma from the delayed neutrons are
only slightly higher at 100 s cooling time. On the other hand, the high energy gamma
peaks are produced by (7 —> v. —> 7) but their levels may be too low to be exploitable.
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The interpretation of the results is still underway to verify the feasibility of using
t lie variations of the neutron and/or gamma flux to detect the coolant level in the
reactor. It should be stressed that the results presented should serve only to give the
order of magnitude and the direction of various effects.
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Figure 1: Delayed neutron traction
as a function of time after shut-down
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Figure 2: Neutron spectrum in the cavity during
the normal reactor operation.
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Figure 6: Spectra of neutrons produced by (gatnma.n)
reaction <it different locations in the reactor.
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ABSTRACT
A relatively fast and easy-to-handle modular code system named KARATE-440 has been
elaborated for steady-state operational calculations ofWER-440 type reactors. It is built up
from cell, assembly and global calculations. In the frame of the program neutron physical
and thermohydraulic processes of the core at normal startup,steady state and slow transient
can be simulated. The verification and validation of the global code have been prepared
recently. The test cases include mathematical benchmark and measurements on operating
WER-440 units. Summary of the results, such as startup parameters, boron letdown curves,
radial and axial power distributions of some cycles ofPaks NPP is presented.

1. Introduction
The program system KARATE-440 has been developed for the calculation of VVER440 type reactors. The system consists of three calculation^ levels: the transport calculation
of diffusion type constants and control rod albedos, the fine mesh diffusion calculations inside
the assemblies and reflector regions and the nodal calculations of the core.
In the paper only the core calculation will be presented.
The core calculation program simulates the coupled neutronic and thermohydraulic
processes in the core under startup, operational steady state and slow transient conditions.
The code has the following features:
-The program can be used for the calculation of 60 or 360 degree sector of the core.
-The computation time of the state calculation in the 60 degree case is not more than 60 s.
-The 360 degree 3D neutronic calculation can be connected to a detailed thermohydraulic
model, which is suitable to calculate the six primary loops of the VVER-440 in normal cases
and during some limited malfunctions (inoperable loop or limited flow through some
arbitrarily given assemblies)
-The computational results are organized such a way that they can be used easily for further
fine mesh calculations inside the assemblies.
-A frame program has been worked out to handle the I/O data. In the program windows
(based on LAHEY SPINDRIFT WINDOWS) help the user to prepare input (the geometry,
the core loading pattern, the operational history) and to visualize the output.
The code is working under DOS operating system on IBM PC. The algorithms are written
in LAHEY FORTRAN-77 language.
The paper gives a short description of the core calculation code, its libraries and
shows the result of the comparison of measured and simulated data.
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. 2. The Core Calculation Model
The KARATE core calculation program simulates the coupled neutronic and
thermohydraulic processes in the VVER-440 core under startup, normal and slow transient
conditions. It can be divided into two parts: the steady state and burnup calculations.
The 3D steady state calculation is based on the GLOBUS code[l]. The main features
of GLOBUS are
-analytical solution is used in the nodes;
-the boundary condition assures continuity of face integrated fluxes and currents at
the boundaries of the nodes;
-albedo matrices represent the boundary condition at the reflector-node boundary;
-the boundary entering currents are sought by a powerful response matrix iteration;
-the iteration is accelerated by an upgraded Arnoldi method [2];
-the iteration seeks k ^ or critical boron concentration;
-the two-group diffusion theory cross-sections are taken from a parametrized library
that accounts for the most important spectral, burnup and thermohydraulic effects;
-the algorithm is combined with a thermal hydraulics model which allows for
modelling feedback effects.
-special attention has been paid to the control assemblies. They are divided into three
parts:the follower.the connection between fuel and boron steel, the boron steel. The
pure non-multiplying nodes are characterized by albedo matrices.
In the burnup calculations four burnup chains are solved analytically for the fuel regions:
+ 235U

+ 238U - 239Np - 239Pu
+ 135I - I35Xe
+ I49Pm - 149Sm.
The burnout of 10B in the boron steel regions of the control assembly is also calculated.

3. The Few-group Constant Libraries
The group constants required by the applied 2-group neutronics and burnup equations
of short lived isotopes depend on the state of the calculated domains. This dependence
establishes link between the neutronic, the thermo-hydraulic and burnup equations.
The 2-group neutronic constants characterizing the fuel assemblies have been
calculated with the BETTYC code[3], which is based on the asymptotic theory. This
procedure is justified by the slightly perturbed characteristics of VVER-440 type assemblies.
The group constants are considered to be the functions of
- assembly burnup
- 235U, 238U, 239Pu, I35Xe, I49Sm densities
- average fuel temperature
- dissolved boron
- moderator density
- moderator temperature
Because of the possible two phase flow in some abnormal situations the moderator
density and moderator temperature were regarded as independent parameters. The range of
parameters covers assembly states from room temperature to high void content of moderator.
The effect of neutron leakage to the reflector and to the surface of control assemblies
is taken into account via albedo matrices.
For the calculation of the control assembly albedo matrices the COLA transport code
has been used [4]. These albedo matrices depend on the soluble boric acid concentration, the
moderator density and in case of boron steel regions on the 10B content of the steel.
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the calculations.Shorter time steps were used to cover the plants startup phase because of the
' frequent jumps of the operating parameters,such as control group positions, reactor power.
The general agreement between the KARATE calculations and the measurements is
quite good, as it is shown in fig. 4-5 for cycle 4-5 of PAKS IV.
At the beginning of the cycle the boron concentration is always underestimated, which may
be explained by the fact that it is hard to give good averaged data for the start up. At the end
of cycle the calculated curves deviate from the measurements. It originates from the fact that
the boron measurements were corrected by technical parameters in these cases, while the
simulation was done according to the given operational parameters. Because of the course
node-wise step in the controller movement in some time intervals the curves systematically
alter in one direction. Comparison of calculated and measured values for critical boron
concentration in some states of the above mentioned benchmarks are given in table 4.
The presented core follow comparisons between values predicted by KARATE and
measured in different plants prove the accuracy of our code package.
4.4 Calculation of the radial and axial distributions:
An estimation of the assembly power can be obtained from the measurement of its outlet
temperature. In the calculations the uniform coolant inlet temperature was considered to be
the average of the six measured cold leg temperatures. The normalized temperature field:
*.,=

ATm=-J2ATj

i and j runs over all the measured positions N (Nratx=210). When the core is supposed to be
symmetric the temperature distributions in all the 60 degree sectors can be derived, so the
variance can be estimated in the measured assemblies:

67>
M(
'\
Here AT^1 is the average of the measured temperatures, M; is the number of measurements
belonging to position i. Fig. 6. and 8. present the derived power distributions and their errors
for NPP Paks Unit 2, Cycle 2 & 5. Fig. 7. and 9. present our calculated radial power
distributions and their deviations from measurements. In spite of the rather small deviations
in general higher deviations can be observed in the peripheral assemblies. The measured
values also have relatively high errors in these positions. Though many calculations have
been evaluated, it does not seem to be any tendency in the deviation of the radial distribution
of these assemblies.
The measured axial power distribution is based on rhodium self power neutron
detector (SPND) signals. Two corrections have to be used in the measurements:
- some part of the current is induced not in the detector but in its cable,
- the rhodium burns out.
Unfortunately the measured current strongly depends on its fuel surroundings, so calculated
values have to be used in the evaluation of the measured current. In the core only 36 SPND
detector-chains consisting of 7 detectors can be found. Having not direct calculated data at
the seven detector elevations, spline interpolation was used to get the appropriate data from
the calculations. The assumption of symmetry is frequently used in these evaluations, too. The
measured and calculated axial power distributions at BOC and EOC of cycle 4 of Unit 4 are
presented in figures 10-11.
The interpretation of measurements and their accuracy are discussed in detail in [5].
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For the calculation of the reflector albedo matrices which depend on the boron concentration
and moderator density a two step procedure has been applied.
- 4-group diffusion constants were calculated in ID geometry with the help of the above
mentioned COLA code for materials of the reflector regions.
- The proper geometrical representation of the several fuel assembly - reflector edge types
was realized in hexagonal fine mesh diffusion calculations.

4. Validation
A numerical benchmark and some measurements prepared at different VVER-type
NPPs were used to test the core calculation model. By means of comparing the calculated
and measured parameters the accuracy of the model can be given.
Well documented experimental data were published by the LOVIISA and KOZLODUY
NPPs. The comparison for these measurements has been prepared [5,6]. Now some new
results measured at PAKS NPP will be presented to show the results of validation.
4.1 Numerical Benchmark:
The 3D benchmark modelling a VVER-440 core was proposed by Seidel [7]. In the
problem the assemblies are homogeneous and characterized by two group diffusion theory
constants. The core is surrounded by additional axial and radial reflector layers. Only a 60
degree sector is supposed. The control assemblies are partly inserted into the core. The
reference solution was calculated with the help of the DIF3D finite difference code.
Characteristic parameters of the GLOBUS for Seidel's 3D benchmark: Ic^ =
1.012120, CPU=86 sec. The reference solution for k ^ is 1.01132. The error of the power
distribution is less than 2.4% in the central layers, whereas the error limit is 7.8 % in the
uppermost and lowermost layers with fuel.
4.2 Simulation of Physical Start-up Experiments:
Calculations of the physical startup experiments have been performed with the
KARATE code to demonstrate the adequacy of the few group libraries. The startup physics
test design acceptance criteria were chosen from [8]. The parameters selected for comparison
to measured data and their accepted errors are the following:
- critical boron concentration at zero power
[+/-0.28 g/kg],
- efficiency of all control rods
[10 %]
- isothermal temperature coefficient of reactivity
[+/-5.4 pcm/C]
- reactivity coefficient of boron concentration
[ 3 %]
Data for cycles 3-5 of Unit 4 of Paks NPP were collected for these simulations. The burnup
calculations were performed for all the 5 cycles, and collected in a library.
Table 1. shows the comparison between the measured and predicted critical boron
concentrations. Table 2. provides the comparison between measured and predicted SCRAM
reactivity. The critical state parameters are P = . l MW, H ] - 5 =250.0 cm and T^, H6
measured value. The simulations give smaller values than the measurements. Further
calculations were done to investigate their reasons (see [9]).
The measured and calculated isothermal temperature coefficients can be seen in figures 1-3.
The measured values are underestimated in two cases of three, however this quantity strongly
depends on boron concentration and its absolute value is small during physical startup.
Comparison of measured and calculated dp/dcB values are collected in table 3.
The results are within the above mentioned acceptance criterion s.
4.3 Simulation of the Boron Let-Down curve:
The simulation of burnup cycles was performed using about 12 burnup steps. For
each step the reactor power, coolant inlet temperature, coolant flow and the control group
positions were averaged over the time step. Equilibrium 135Xe concentration was assumed in
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Results of the calculated axial distributions for the 2-2 chosen fuel assemblies are presented
by continuous line. The calculated and measured axial power distribution shows characteristic
changes between BOC and EOC states and its error is not more than 3 % .
On the basis of the above results, KARATE-440 can be successfully applied for core
calculation.
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Table 1. Measured vs. Predicted Critical Boron Concentrations
core parameters
unit/
cycle

measurement

calculation

Thrc]

H6[cm]

IV./3.

205.0

183.4

7.80

7.808

rv./3.

206.0

185.0

7.88

7.811

rv.ra.

261.7

218.3

7.81

7.654

rv./3.

263.3

222.7

7.87

7.650

IV./4.

217.0

198.0

8.66

8.890

IV./4.

219.3

202.0

8.66

8.883

IV./4.

205.1

262.1

8.60

8.700

IV ./4.

265.3

215.8

8.60

8.718

IV./5.

240.0

195.0

9.59

9.780

262.1

229.3

9.59

9.819

IV./5.

•.

Table 2. Measured vs. Predicted Bank Worth
k^[Hli..s=25O.Ocm,Tj11,H4] = 1.0
Sp = ( 1 . 0 - 1.0/ktfr[H,j..i6=O.Ocm])*100.0
Unit/
cycle

core p»runelers before SCRAM

TkpCI

H6[cm]

IV./3.

263.3

222.7

7.87

IV./3.

263.3

225.0

7.663

IV./4.

262.1

205.0

8.6

IV./4.

262.1

200.0

8.64

IV./5.

262.1

229.3

9.59

IV./5.

262.1

225.0

9.77

measurement]

calculations

Srf«]
-10.3
-10.03
-7.0*
- 6.30 •
-7.84 •
- 6.47 •

* the controTrod num.: 21-46 is stucked

Table 3. Measured vs. Predicted dp/dc.
unit/
cycle

reactor parameters

measurement

calculations

Thpq

K6[cm]

c,[g*s]

IV./3.

261.7

218.3

7.81

IV./3.

261.7

225.0

7.63

-1.343

IV./3.

261.7

225.0

7.53

-1.445

IV./4.

265.3

215.8

8.6

IV./4.

265.3

200.0

8.65

-1.391

IV./4.

265.3

200.0

8.55

-1.394
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V3e,[96/g/ks]

ap«c,l*/gft8l

-1.42

-1.47
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Table 4. Comparison of the calculated and measured boron concentration at EOC
unit/cycle

measured data

calculated
Ca

Time [FPD]

H6 [cm]

•era

Power [MW]

T^rC)

n./i.

0.04

0.027

336.4

248.0

282.0

1255.4

n./2.

0.0S7

0.03

287.5

225.0

277.0

1237.5

n./3.

0.16

0.01

316.6

234.5

279.0

1269.1

n./4.

0.17

0.02

290.2

243.0

279.4

1320.0

rv./i.

-0.08

0.03

262.7

196.0

281.0

1298.0

TV.12.

-0.02

0.00

263.2

230.0

279.2

1333.8

TV.I3.

0.21

0.01

253.9

240.0

263.7

1328.2

IVI./4.

0.17

0.01

280.7

250.0

265.4

1300.8

IVI./5.

0.20

0.0

314.6

222.5

265.2

1339.3

LOVHSA/1.

-0.012

0.0

285.0

250.0

260.0

1210.0

LOVI1SA/2.

0.03

0.0

295.4

250.0

257.0

1060.0

LOVI1SA/3.

-0.02

0.0

352.7

250.0

256.0

1117.0

KOZLODUY/1.

5.10

4.97

27.0

150.0

263.0

1375.0

KOZLODUY/1.

0.99

1.14

290.1

150.0

263.0

687.S

KOZLODUY/2.

-0.02

0.0

284.8

219.6

263.0

838.8

KOZLODUY/3.

0.35

0.0

345.0

250.0

264.0

1375.0
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Determination of the Response Function
of the Proton Recoil Detector
Using MCNP-4A
Robert Jeraj, Bogdan Glumac, Marko Maucec
"Jozef Stefan" Institute, Reactor Physics Division

Abstract:
Determination of the fast neutron spectra, by the use of recoil detectors is one of
very common methods. An accurate knowledge of the detector response function is essential
for successful unfolding of the incident neutron energy spectrum. For that reason we tried
to determine it at least partially by the use of the Monte Carlo MCNP-4A simulation code.
The most important effects, which should be taken into account in the determination of
the response function are elastic as well as the resonance scattering of neutrons in the wall
and uppscattering in the gas. The multiple scattering of neutrons and the scattering on the
other than hydrogen molecules in the gas can be completely neglected.
The full determination of the response function by the use of the proton transport Monte
Carlo code (the most probable by LAHET) as well as the experimental verification is expected to be performed by the end of this year.
Povzetek: Pri dohcanju nevtronskega spektra z detektorji odbitih protonov je zelo pomembno natancno poznavanje odzivne funkcije detektorja. Zato smo jo poskusali vsaj delno
dolociti z Monte Carlo simulacijskim programom - MCNP-4A.
Najpomembnejsi pojavi, ki vplivajo na odzivno funkcijo so elasticno in resonancno sipanje
nevtronov v stenah detektorja ter sipanje navzgor v plinu. Veckratno sipanje, kakor tudi
sipanje na vseh ostalih, vodiku dodanih molekulah v aktivnem plinu, pa so popolnoma
zanemarljivi.
Popolna dohcitev odzivne funkcije bo mogoca sele z uporabo Monte Carlo simulacijskega
programa, ki podpira tudi transport protonov (najverjetneje LAHET). To, kakor tudi eksperimentalno dolocitev, nameravamo opraviti do konca letosnjega leta.

1

Introduction

One of common methods of fast neutron detection is based on elastic scattering of
neutrons by light nuclei. The scattering transfers some of the neutron kinetic energy
to the target nucleus, resulting in a recoil nucleus. Because the targets are always
light nuclei, this recoil nucleus behaves much like a proton or alpha particle as it
loses its energy in the detector medium. Devices based on such neutron interactions
are referred to as recoil detectors. Because the detector that we use contains
hydrogen as target nuclei, all further consideration will be referred to that unless
specified otherwise.
For a single scattering in hydrogen, the fraction of the incoming neutron energy
that is transferred to the recoil proton can range anywhere between zero and the full
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neutron energy. The scattering process, when the target nucleus is hydrogen, is also
isotropic in the center-of-mass coordinate system. The expected proton recoil energy
distribution is therefore a simple rectangle, extending from zero to full incident neutron energy. For that reason the response function of a detector based on hydrogen
scattering should have a correspondingly simple rectangular shape. However there is
a number of complicating factors that can distort this simple rectangular response.
In the case of an ideal, rectangular response function of the detector, the task of
deriving the incident neutron energy spectrum is particularly simple. In this case the
derivative of the spectrum of single neutron scattering with respect to the energy is
zero everywhere except at the maximum, where gives a narrow peak, the derivative
of the spectrum recorded from a complex source gives representation of the incident
neutron spectrum.
For a response function that is more complex (what is always the case), the
general techniques of deconvolution or unfolding must be applied. A necessary
input to all unfolding methods is an accurate knowledge of the detector response
fuction. Therefore, we decided to determine the detector response function by
the Monte Carlo MCNP-4A simulation code. Because the MCNP-4A simulation
code can be used only for neutron, electron and photon transport, the complete
determination of the detector response function is not possible. To do that, the use
of a Monte Carlo code that supports also the proton transport would be essential.
(We are planning to perform the proton transport by using the LAHET Monte Carlo
code developed at Los Alamos for applications in high energy physics.) The main
effort in the first phase of calculations was invested into determination of the energy
spectrum of (n,p) reactions in the gas, from which, using some assumptions about
n,p energy transfer and subsequent proton energy loss, the proton recoil response
function might be estimated.

2

MCNP model of the detector

In our calculations we were using an exact model of the proton recoil detector
LND 281 (2r = 36.5mm, h = 176, lmm), made by stainless steel walls (w = 0.8mm)
and filled with Hi gas at approx. 4 bars. iV2 and CH4 were added to reduce the
afterpulsing effect. To check the consistency of the results, we performed also some
calculations on some hypothetical models (e.g., very long or very big detectors,
detectors of different shape than original, detectors with empty walls).
The uniformly distributed and monoenergetic neutron source with kinetic energies ranging from 0.1 eV to 10 MeV was used in our calculations. The impact
direction of the parallel neutron beam was perpendicular to the main axes of the
detector. The strength of the source was normalized to be 1 neutron/cm2 • s.
The results we obtained by the Monte Carlo calculations came in the manner
of track length estimates of the cell flux. Combining them by the tally multiplier
card we were able to determine the (n,p) reaction rates. By choosing appropriate
multiplication factor, the results were adjusted to be presented as the reaction rate
density (in units of I/cm 3 • s) or as the reaction rate (in units of 1/s). All results in
this paper are presented as the reaction rate density.
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To determinate an up-scattering effect due to the thermal motion of gas molecules
the free-gas thermal temperature card was used. Because of possible multiple scattering effects, the use of the card for special treatments for tallies, which allows the
binning by a number of collisions, was essential.

3

Results

In our results we observed many effects that affect the response function of the
detector. Our observations were limited because we had no possiblity to follow the
transport of recoil protons. Therefore we managed to determine only those effects
that occur at the stage of neutron scattering by hydrogen nuclei and some other
effects that have an origin in nuclear reactions of the neutron beam passing through
the stainless steel walls of the detector.
First, we wanted to determine the ratio between the scattering by A^, which is
added due to reducing the afterpulsing effect and by H%, which is an active gas. We
established that the contribution of scattering of neutrons by N2 can be neglected because it is more than four orders of magnitude smaller than contribution
of that by Hi (figure 1).
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Figure 1: Comparison between the spectra of elastic scattering by JV2 and Hi nuclei.
Notice the raising of the reaction rate density due to elastic and resonance scattering
by nuclei in the wall. For an explanation see below.
The first step in our simulation was test of the uniform distribution of nuclear reactions of the type (n,p) through the detector. For this purpose we
calculated a neutron flux inside the detector separately in 18 rings of the 1 mm
width using the FS card - tally segmentation card. The results express good uniformity of reactions as it is seen from the figure 2.
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Figure 2: Uniformity of nuclear reactions of the type (n,p) in the gas for the incident
energy of nutrons 1 MeV. Notice the raising of the reaction rate density due to elastic
and resonance scattering by nuclei in the wall. For an explanation see below.
The next step was the parametric study of the (n,p) reaction spectrum
depending on the incident neutron energy. To perform this we run MCNP
calculations for different energies of the impact neutron beam, ranging from 1 eV to
10 MeV, with one decade step. Many effects (figure 3), in the sense of superimposing
functions to the rectangular spectrum, were observed. For that reason we decided
to work out them in details.
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Figure 3: Parametric study of the (n,p) reaction spectrum for various energies of
the impact neutron beam
The most important effect occurs because of the elastic scattering of neutrons by nuclei in the wall. It is observed as the raising of the reaction rate
density for the energies of neutrons that undergo scattering by gas nuclei (figure 4,
also figures 1, 2 and 3). The maximum fraction of the incoming neutron energy,
which can be delivered to a recoil nucleus in the wall, is transferred in the case of
head-on collision. That leads to the recoil in the same direction and resulting in the

134

Nuclear Energy in Central Europe, Fortorot, Slovenia, 11.-14. September 1995

0.01
O.0O1
*
—

S

Io
=

reconaace

etutic

tctneriag

scattering

in the walls

la the walls

0.0001
-

le-03
le-06
lc-07
no walls

le-08

-

ie-09
0.6
ineigy |McV|

Figure 4: Contribution to the neutron spectrum due to elastic scattering of neutrons
by detector wall nuclei
maximum possible recoil energy

In the case of stainless steel walls, where A « 56, the maximum fraction of energy
transfered from one neutron to one recoil nucleus in the wall (if we neglect multiple
scattering) is 0,07. This implies, that after traversing the wall the neutron spectrum
is not monoenergetic any more, but combination of the monoenergetic part, which
has not undergone scattering in the wall and approximate rectangular spectrum
spread between [1 — 4/1/(1 + A)2] • £,• ~ 0.93£?, and incident neutrons energy, E{.
Because of multiple scattering of neutrons in the wall, some additional superimposing
spectra to the pure neutron scattering by gas nuclei occur.
As well as the elastic scattering of neutrons, the resonance scattering of
neutrons by nuclei in the wall also plays an important role. This can be seen
from the figure 4 as the superimposed peak at approx. 150 keV to the rectangular
spectrum emerging from the elastic scattering by hydrogen.
Another important effect that occurs is the upscattering, clearly observed in our
spectra only for incident neutron energies below 1 eV. To confirm our hypothesis that
the upscattering plays a role, the parametric study of the (n,p) reaction spectrum
and neutron flux depending on the free gas temperature, was performed.
From the comparison of the neutron spectrum at 0 K and 300 K (figure 5), we
concluded that target velocities were sampled properly, according to the Maxwellian
distribution

where E is the energy of the target nuclei.
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Figure 5: Comparison of neutron flux in detector at 0 K and 300 K
Because a mean free path of neutrons in a gas is big compared to detector dimensions (few meters compared to few centimeters detector diameter) the multiple
scattering effects from the gas can be almost neglected (reaction density rates for
one, two and three times scattered neutrons by gas are 2,8-10~ 6 ,1,5-10~ 8 and 5,6l0~11cm~3s~1 respectively at the unit neutron flux, figure 6). Multiple scattering
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Figure 6: Neutron spectra for one, two and three times scattered neutrons in the
gas
therefore leads to just a small deviation (less than 0,5 %) raising from the increased
average pulse height and the changed expected response function by adding events
at large pulse heights at the expense of those at lower amplitudes.
Few effects like appearance of some resonances in ./V2 were observed in our spectra. But because of small share (less than 1 %) compared to the previously described
effects, they can be neglected completely in the overall detector response function.
As already mentioned, we were unfortunately limited to observation of only those
effects that occur at neutron scattering by atoms either in the gas or in the walls
of the detector. The most important effect we expect that would be observable in
the full treatment by the proton transport capable Monte Carlo code is so called
the wall or edge effect, which appears when the range of recoil protons is not
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small compared with detector dimensions. In this case the signal is shifted to an
energy lower than would normally have been observed and therefore also the response function is changed in the same manner. The effect is expected to become
important only for incident neutron energies greater than 0,5 MeV. Also some other
effects like nonlinearities between energy and ionization and so called tip effect due
to the curvature of the electric field lines at the point of discontinuity between the
field tube and anode wire remains the important complicating factors that should
be considered in the complete analysis of the detector response function.

4

Conclusion

By the use of the MCNP-4A Monte Carlo code we tried to determine those effects
that affect the response function of proton recoil detector up to the point where
transport of recoil protons starts playing the major role. We observed many effects
that distort an ideal rectangular shape of the proton recoil spectrum. Two most
important contributions come from the elastic as well as the resonance scattered
neutrons in the wall and upscattered neutrons (only for incident neutron energies
below 10 eV). We established that any kind of scattering of neutrons by 7V2 can be
completely neglected. The multiple scattering of neutrons either in the gas or in the
walls is negligible too.
The complete determination of the response function will be possible by the use
of LAHET Monte Carlo code, which we expect to receive it by the end of the next
month.
The response function of the proton recoil detector determined partially by the
MCNP-4A simulation code calculations and partially by the LAHET code is expected to be verified experimentally by the end of this year.
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Uncertainty analysis of pinwise power distribution of WER-440
assembly considering fabrication uncertainties

Lajos Korpas, Istvan Pos, Zsolt Szecsenyi
NPP PAKS P.O.B. 71
HUNGARY 7031
1. INTRODUCTION
The nuclear fuel management requires multi-level calculation to meet the demands
of proper fuel handling. In a simple way we can describe the whole process as follows.
The first level is the appropriate generation of few group constants, the second level is the
pinwise calculation and the third one is the calculation of corewise and assemblywise
characteristics of the core. Every level is loaded with errors. These errors come from
different sources and the impact of these errors on the precision of calculations could be
very remarkable. In this article the effect of fabrication uncertainties on pinwise power
distribution is investigated.
This kind of analysis is very important because the calculation of pinwise power
distribution in WER-440 assemblies is weakly supported by adequate benchmark
experiments. To make the situation more comfortable if we have a well tested, correct
pinwise code and information corresponding to the uncertainties of fabrication parameters,
an uncertainty analysis could be accomplished.
2. ANALYZED FABRICATION UNCERTAINTY PARAMETERS
All important technical parameters were chosen for investigation. These are the following:
-pellet outer diameter
-fuel outer diameter
-fuel density
-fuel enrichment
-mesh distance
-pin position in the ceE.
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The necessary fabrication statistics were provided by (Ref.:2). These statistics include
histograms or fabrication errors of parameters. From these statistic we were able to
determine correct probability density functions of uncertainty parameters and their nominal
values. If we had histograms of any parameter then the discreet probability density
function was taken. In the last third cases just the fabrication errors were at our disposal.
In these cases normal distributions were applied with appropriate standard deviations.
3. THE BRIEF DESCRIPTION OF MICROBI CODE
The work was done with two codes the name of which are HELIOS (Ref.:l) and
MICROBI (Ref: 3). The brief description of MICROBI is as following:
The equation of MICROBI suitable for the determination of pinwise distribution is a
thermal neutron diffusion equation the source term of which is derivable from fast flux
distribution. The equation is solved on a so called 'super assembly* territory.
3.1

-AD'O'+ZJO'-S/D'

D' -thermal diffusion coefficient ,<t>1 thermal flux, IJ thermal total cross section,
I.s - scattering cross section, <Dr fast flux
The 'super assembly1 contains the calculated assembly and one third part of surrounding
assemblies. All together the solution is performed on a territory of three assemblies. On
the border mirror boundary condition were applied. For simplicity the following
abbreviation is used.
M<D' = S,O y

3.2

The solution of equation 3.2 means the determination of thermal flux. With the utilization
of thermal flux the definition of pinwise power distribution is the following.

3.3

kjk
J-1.K

"L'f4 thermal fission cross section at i - th position, "Lff{ fast fission cross section at i - th position
N - number of pins
4. TWO GROUP CONSTANT LIBRARY GENERATION
The generation of two group constants for our pinwise code MICROBI was performed by
HELIOS neutron transport code. The arbitrary chosen two dimensional geometry can be
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treated by this code, so we used the complete WER-440 assembly geometry during two
group pin cell constants calculation. The above mentioned six fabrication parameters are
represented by a six-dimensional space. On every axis of this space an interval represents
the fabrication parameter uncertainty range. This interval are subdivided into sub-intervals.
The actual few group constants calculations were carried out in the mesh points of this
space. Of course not all pin cells have individual characteristic so only five differential type
pin cells were calculated (guide tube cell, water gap cell, corner pin cell, side pin cell and
inner phi cell.)
5. MICROBI HELIOS COMPARISON
PIN POWER DIFFERENCES BETWEEN MICROBI AND HELIOS

.6
.4 .3 .2 .3 .4 .6
- . 1 .0 - . 1 - . 1 .0 -.1 .4
.3 .0 .3 .3 .2 .3 .3 .0 .3
.2 - . 1 .3 .2 .!
.1 .2 .3 -.1 .2
.3 - , 1 .2 .1 - . 2 -.4 - . 2 .1 .2 - . 1 .3
.4
.0 .3 .1 -.4 -2.4 -2.4 -.4 .1 .3 .0 .4
-.1
.3 .2 - . 2 -2.4 .0 -2.4 - . 2 .2 .3 - . 1
.4
.0 .3 .1 -.4 -2.4 -2.4 -.4 .1 .3 .0 .4
.3 - . 1 .2 .1 - . 2 -.4 - . 2 .1 .2 - . 1 .3
.2 - . 1 .3 .2 .1 .1 .2 .3 - . 1 .2
.3
.0 .3 .3 .2 .3 .3 .0 .3
.4 - . 1 .0 -.1 - . 1 .0 -.1 .4
.6
.4 .3 .2 .3 .4 .6
.4

The applicability of our simple pin
power calculation code MICROBI
required
to
determine
its
correctness. The most simple way
of this analysis was a direct
comparison between MICROBI
and
HELIOS
pin
power
distributions. The pin power
differences which were received as
the results of mentioned two codes
are shown by table 1. The chosen
case was when each observed pins
contained equal 3.6% enriched fuel.

MICROBI-HEUOS (%)

table 1
6. THE DETERMINATION OF SENSITIVITY COEFFICIENTS
The previously described model gives the thermal flux distribution as a result. The pinwise
power distribution is a function on the field of thermal and fast flux, as we can see from
definition 3.3.
If we want to know the sensitivity of this type of functional against input modification the
most straightforward and fastest method is the application of General Perturbation Theory
(Ref :4) (in abbreviation GPT). The advantage of GPT in numbers is the following. In our
case the input parameters are coefficients appearing in eq. 3.1, and def. 3.3. These
coefficients are distributed in three groups. The first group contains two group constants
the second mesh distance and the third fast fluxes coming from three dimensional
simulator codes. Taking into account the applied model this means 2785 input data. In
direct way this means 2785 independent calculation to determine the impact of input
modification on a chosen pin power. With the application of GPT we have to carry out
just two micro type calculation to get the sensitivity coefficients of a chosen pin power.
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With 15 important positions this is summed up to 30 calculations. The differences between
30 and 2785 calculations is quite remarkable.
7. APPLICATION OF GPT
First an additional function is created. This functional consist of die def 3.3 functional
and the constraints multiplied by Lagrangian coefficients. The constraints are the eq. 3.2
and the constraint for normalization.
7.1

F= k

After performing the variation with respect to thermal flux and taking the variation zero
we get the following equation.

It is easy to show that in the case of the chosen functional the coefficient a is zero. So the
equation to solve is the following.
7.3

MT

^

The eq. 7.3 is almost the same as 3.2. The only difference is that 7.3 contains the adjoint
operator M*, and the source term has a peak on the place of the investigated pin.
After the solution of eq. 7.3 F is substituted into expression 7.1. It is easy to show that
derivation of original functional and the additional functional with respect to the input
parameter is the same (Ref.: 4).

Fig. 1 and fig. 2 show the behavior of —— and —V. respectively. In each cases the
d"L>a
dD>
chosen pin was at corner point. It is represented by index /.The other pins and their cross
sections are represented by indexy.
With the help of expression 7.4 the effect of variation of input parameters on pin power is
easy to take into account. As the uncertainty in fabrication parameters cause small
uncertainties in cross-section parameters the effect can be calculated in the following way.
7.5

Ak'=—k'AZ
" dS "
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Rg. 1.

Upper view of fig. 1.

super assembly territory

Fig. 2.

Upper view of fig. 2.

super assembly territory
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8. MONTE CARLO SIMULATION .RESULTS
The solution territory consists of 463 points representing pin cells. At each point a
Monte Carlo type calculation was done to get a sample from pin cells using a multi
variable probability density function. For the chosen state of pin cell the two group
constants were determined from previous HELIOS calculations. The impact of the
deviations of this cross-sections from nominal ones at chosen pin cell power were
calculated by GPT
calculation. This type
random and independent choice of discreet
of calculation was
values of technical uncertainty parameters
at each pin cells using their multi variable
repeated 1 million
probability density
times. The results of
calculations,
the
deviations
of pin
power
from
nominal
determination of two group constants at each
values,
were
filed
up in
pin cells taking into the consideration their
histograms. To check
real technical parameter values from two
group constant library performed HELIOS
the goodness of 1
million calculations 5
million
calculation
were also carried out.
The
difference
application of GPT to calculate delta pin
power at chosen pin cell position using
between the shape of
equation (7.5)
histograms of 1 and 5
million calculation is
not considerable so it
was
concluded
1
million
calculation
is
collection the number of pin power deviation
enough.
Short
whose value are within the appointed
description of the
intervals
applied method is
shown by figure 4.
The result of Monte
noui «imnl!.tinn?
Carlo simulation gave
the exact distribution
of pin powers around
their
nominal values at
end
any pin cell position.
fig. 3.
The calculations were
performed for 15 pins
in different positions. The results at corner, side and inner pin cell position are shown by
figure 5,6,7.
After analysis of these distributions we can determine the engineering factor taking into
account the fabrication uncertainties. The final conclusions relating to engineering factor
are to be drawn in future publications.
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9. CONCLUSION
An effective method is given for estimation of pin power uncertainty caused by fabrication
parameter uncertainty. The different part of the method is well tested. It was shown that
the handling of the problem in this way easily reproducible in the case of modification of
uncertainty of fabrication parameters. The final conclusion concerning the engineering
factor is to be given later. Probably it requires the thermal hydraulic investigation of the
problem.
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A sensitive detector to prevent smuggling
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TSA Systems Ltd, Longmont, CO, USA

ABSTRACT - A drive through detector systems using four plastic scintillators and
associated electronics for the detections of small amounts or uranium or plutonium in cars
is described. The system has been calibrated with various sample of special nuclear
material and the lower detection limits are presented.

1. Introduction
Since the desintegration of the Soviet Union, an increasing number of cases of illicit
trafficking of nuclear material has been observed. Table 1 lists the incidents by country
since 1993 while table 2 shows the involved materials. How much the international
community has been concerned by theses incidents is shown by the fact that at the 38.
General Conference of the IAEA in September 1994 a resolution was adopted " to intensify
the IAEA's activities in this area to prepare proposals in consultation with experts and
international organisations to be submitted to the IAEA Board of Governors not later than
March 1995". This expert meeting took place at the IAEA Headquarters in Vienna on Nov.
2/3. 1994 [1].
During the same period a very sensitive monitor to detect illicit trafficking of nuclear
material in luggage or cars was set up for calibration and demonstration at the Atominstitut
Wien. The results of the calibration procedure with UO 2 - and PuO2- standards is
summarized below.

2. The detector system
The monitor system is available in the USA through the TSA company [2] and was
originally designed to monitor traffic out of weapon production facilities. It consists of two
waterproof pillars about 3 m high and up to 10 m apart. Each pillar contains two
6"x31"xl,5" organic plastic scintillation detectors and additional signal processing
electronics (Fig. 1). The monitor is especially designed for applications where relatively
low energy emissions from U-235 and Pu-239 are the main concern. Any other radioactive
material (Cs-137, Co-60 etc.) can be detected as well. The position of the pillars can be
adapted for one way car traffic or for two way truck traffic. Another application is to
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monitor luggage of inbound and outbound air passengers. In this case, the sensitivity is
even higher due to reduced possibility of shielding.
The system is provided with various alarm settings which can also trigger an alarm
remotely to protect duty officers. An additional feature which can be installed inside the
pillars is a miniature video- or photosystem to document the vehicle or passenger when an
alaram is triggered.

3. Calibration
The detector system has been calibrated at the Atominstitut with reactor grade PuO2
standards supplied by the IAEA, further with UO2 pellets seized by Austrian authorities at
an actual smuggling attempt and with short LWR fuel rods with different enrichment. The
specifications of the samples are listed in table 3. During the calibrations the following
parameters were varied:
- transport mode (pedestrian, car, truck)
- transport height (50 cm, 200 cm)
- transport speed through monitor (5 km/h, 20 km/h)
- type and quantity of material (UO2, PUO2)
- shielding of material (none, lead, paraffin, cadmium)
The most interesting results of these investigations are summarized below:
PuO2(g)
0.5
1. Walk through with suitcase
0.5
2. Suit case in car, 5 km/h
3. Suit case in car, 20 km/h
0.5
4. 5 cm lead in car, 5 km/h
5. 2,5 cm paraffin in car, 5 km/h --11
6. 2,5 cm paraffin + 0,5 cm Cd
in car at 5 km/h
1
7. suit case in truck, 5 km/h
0.5
8. suit case in truck, 20 km/h
0.5
9. 5 cm lead in truck, 5 km/h
3
10. 2,5 cm paraffin in truck, 5 km/h 0.5
11. 2,5 paraffin + 0.5 cm Cd in truck
2
at 5 km/h

U-235 (g)

Fuel Rods
(U-235 g)

8
8
8
59
24

3.2
6.5
6.5
not tested
10

24
16
41
59
24

10
10
not tested
not tested
10

24

10

4. Summary
The efficiency of a vehicle monitors was tested using UO2 and PuO2 standards as well
as short fuel rods. It was shown that the monitor is extremely efficient to prevent illicit
trafficking of nuclear material.

Nuclear Energy in Central Europe, Portoroi, Slovenia, 11.-14. September 1995

149

monitor luggage of inbound and outbound air passengers. In this case, the sensitivity is
even higher due to reduced possibility of shielding.
The system is provided with various alarm settings which can also trigger an alarm
remotely to protect duty officers. An additional feature which can be installed inside the
pillars is a miniature video- or photosystem to document the vehicle or passenger when an
alaram is triggered.

3. Calibration
The detector system has been calibrated at the Atominstitut with reactor grade PuO2
standards supplied by the IAEA, further with UO 2 pellets seized by Austrian authorities at
an actual smuggling attempt and with short LWR fuel rods with different enrichment. The
specifications of the samples are listed in table 3. During the calibrations the following
parameters were varied:
- transport mode (pedestrian, car, truck)
- transport height (50 cm, 200 cm)
- transport speed through monitor (5 km/h, 20 km/h)
- type and quantity of material UO 2 , PuO2)
- shielding of material (none, lead, paraffin, cadmium)
The most interesting results of these investigations are summarized below:
PuO 2 (g)

0.5
1. Walk through with suitcase
0.5
2. Suit case in car, 5 km/h
0.5
3. Suit case in car, 20 km/h
~5
4. 5 cm lead in car, 5 km/h
5. 2,5 cm paraffin in car, 5 km/h --11
6. 2,5 cm paraffin + 0,5 cm Cd
in car at 5 km/h
1
0.5
7. suit case in truck, 5 km/h
0.5
8. suit case in truck, 20 km/h
9. 5 cm lead in truck, 5 km/h
3
10. 2,5 cm paraffin in truck, 5 km/h
0.5
11. 2,5 paraffin + 0.5 cm Cd in truck
at 5 km/h
2

U-235 (g)

8
8
8
59
24
24
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24
24

Fuel Rods
(U-235 g)

3.2
6.5
6.5
not tested

10
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4. Summary
The efficiency of a vehicle monitors was tested using UO2 and PuO2 standards as well
as short fuel rods. It was shown that the monitor is extremely efficient to prevent illicit
trafficking of nuclear material.
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Fig. 1. Schematic view of the detector system

Table 1: Summary of the countries in which the incidents occurred:
Bulgaria
Estonia
Germany
Hungary
Poland

1
1
4
1
1

Romania
Russia
Slovak Rep.
Switzerland
Turkey

3
1
2
3
3
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Table 2: Material involved in the incidents reported in the media as:
High enriched uranium
Plutonium/MOX
Low enriched uranium
Natural uranium
Depleted uranium
Pu (smoke detector)

4
3
6
6
1
1

Table 3: Characterization of samples used for calibration
PuO 2 (Puw% 86.95)
Isotope

PuO2 (g)

Pu (%)

238
239
240
241
242

0.4764
0.9901
1.9759
11.3869
11.3239

0.381
75.62
15.88
7.02
1.10

UO2 (g)

U-235 (g)

UO2
Fuel rod
No
No
No

27 (1,4%)
46 (1,4%)
60 (1,4%)

233.77
233.70
233.52

3.27
3.27
3.27

Pellets
Natural uranium
2.4% enriched
4.4% enriched
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1101
836
1209

7.8
17.7
46.8
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DEVELOPMENT OF IRRADIATION FACILITY
FOR BNCT TREATMENT OF TUMORS
AT THE US TRIGA RESEARCH REACTOR
Marko Maucec, Bogdan Glumac, Robert Jeraj
"Jozef Stefan" Institute, Reactor Physics Division

Boron Neutron Capture Therapy (BNCT) is a potentially powerful tool, offering the possibility of
various forms of cancer treatment, and is believed to be one of the most promising methods of
cancer radio therapy in the future. The method is particularly suitable for tumors which resist more
conventional methods such as surgery, X-rays and chemotherapy.
The development of the efficient irradiation facility at US TRIGA research reactor, using Monte
Carlo simulation code MCNP4A is presented in this contribution.
A simple spherical reactor, filled with homogenized fuel mixture proved to be quite useful for the
purpose of optimizing the filters of the irradiation facility. But for the determination of the complete
dose rate at the irradiation point, the activation of particular parts and materials of the facility, fast
neutron leakage rate and evaluation of the influence of the collimator, we developed the complete
Monte Carlo model with all the details about the reactor core, graphite reflector and particularly the
irradiation channel.
Boron Neutron Capture Therapy (BNCT) je ena izmed najbolj obetavnih metod zdravljenja
rakastih obolenj. Najvecjo prednost ima pri zdravljenju tumorjev, pri katerih je uporaba
konvencionalnih metod zdravljenja, kot so kirurski posegi, uporaba rentgenskih zarkov in
kemoterapija, manj uspesna.
V prispevku bo predstavljen razvoj obsevalne naprave (obsevalnega kanala) na raziskovalnem
reaktorju TRIGA na US, z uporabo Monte Carlo simulacijskega programa MCNP4A.
Enostavni krogelni reaktor, napolnjen s homogeno mesanico goriva se je izkazal za zelo
koristnega pri optimiziranju sestave in dolzine filtrov v obsevalnem kanalu. Vendar smo za dolocitev
dozne porazdelitve na obsevalnem mestu, aktivacije posameznih materialov, deleza pobega hitrih
nevtronov ter vpliva kolimalorja razvili popolni Monte Carlo model, ki vkljucuje vecino podrobnosti
sredice, grafitnega reflektorja ter obsevalnega kanala.

1. Introduction
Boron Neutron Capture Therapy (BNCT) is radiation treatment that offers the potential of
a highly selective effect of radiation - alpha particles - while sparing normal tissues. It brings
together two components that when kept separate have only minor effects on normal cells. The
first component is a stable isotope of boron that can be concentrated in tumor cells. The
second is a beam of low-energy neutrons that produces short range radiation when absorbed or
captured by boron nuclei. The combination of these two conditions at the site of the tumor
releases intense radiation that destroys malignant tissues.
The central feature of effective BNCT is the selective delivery of a drug containing the
stable, naturally occurring isotope boron-10 into the tumor. As the tumor is irradiated with the
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low energy neutrons (epithermal neutrons become thermalized), there is a higher likelihood of
the boron-10 nucleus absorbing them than that of the nucleus of the any other element
normally present in tissues. The boron nucleus becomes unstable and immediately splits into
two recoiling ionizing particles, an alpha particle (i.e. helium nucleus) and a lithium nucleus:
n

+

10B

->

"B*

->

4

He

+

7

Li

+

y

These products of the BNCT reaction 10B(n, a)7Li are of short range (alpha particles have a
pathlength of about one cell diameter, which is arround 10 nm) and are confined to the
immediate vicinity of the boron containing compound which, hopefully, should be concentrated
in the tumor.
A major appeal of BNCT is that lithium-7 nuclei and energetic alpha particles are produced
by fission reaction following the neutron capture. These heavy particles which carry 2.79 MeV
of energy, have very high ionization density. Another advantage of alpha particles is that they
can affect dividing and nondividing tumor cells alike - tumors are known to have a large
number of viable but inactive cells. Other forms of radiation treatment and chemotherapy tend
to work best only on the cells that are dividing.
These characteristics make BNCT a theoretically ideal system for the destruction of malignant
cells.

2. Epithermal channel design
The efficient irradiation facility for boron neutron capture therapy (BNCT) consists of
following main parts:
•
•
•

appropriate (epi)-thermal filter which enhances thermal and epithermal neutron flux on one
side and suppresses the fast neutrons on the other side,
gamma filter which minimizes the amount of gamma radiation at the irradiation point
(mostly hard gamma radiation with energies above 10 MeV is particularly considered),
collimator which is used optional mostly for beam shaping when small irradiation areas are
desired (brain tumors).

There are four operating epithermal neutron beams in the world at this moment: at the
Brookhaven Medical Research Reactor of the BNL, USA, the Massachusets Institute of
Technology Reactor, USA, Musashi Institute of Technology, Japan and the reactor at Petten,
Netherlands.
It has been reported that a satisfactory thermal/epithermal neutron beam could be designed
at a TRIGA research reactors. These reactors are generally considered as quite safe, also for
installing and operating in populated areas. Therefore decision has been made that similar
epithermal beam could be developed at US TRIGA Mark-II research reactor, also. The
Slovenian BNCT project was approved in January 1994, and is financed by the Ministry of the
Science and Technology.

2.1. Model of spherical reactor with homogenized core
The first step of the development was the study of appropriate configuration of
thermal/epithermal neutron and gamma filter using Monte Carlo simulation code MCNP4A. As
emerging point for calculation we decided to use a simple spherical reactor, filled with
homogenized mixture of materials contained in TRIGA fuel unit cell. Dimensions of the sphere
were picked out in such manner that the bare sphere was approximately critical (k<.ff was
1.011). Particular filter configurations were simply arranged as concentric spheres. We did not
include the graphite reflector around the fuel sphere, because in the filter calculations we need
the 'proper reactor spectrum" and not the spectrum additionally moderated in the graphite
reflector blanket. The radial channel, where the irradiation facility is going to be installed,
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leads right through the graphite, so the assumption mentioned above is quite acceptable in the
first approximation.

2.1.1. Selecting the best spectrum shifter material
It is obvious that this model did not have much in common with the real TRIGA reactor
from the geometrical point of view, but rather for defining neutron source for the filter
configuration optimization. It was quite suitable, because it provided very good statistics and
reasonable computing times (estimated tally relative errors were approximately less than 1%,
and computer times used varied around 350 minutes).
Because of simplicity of proposed configuration we were allowed to use criticality calculation
which provide the most reliable reactor spectra calculation. Computing procedure for criticality
calculation integrated in the MCNP4A (KCODE) is sophisticated and developed to that level,
that we do not have to concern with complicated variance reduction technique and still obtain
statistically acceptable results.
We performed an extensive number of parametric studies, and calculated the neutron and
gamma spectra for different combinations of neutron epithermal and gamma filters. We altered
the length of the scaterrer and particular filter elements, and the density of the used alumina.
With reference to the density of AI2O3, which is approximately 1.5 g/cm3 it has to be
emphasized that this value could be raised up to the value of 3.9 g/cm3, if alumina sand is
sintered. This density was found to be almost ideal for epithermal filter (shifter of neutrons
from fast to epithermal energies - Fig. 1).
>«clf« «l«i<t«<l by Utharoy - « w . t AL2O3 ( ) . « «/<*3)

Fig. 1 Neutron spectra divided by lethargy: used
40 cm of alumina with density 3.9 g/cm3
for epithermal
filter

M«utr«A aptctri 0lvl««d by U t t W f y - 1.5 ca OM*M C* AI»>.20 Ca Pb

Fig. 2 Neutron spectra divided by lethargy: used
combination of 1.5 cm of D2O, 55 cm
of alumina and 20 cm of Pb

But unfortunately, the procedure of sintering is quite expensive (special tools would have to
be machined), so we preferably used an alternative of keeping the density of AJ2O3 around 2.0
g/cm3 (with pressing it into compact cylindrical tablet), and increasing the length of the
spectrum shifter.
Considering technical and financial feasibility we decided to adopt two different combinations
of epithermal column, described below (values in parenthesis present intervals within which we
altered the length of elements):
•
•
•

a thin layer of D2O used as the scatterer at the beginning of the irradiation channel
(0.5 - 2.0 cm),
a rather thick layer of alumina (AI2O3) destined for the epithermal filter (40 - 60 cm),
a layer of Bi or Pb used as a gamma filter (10 - 25 cm).

y
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Calculated spectra for combination which showed out as the most appropriate (1.5 cm D2O, 55
cm AI2O3, 20 cm Pb) are presented on Fig. 2.
The second composition was slightly different and was based on a model, developed for the
proposed 300 kW slab TRIGA reactor in a Brookhaven National Laboratory [10):
• a layer of Al (20 - 40 cm),
• a layer of alumina (AI2O3) (40 - 90 cm),
• a very thin layer of Cd, used to cut off the thermal neutrons (0.05 cm),
• a layer of Pb (gamma filter) (10 - 20 cm).
It is obvious that the main scope of our modeling work was to find the configuration with the
highest level of shifting the neutrons from fast to epithermal energies and the minimum
gamma ray portion. On the other hand, the requirement of as low as possible attenuation of
neutron flux after traversing the filters, was also quite important.
After analyzing the results we are in a position to confirm, that the most appropriate
configuration of the irradiation facility for the BNCT at our reactor would be composed of:
•
•
•
•
•

1.5 cm of D 2 O,
40 cm of Al,
80 cm of alumina with density 2.0 g/cm3 (or 40 cm with density 3.9 g/cm3, if sintered),
0.05 cm of Cd,
15 cm of Pb.

Neutron and gamma spectra calculated using above configuration are presented on Fig. 3 and
Fig. 4, respectively.
utro* «p«ctri «(<rtd«0 by l«trur«y - 40 ca or AI3OJ (2,0 o/cal)

Fig. 3 Neutron spectra divided by lethargy: used
40 cm of alumina with density 2.0 g/cm3
for epilhermal filter

Fig. 4 Photon spectra before and after traversing
gamma filter: 15 cm of lead (Pb)

This configuration gives very good results in minimizing the fast neutron flux, and shifting it
to the lower, epithermal energies (between 1 eV and 10 keV), what was our intention. It also
cuts off successfully the thermal neutrons and minimizes the gamma flux to almost zero.
Comparing to 'reference spectrum" on Fig. 1, we can conclude that this configuration is rather
less successful in minimizing the fast neutron flux, and the attenuation is higher.
Effect of cutting-off thermal neutrons using additional layer of Cd (0.05 cm) is quite
evident, when comparing Figures 2 and 3.
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2.2. Source intensity normalization:
Spectra (neutron and gamma) that MCNP4A calculates during tallying are obtained in
relative units - they are normalized to one source particle (neutron, photon). This is good
enough for presenting the energy distribution, but for creating the real picture of flux
intensities in particular tally energy bin, we have to multiply the ratio in every bin with correct
multiplication factor (constant) which represents the average number of neutrons born in the
core during one fission. Considering that the maximum operating power of US TRIGA reactor
is 250 kW, and that 193 MeV of energy is released during each fission of 235 U and that
approximately 2.53 new neutrons emerge from it, the average number of neutrons beeing bom
in the TRIGA reactor core is 1.874-1016. We simply multiply the neutron flux densities in each
energy bin with that constant, using one of MCNP input options. Now all the neutron spectra
calculated are presented in appropriate flux units (neutrons/cm2sec).
It was not necessary to repeat the procedure with photon tallies, because we do not need
the actual number of photons at the irradiation port, but only the energy distribution which
has to be minimized.

2.3. Cylindrical model of the reactor core and dehomogenisation of the core
It is obvious that spherical reactor is only idealization of the real reactor core, which is
cylindrical. So, transition of the spherical reactor to the cylindrical model had to be performed.
First we modeled the core in shape of cylinder filled with homogenized mixture, exactly the
same as in the case of sphere.
The next step was dehomogenisation of the core: it was divided into a five concentric
cylinders B, C, D, E and F. Every ring is filled with homogenized mixture, according to the
elements (fuel or control rods) positioned in it. Considering previous reports about the neutron
spectra at the most outer radius of the core, it can be seen that the ring F is the one which
affects the shape of the spectrum the most, so it's mixture has to be calculated very precisely.
The comparison between the spectra calculated with homogenized and dehomogenized cylindrical
core is presented on Fig. 5.
Hcwtron tptctra divided by l*th»rgv - tto

Fig. 5 Neutron spectra divided by lethargy: comparison between used
homogenized and dehomogenized model of the reactor core

Surprisingly, the difference between the spectra is more or less negligible and almost in the
interval of statistical uncertainty.
In spite of this quite good agreement of the spectra, we preferred to use dehomogenized
core model in our further calculations.

Nuclear Energy in Central Europe, Portorot, Slovenia, 11,-14. September 1995

157

3. The complex model of the TRIGA reactor with radial irradiation
channel
As already mentioned, the spherical model was quite useful for the purpose of optimizing
the filters of the irradiation facility. But, on the other hand, this model is inconvenient for
determination of the complete dose rate at the irradiation point, the activation of particular
parts and materials of the facility, fast neutron leakage rate, evaluation of the influence of
the collimator and so on.
For this purpose we developed the complete Monte Carlo model, where we considered all
the most important details about the reactor core, graphite reflector, thermal and thermalizing
column and all irradiation channels engaged at TRIGA reactor. We focused a particular
attention on the radial channel, which leads through the graphite reflector, right to the F ring
of the core, and where the irradiation facility will be inserted. The model shown from the
different perspectives and cutting planes is presented on Figures 6a and 6b.

a.)

b.)
Fig. 6: a detailed model of US TRIGA research reactor presented from different
perspectives:
a.) view from the top, with tangential and radial channels,
b.) view from the side

158

Nuclear Energy in Central Europe, Portoroi, Slovenia, 11.-14. September 1995

Considering technical feasibility and particularly safety requirements, we prepared the final
shape of the epithermal part of the irradiation facility:
•
•

30 cm of Al and 40 cm of AI2O3 joined together in one piece,
30 cm of A12O3 with 0.05 cm of Cd foil,
All the elements stated above are in the shape of cylinder, with the diameter of 136.2 mm.
Alumina (AJ2O3) was compressed to the final density of 2.3 g/cm3. Cylinders are inserted in
the Al tubes with inner diameter of 139 mm and thickness of walls 2 mm. The gap between
the alumina cylinder and the Al cylinder walls, which is 1.4 mm thin, is filled with Alurud
PKB sand with density of 3.97 g/cm3. At front and back side of described element there is
24 mm plate of Al with the appropriate hole for pull-out equipment in the front, and
additional AJ pin in the back, which fills the hole when element is inserted in the channel,
and provides for homogeneous traveling path (without air gaps) to the neutrons. All the
elements are equipped with six small wheels made from stainless steel, to enable unrestrained
transport through the channel.
The gamma filter which is 15 cm long and made of one piece of Pb, is made in exactly
the same way as epithermal filters.
We adopted three small changes in combination proposed in Section 2.1.1:
•
•

•

we left out 1.5 cm of D2O.
the cumulative length of A^C^ is not 80 but 70 cm. We are able to elaborate pressed
alumina cylinders with density of 2.3 g/cm3 and there is no need to keep the length 80 cm
and we can decrease it on 70 cm. Shorter alumina filter provides lower attenuation of
neutron flux.
the length of Al filter is reduced to 30 cm, because the pins at the front and the back of
the filter elements contribute additional 14.4 cm of Al.

Calculated neutron and gamma spectra for described epithermal column incorporated in detailed
TRIGA reactor model, are presented on Figures 7 and 8, respectively.

Fig. 7 Neutron spectra divided by lethargy obtained
using detailed TRIGA reactor model, with
70 cm of alumina (density: 2.3 g/cm3) for
the epithermal filter

Fig. 8

Photon spectra calculated using detailed
TRIG A reactor model, with 15 cm of
lead for gamma filler

Analyzing the results we can determine, that this column provides very successful shifting of
neutron spectra to the epithermal energies, and decreasing of fast neutrons (estimated tally
relative error is 4.6%).
Unfortunately rather high attenuation is observed: almost five orders of magnitude. 15 cm of
Pb is also quite efficient in minimizing the gamma flux at the irrradiation point.
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4. Conclusion
The first theoretical results presented in this contribution show that modeled irradiation
epithermal facility at the US TRIGA reactor produces good epithermal neutron spectrum, with
extensive decrease of fast neutrons, and minimized gamma irradiation. We hope that, when
finished, it could present the efficient source of epithermal neutrons for malignant tumors
treatment. But, unfortunately, the suitable shape of neutron and gamma spectra is not good
enough for successful treatment - high enough level of neutron flux at the irradiation point
is also one of the most important facts: higher the flux, shorter are the irradiation times to
get the same effect in the tumor (it is also of crucial importance for the patient, because of
demand for the lowest possible absorbed dose in the healthy tissue), Japanese experience shows
that the 'feye dose", "total body dose", and 'except-head dose" should be less than 200, 100
and 50 RBE-cGy, respectively. The thermal neutron fluence at the tumor position (approx. 5
cm from the surface) should be over 2.5xlO12 n/cm2 in the 'Irradiation time" [1]. According to
their results, the distance from the core to the irradiation point is a very important factor to
design a neutron irradiation field for BNCT. We can get acceptable dose with only 1 hour
irradiation by using a 100 kW reactor if we can get the irradiation port at the distance of 120
cm from the core side.
In our case the maximum power of TRIGA reactor is 250 kW, but on the other side the
irradiation point is almost 360 cm from the core. So, unfortunately the irradiation times would
probably be much longer than one hour, but the exact numbers will be available after first
experiments.
Nevertheless, the irradiation channel can of course be used for '\n vitro" studies: boronated
malignant tissue will be inserted into the channel, where fluxes are much higher.
Since detailed geometry model of the reactor is already prepared, the focal point of our
future work will be searching for suitable and efficient variance reduction techniques, necessary
for successful calculations on geometrically demanding Monte Carlo models.
The applicability of developed TRIGA geometrical model would not be only for the purpose
of BNCT, but also for the Prompt Neutron Gamma Activation Analysis (PNGAA), Proton
Recoil Spectrometry and many other activities.
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Characterization of the Ljubljana TRIGA
Thermal Column Neutron Radiographic Facility
T. Nemec, J. J. Rant, E. Kristof and B. Glumac
J.Stefan Institute, P.O.B. 100, 61111 Ljubljana, Slovenia

An extensive characterization of the neutron beam of the existing neutron ra.diogra.phic
facility in the thermal column of the Ljubljana Triga Mark II research reactor is in progress.
Neutron beam characteristics are needed to determine the effect of various neutron and
gamma radiation on the neutron radiographic image. Commercially available medical scintillator converter screens based on Gd dioxysulphite as well as Gd metal neutron converters
are used to record neutron radiographic image. Thermal, epithermal and fast neutron fluxes
were measured using Au and In activation detectors and cadmium ratio is determined. Neutron beam flux profiles are measured by Him densitometry and by Au activation detector
wires. By exposing films .shielded by boral or lead plates individual contributions of thermal,
epithermal neutrons and gamma radiation are estimated by densitometric measurements. By
recording images of neutron image quality indicators BPI (Beam Purity Indicator) and SI
(Sensitivity Indicator) produced by Ris0, standard neutron radiography image characteristics
are established. In gamma dosimetric measurements thermoluminescent detectors (CaF2-Mn)
are used.

Introduction
At the J. Stefan Institute all activities in neutron radiography are carried out on
''the thermal column of the 250 kW Triga Mark II research reactor. Activities in
the field of neutron radiography performed on the thermal column have previously
teen reviewed [1]. Problems studied in the past comprise neutron defectoscopy, study
of basic imaging properties, image enhancement by sparking techniques, inspection
of TRIGA fuel, applications in metallurgy and inspections in aviation and metal
industries. Neutron radiographic facility was constructed on thermal column in
1974 and has been improved in 1995. Present activities to utilize thermal column
neutron radiographic facility are inspections of archaeological objects [2], quantitative
measurement of moisture and hydrogenous matter in building material [3] and
defectoscopic examinations of plastic [4] and ceramic samples. New techniques are
introduced, among them computed neutron tomography by cooled CCD camera
and neutron radiography imaging by cooled scintillator screen-film combinations.
Some experiments in flash neutron radiography have also been done. An accurate
characterization of neutron beam is essential for the experiments in quantitative
neutron radiography.
A neutron radiographic image is a shadowgraph of the object, obtained by the
transmitted neutron beam. Thermal neutrons are absorbed and scattered in object
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and image of the attenuated neutron beam is recorded on the film by thermal
neutron converter such as gadolinium metal foil. Image is a sum of contributions
of transmitted thermal neutrons, neutrons scattered in the object and surroundings
and epithermal neutrons as well as background gamma radiation. Gd metal converter
screen is sensitive to thermal neutrons a.nd less to epithermal neutrons. In quantitative
neutron radiography using direct imaging techniques, it is important to estimate the
contributions of various neutron beam components to the response of imaging detection
system.
In this paper the measurement and the results of the neutron beam characteristics
will be discussed. The aim of characterization of the neutron beam was to determine
the neutron beam quality and to evaluate the individual contributions of the thermal
and scattered neutron and gamma radiation to the radiographic image.
A schematical outlay of the thermal column neutron radiographic facility is
presented in Figure 1 and geometric characteristics of the facility are collected in Table
1. A new set-up of the neutron radiographic facility was done in May 1995 and a new
irradiation table introduced so the shielding had to be rearranged. Shielding was done
by 30 cm borated paraffin and heavy concrete blocks and neutron and gamma doses
in the irradiation area as well as in the surroundings were measured. Characteristic of
this set-up is a rather easy-access to the irradiation position, enough working space on
the irradiation table and low enough radiation field intensity to allow easy exchange of
samples and imaging equipment.

Collimator (Cd)
Sample
Cassette
Camera
Beam
catcher

Figure 1: Thermal column neutron radiographic facility. Shielding and cassette
irradiation position and CCD camera, are shown.
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Table 1: Geometric characteristics of the neutron radiographic facility on the thermal
column.
collimator
length
front aperture diameter
exit aperture diameter
lining
gamma filter

150 cm
5.5 cm
8 cm
cadmium
none (Bi)

cassette-collimator exit distance
100 cm
CCD camera-collimator exit distance
128 cm
beam diameter at cassette (at 1=100 cm) ~ 12 cm
L/D ratio = 355 cm / 5.5 cm
~ 65 (80)

Experimental
Neutron dosimetric measurements were done by activation detectors. Thermal and
epithermal flux was estimated by cadmium difference method and cadmium ratio was
calculated. Gold foils 50 micrometer thick and indium foils 150 micrometer thick were
irradiated bare and under 1 millimeter thick cadmium cover. Detector activities were
measured by Canberra gamma spectrometer. A correction of thermal and epithermal
neutron flux for the self-shielding effect was calculated according to equations given in
literature [5].
Gamma dosimetric measurements were done by Ca F2 • Mn thermoluminiscent
detectors TLD (US 08) and gamma dose rate was calculated. Neutron and gamma
dosimetric measurements are collected in Table 2.
An estimation of the neutron beam profile in horizontal axis was done by gold
wire activation detector (0.25 millimeter diameter). The wire was cut into pieces of 5
millimeters and activation was measured by gamma spectrometer.
Neutron radiographic image of the neutron beam was done using Kodak R-l film
together with gadolinium metal foil (10 x 10 centimeters) or Agfa CURIX scintillating
screen in backscreen geometry. Kodak R-l film is a slow single coated radiographic
film. Gd metal converter screen 100 micrometers thick of 99.9 % purity was provided
by Goodfellow Metals. Gadolinium dioxysulphite based medical scintillating screen
CURIX is produced by Agfa Gevaert. At the reactor power of 250 kW typical exposure
times were 90 minutes for the film-Gd screen combination and 25 minutes for the filmCURIX combination to get an optical density of about 3. Resolution estimate is about
20 micrometers. For radiography a vacuum cassette (16 x 16 cm) made of aluminum
is used. A stand for objects is still under construction, at the moment samples are
fixed to the cassette by adhesive tape.
Neutron beam center and profile were determined by photometric evaluation
of radiographs of the neutron beam by Joyce-Loebl Microdensitometer 3CS. For
calibration an Agfa gray wedge (optical densities 0.3 to 3.0) was used.
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To determine individual contributions of neutron beam components to the film
optical densities two methods were employed. In the first-one film was shielded by boral
plates (3 millimeters thick) to absorb thermal neutrons and lead shield (5 millimeters
thick) to absorb gamma rays. By densitometric measurements of beam profile and
data evaluation contributions of neutron beam components to the film optical density
were determined. The second method is a standard ASTM method for determination
of image quality in direct thermal neutron radiographic examination [6]. Images
of beam purity indicator BPI and sensitivity indicator SI, produced by Ris0, were
recorded. By densitometric evaluation of BPI image standard neutron radiography
characteristics were determined and of beam quality estimated. Radiography resolution
was estimated by visual inspection of SI image. Following standard procedure [6]
radiographic category was determined.
The quality of shielding of rearranged neutron radiographic facility was checked by
Berthold LB-1200 and Victoreen 90-N dosimeters. Gamma and neutron doses measured in the working area around thermal column did not exceed the values of 3/x Sv
per hour and 1/iSv per hour, respectively at closed beam shutter. At these dose rates
work next to the radiography table at closed shutter is safe. When the beam shutter is
opened and irradiation is in course, this is noticed by a signal light and alarm sound.

Results and discussion
Neutron dosimetric measurements are performed continuously to check the neutron flux
and cadmium ratio of the thermal column neutron beam. In June 1994 reactor core
was rearranged for pulsing experiments, the outer rim of fuel elements was removed
or was replaced with graphite elements. Results show lower neutron flux values in
this period and an increased value of cadmium ratio due to additional moderation
in graphite elements. Thermal neutron flux of about 4 • 105 ncm~2 s~l is suitable
for neutron radiography experiments as well as for neutron tomography measurements
with the CCD-camera. The cadmium ratio of about 10 is rather low and the relatively
high content of epithermal neutrons affects the contrast sensitivity of thermal neutron
imaging system. High gamma ray content of thermal column also affects the quality of
radiographic image. The neutron-to-gamma ratio of about 2 • 105 ncrn~2 fmR is lower
than recommended in literature [7]. Dosimetric measurements are still in progress,
results available at present are shown in Table 2.
Thermal column neutron beam position and its profile were determined at cassette
irradiation position, where beam diameter is about 12 cm. Neutron beam profile is
measured by densitometric examination of radiographic image and presented in Figure
2. The measurements of neutron beam profile were normalized to the maximal value
in the beam center. A field of 10 x 10 cm was examined in 5 x 5 mm array and
relative values were taken as the correction factors for the non-uniformity of beam.
For quantitative examinations of large samples the non-homogeneity of the beam has
to be taken into account and the densitometric values corrected using these factors.
A combination of Kodak R-l film Gd metal converter screen was irradiated for 90
minutes. Film optical densities vary from 3.2 in the maximum to ~ 2.6 at the edge
of converter and to ~ 0.3 outside of the neutron beam. Center of the beam does not
coincide with the maximal optical density value. Film optical density is increasing in
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vertical direction from bottom to top what is contributed to higher gamma ray background due to leakage through a fissure at the top of collimator.
Table 2: Thermal and epithermal neutron flux (Au, In foils), cadmium ratio, gamma
dose rate in normal and in pulse core configuration.

Core configuration

2

regular

pulse conf.

regular

(before 1/6/94)

(1/6 to 9/6/94)

(after 9/6/94)
4.6 • 105

$tk (Au)

n cm

s '

4.3 • 105

3.4 • 1 0 s

$th (In)

n cm~3 s - 1

4.8 • 10s

6.9 • 103

$epi (Au)

n cm** s~l

7.7 • 103

3.9 • 103

$epi (In)

n cm~3 s~'

9.4 • 103

3.0 • 103

Ra (Au)

9.1

14.9

Red (In)

14.5

15.7

I,

m Sv s~'

1.8 • 10~2

8.9 • 103

9.6

1.4 • 10" 2

10.92
10.90

10.88
10.86
JO 84
10.82
10.80

JO.78
10.76
10.74

10.72
10.70
10.68
10.66

10.64
10.62
10.60
»0.58

Figure 2: 2D Neutron beam profile determined by film irradiation.
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By shielding of neutron beam with boral plates to absorb neutrons an epithermal
neutron and gamma ray radiographic image was obtained. By shielding the beam
with lead gamma rays were absorbed arid thermal, epithermal and scattered neutron
radiographic image was recorded. Neutron beam profiles were measured and individual
contributions evaluated, the results are given in Table 3 together with the results from
densitometric measurements of BPI radiographic image for comparison.
Resolution of images was estimated by visual inspection of SI radiographic image.
Smallest aluminum spacer distinguishable was of 12.5 micrometers and the smallest
hole observed was of 25 micrometers diameter. Following standard ASTM procedure
[6], radiographs quality could be Category I.
Table 3: Individual contributions of thermal, epithermal and scattered neutrons and
of the gamma background to the film optical density. Densitometric measurements of
lead and boral shielded films and of BPI radiographic image.
film irradiation
converter
Gd

none

contribution of radiation

shield

D

none

2.93

rad.

film

BPI

lead

2.82

gamma

8.5%

3.3%

boral

0.67

nth

73.4 %

66.7 %

lead+boral

0.56

nepi

13.3 %

none

0.26

IWt

4.9 %

to film optical density (%)

2.7%

Conclusions
The measurements performed in 1994 and 1995 are described in the article.
Experiments are still in progress, preliminary results are presented. From the present
results following conclusions can be taken: the NR facility is feasible for qualitative
work while for quantitative work the quality of the beam has to be improved. Neutron
flux is high enough for radiography and tomography experimental work. The quality
of the beam has to be improved, high gamma rays and epithermal neutron content
are the cause of low tomographic resolution. Geometric unsharpness is due to low
L/D ratio. With the rearrangement of the facility there is much more working area
available. Radiation shielding is satisfactory and allows safe work near the irradiation
table when beam shutter is closed. Reactor is available for work almost every day.
To improve the L/D ratio a narrower collimator aperture should be installed with
a possibility to exchange apertures. A broader neutron beam at image plane would
be needed for radiography of large objects of industrial interest. For a possible new
collimator construction only lithium and boron based materials would be used and a
cooled bismuth gamma filter installed to reduce the gamma background. A device for
remote handling would allow us to control the samples, radiography cassette and CCD

166

Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995

camera without entering the facility. In this way work would be safer and also much
time would be saved during measurements with the CCD camera.
In course of the neutron beam characterization the beam position and profile have
been determined and the neutron and gamma content measured. Neutron spectra
determination is a task to be done in future, especially estimation of the fast component
of the neutron beam. Various radiation contributions to film density have been
evaluated for Kodak R-l Gd combination while this has to be done also for other
combinations, especially for medical films CURIX combinations at room temperature
and cooled. By examination of beam quality indicators images an estimation of the
radiographs quality has been done.
Future experiments will continue in the field of quantitative hydrogenous materials
determinations in building materials. We want to develop a method for quantitative
determination of moisture transport in building materials. Defectoscopy examinations
of industrial and archaeological samples will continue. Computed neutron tomography
will be introduced, preliminary experiments have already been done. To improve the
tomography resolution the quality of the beam has to be improved.
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A B S T R A C T - Experimental investigation of the Langmuir probe characteristics in a magnetized plasma with an electron current along the magnetic field direction shows that the
standard procedure for determination of the electron temperature and plasma density, which
is applicable in a current - free magnetized plasma, gives erroneous results for these plasma
parameters. However, more precise values of the plasma parameters can be calculated from
the ion saturation currents and electron temperatures obtained with that procedure for two
opposite orientations of the one - sided planar probe collecting surface with respect to the
direction of the electron drift. With the existing theoretical models only the order of magnitude of the electron drift velocity can be accurately determined from the measured electron
saturation currents for the two probe orientations.

1

Introduction

The interpretation of the Langmuir probe (LP) characteristics measured in the edge
plasma in the fusion devices or in other magnetized plasmas is usually based on the assumption that the charged particle velocity distributions are Maxwellian. However, since
only a small part of the measured characteristic below the probe floating potential can be
used for determination of the electron temperature (Te) and unperturbed plasma density (n 0 )
[1, 2], only the high energy tail of the electron energy distribution is taken into consideration,
which does not guarantee that the initial assumption about the electron velocity distribution
is correct. In this paper the experimental study of LP characteristics measured in magnetized plasmas with small electron drifts along the magnetic field (B) direction produced in a
controllable way in a Maxwellian plasma is presented. It shows that the usual procedure for
determination of Te and no can give erroneous results for these plasma parameters.
Since in such cases it is expected that the electron velocity distribution is a drifting
Maxwellian distribution with the electron drift velocity ue parallel to B less than the electron
thermal velocity, i.e. ue^/me/(2kBTe) = Xe < 1, the part of the probe characteristic below
the probe floating potential V/, at which zero net current is collected, is given by equation:
I(*pr,Xe)

= /,-(,) [1 - H($pT,Xe)exP($pr

- */)],

(1)

where J,(s) is the ion saturation current, 3>pr = e(Vpr — Vp)/(kBTe) and $ / = e(V/—Vp)/{kBTe)
are normalized probe potential and floating potential with respect to the unperturbed local
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plasma potential Vv and for y/-$pr

> \f~$f >
(2)

Assuming H « 1 in eq. (1) as in the case of a non - drifting magnetized plasma and
applying the standard non - linear fit for determination of /,(s) and Te [1, 2], for two opposite
orientations of the one - sided planar probe collecting surface with respect to the direction
of the electron drift two different values of Te would be obtained, one smaller and the other
larger than the exact Te\ Thus, some additional computational steps or corrections of the
whole procedure are necessary in order to determine the real local Te. Consequently, the use
of these two different values of Te in the calculation of the plasma density from /^ s ) would
give two different values which are larger and smaller than the real local density no- It can
be also expected that the non - B theory cannot be used for determination of ue from the
measured electron saturation currents / e ( 5 ), because the electron saturation current is reduced
compared to the non - B case [3, 4] and this reduction is also a function of ue or Xe.
hot tungsten
filaments

plasma source

Langmuir probe

stainless steel vacuum chamber

solenoid

Figure 1: Experimental set - up.

2

Experiments

The experiments were performed in a D.C. discharge argon plasma in a linear magnetized
plasma machine at different magnetic field densities, neutral pressures and discharge currents
in the plasma source chamber, so that various plasma conditions (i.e. collisionality, turbulence
level etc.) could be considered (Fig. 1). In the experimental region the electron current along
B was produced with a positively biased target plate (Rt = 10mm) located about 10cm away
from a thin circular disc one - sided probe (RpT = lmm). Typical measured characteristics
when the probe collection surface faces the plasma source and the floating or positively
biased target plate are presented in Fig. 2. Investigation of the dependence of the probe
characteristics on the angle between the probe collecting surface and B when the target plate
is floating and positively biased was also performed, since oblique angles of incidence are
very typical in the fusion edge plasmas. Measured characteristics were qualitatively similar
to those presented in Fig. 2.
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Figure 2: Measured LP characteristics in the case of (a) a floating target plate (Vt - Vtj)
and (b) positively biased target plate (Vt > Vtj) when the probe collecting surface faces
the plasma source {I(s,\)(Vpr)) and the target plate (I{t,i){VpT))(B - 0.1T, pn^ = O.l2Pa,
Id(1) = QA5A).
Estimation of the ambipolar collection lengths [5] along B of the target plate and LP
shows that in the floating situation LP effectively perturbes the plasma for about lcm along
B, whereas the target plate causes a large scale pertubation (about lm) of the plasma system
resulting in the axial decrease of the plasma density from the plasma source towards the
target plate. Thus, there is an inherent non - symmetry in the system which is evident also
on the measured characteristics in Fig. 2 (a). When the target plate is positively biased, it
affects also the plasma production, heating and confinement. On the other hand, the effective
collection length of the positively biased LP [3, 4] is less than the distance between the probe
and the plasma source chamber and on the spatial scale of the system it is negligible compared
to the perturbation caused by the target plate. Obvious qualitative difference between the
measured characteristics in Fig. 2 (b) is a result of the combined effect of the electron drift
and inherent non - symmetry of the system, i.e. plasma density variation along B.

3

Determination of the plasma parameters from the measured LP characteristics

Predicted difference between the electron temperatures Te^ and Te^ for the two opposite
orientations of the probe collecting surface determined with the standard non - linear fit is
evident in Fig. 3. Plasma densities nQ(3) and nO(() calculated from /;(s) and 1^ can be
also very different (Fig. 4). Increase of Te with increasing Vt is qualitatively explicable,
since an electric field applied to a plasma by biasing the target plate accelerated electrons,
i.e. increased their kinetic energies and they were thermalized by means of the turbulent
mechanisms rather than by rare collisions with ions and neutrals [6]. Decrease of no with
increasing Vt is also qualitatively explicable, since positive biasing of the target plate increased
the "sink" for charged particles at the target plate. In the similar study of JELIC et al.[7] the
procedure for determination of the local Te from LP characteristics in a current - carrying non
- magnetized plasma based on the product of the electron parts of the measured characteristics
for the two probe orientations was presented. In a case of a magnetized current - carrying
plasma, it can be shown that analogous "effective" electron temperature Te(ej, which is closer
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to the real local electron temperature, can be calculated with equation:
(3)
Then the "effective" plasma density n O ( e ), which is closer to the real local plasma density,
can be calculated with equation:
n0(e) = 0.5 (/<(,,,

i Fi{s) Si),

(4)

where for a circular disc probe F,(s) = 0.675 [4], 5,- = fcRpr and in our case T,( e )/T e ( e ) ~ 0.1
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Figure 3: Electron temperatures determined from the measured characteristics by using the
standard non - linear fitting procedure and corresponding effective electron temperatures
calculated with eq. (3) vs. target plate bias ("s" ... LP facing the plasma source, "t" ...
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Figure 4: Plasma densities calculated from the measured ion saturation currents and electron
temperatures and corresponding effective plasma densities calculated with eq. (4) vs. target
plate bias ("s" ... LP facing the plasma source, "t" ... LP facing the target plate, "e" ...
effective plasma density, " 1 " ... pn^ - 0.12Pa and / d(1) = 0.454, "2" ... pn{2) = 0.17Pa and
Id{2) = 0.64).
It is obvious from Fig. 3 and 4 that these effective values are indeed "somewhere between"
and probably approach better the real values of local plasma parameters. Thus, it can be
expected that the accuracy of the results for Te and no is significantly improved by calculating
the effective values of these plasma parameters.
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Figure 5: Electron drift velocities calculated with three different procedures (the first index)
presented in the text vs. the target plate bias (for the second index see figure captions in
Fig. 3 and 4).
In Fig. 5 results of the approximate calculations of ue from the measured electron saturation currents are presented. According to the non - B theory [9], ue(o) is given by equation:
- e n 0(e ) Se),

«e(0)
e(0) =

(5)

where Se = n(RpT + pe)2 and pe = ^2kBTe^me/(eB)
< Rpr. Numerical calculations of ue(1)
and ue(2) from /e(S)S) and Ie(s,t) approximately took into consideration the effects related to
B included in the electron saturation current reduction factors Fe(s) [4, 8]. In the equation

r1 Se Fe{s}
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it was assumed that Fe^(—Xe) « Fe^(Xe), thus from the measured Ie(s,s) a n d Ie(s,t)
using eq. (6) for both probe orientations Xe and Fe^ were numerically calculated. Non symmetry of the experiment was taken into consideration in the calculation of ue(2j where it
was assumed that Fe^(Xe) = ge(s){^e)h(sj)lh[T,j)i where / e ( s j) and Ie{rj) a r e the electron
saturation and thermal current respectively for the case of a floating target plate. Then the
numerical calculation gave ge^ and Xe. More detailed presentation of these calculations will
be given in the forthcoming longer article.
Besides neglecting the reduction of the electron saturation current in a magnetized plasma,
the fact that we(0) is almost independent on the target plate bias Vt confirms that the non - B
theory is innapplicable for evaluating the electron drift velocity, because it gives qualitatively
wrong dependence ue(Vt). The results for v-e(i) and ue(2) showing strong dependence on Vj
are more reliable despite the fact that non - monotonic dependence might be surprising.
However, this non - monotonic variation of ue with Vt could be expected because increasing
Vt does not only increases the electron drift along B but, as it has been already mentioned,
it can cause also a qualitative change of the whole plasma system. Positively biased target
plate can trigger some plasma instabilities [10, 11] which produce some new turbulent plasma
state. After the self - organization of the system [12] in the newly established steady - state
the electron drift velocity can be lower than in the previous steady - state, if one part of the
energy transfered into the system through the electric field near the biased target plate is
dissipated by the turbulent cross - field transport or by turbulent plasma heating transfered
into the thermal energy of the charged particles. Measured increase of Te with increasing Vt
confirms this explanation. Considering all the difficulties, inaccuracy of the determination
of the other plasma parameters and the basic deficiency - a lack of a complete theory of LP
operation in a current - carrying magnetized plasma, it can be concluded that only the order
of magnitude of Xe and ue could be accurately determined, i.e. Xe ~ 0.1 and ue ~ 105m/.s.
Investigation of the dependence of LP characteristics on the angle between the probe
collecting surface and B - direction gave qualitatively similar results to those obtained in the
study of MATTHEWS et al.[13], such as contrary to the theoretical predictions anomalously
high ion and electron saturation currents at grazing angles of incidence and even absence of
ion saturation. When the target plate was positively biased more drastic deviations from the
theoretical predictions were found, such as complicated non - monotonic dependence on the
angle of incidence. In addition, inherent non - symmetry of the system made the analysis
of the measured characteristics even more complicated. However, it seems that for angles
which do not deviate significantly from the case when B is normal to the probe collecting
surface the above procedure, which includes calculation of the effective values of the electron
temperature and plasma density, can be applied in order to obtain more realistic values of
the local plasma parameters. For characteristics measured at grazing angles of incidence, i.e.
approximately up to 10° from the situation when B is parallel to the probe collecting surface,
a new theoretical explanation is necessary.

4

Conclusion

The investigation of LP characteristics in a current - carrying magnetized plasma with an
electron current along B - direction has shown that reliable values of the electron temperature
and plasma density cannot be obtained from a single measurement of LP characteristic. For
determination of the local electron temperature and plasma density by means of the non linear fit applicable in a non - drifting magnetized plasma, measurements of two characteristics
are necessary, i.e. when the electron drift is in the direction toward the probe collecting surface
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and away from the probe collecting surface. Then the ion saturation currents and electron
temperatures determined from these two characteristics by means of the standard non - linear
fit valid in a non - drifting magnetized plasma should be used for calculating the effective
electron temperature and plasma density defined by eq. (3) and (4). These calculated plasma
parameters are closer to the real local values of Te and no- Such an approach can be used also
in non - drifting magnetized plasmas where because of some other reasons non - symmetry
or spatial variation of the plasma parameters along B - direction is expected. This approach
can be used also when there is an oblique angle between the probe collecting surface and B
- direction, with the exception of small grazing angles of incidence.
Since the theoretical model of LP operation in a magnetized plasma with an electron
current along B - direction has not been developed yet, with some acceptable theoretical
assumptions only the order of magnitude of the electron drift velocity could be accurately
determined from the electron saturation currents measured at two opposite orientations of
the probe collecting surface with respect to the direction of the electron drift.
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ABSTRACT
For VVER-lOOO-type reactors severe accident scenarios and possible mitigation strategies
are investigated. The "Station blackout sequence" is chosen as reference case. At first a
comparison between the cases with and without working spray systems is discussed.
Afterwards the results of a parametric study investigating the influence of different water
volumes on the course of the accident are presented. It can be shown that most of these
accident mitigation measures will maintain the containment integrity and reduce the source
term.

1. Introduction
Since several years the accident behaviour of VVER-type reactors has been investigated in
Austria [1,2]. The first two generations of VVER-type reactors were designed for 440
MWe power [3]. The next generation with 1000 MWe power is known as VVER-1000
reactors. These reactors have four loops without isolation valves, horizontal steam
generators and hexagonal fuel assemblies. In addition to the first two generations this type
has a containment structure with spray type steam suppression. The three spray systems
work autonomously with a special power supply for each system. The purpose of the
containment spray system is to control the pressure within the containment by cooling and
condensing steam from the atmosphere, and to remove airborne aerosols.
During an accident different accident mitigation measures are available. Each of these
accident management procedures might influence the accident sequence and the accident
consequences. In this paper the influence of selected accident management strategies on the
course of the accident are discussed.
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2. The Reference Case
Several accident sequences for VVER-1000-type reactors were investigated using the
Source Term Code package (STCP) [4]. From these calculations the "Station blackout
sequence" or TMLB' sequence was chosen as reference case (case 1).
The steam generator water is boiled off at almost constant rate up to 5900 s. Then the water
level is so low that heat transfer becomes diminished. Now the water in the primary system
is heated up and the pressure increases up to the safety relief valve setting.
This valve opens at about 6000 s and subcooled water is released from the primary system.
At 10700 s the core becomes uncovered and the core temperatures start to increase rapidly.
Consequently the core melting starts 2000 s later. At 19000 s the core collapses and the
steam generation rate increases again. The bottom head is heated up, head failure occurs
and accumulator water is discharged. The water in the reactor cavity starts now to boil off
and at 27100 s the cavity is dry. The debris/concrete interaction starts 4400 s later causing a
slight increase of containment pressure. The calculation stops after 10 h of debris/concrete
interaction. At this time the melt penetration in the concrete is about 90 cm. The dominant
released gases generated by the debris/concrete interaction are steam (7400 kg), H 2 (700
kg), CO 2 (43 kg) and CO (27 kg).
Fission gas release from the core starts after core uncoyery. At core slump 92 % of the
volatile gases and less than 1 % of the low volatile gases are released from the core. At
failure of bottom head 99 % of noble gases, Csl and CsOH are released in contrast to 1 %
ofBaand5.10* 2 %ofSr.
Several removal mechanisms in the primary system reduce the amount of fission products
released into the containment. In contrast, new fission products and aerosols are generated
during the debris/concrete interaction. The released fraction of inventory to the environment
is given in the fourth column of Table 1.

3. Influence of Containment Spray on the Source Term
In a first step to see the influence of certain accident mitigation measures the reference case
was simulated with the spray systems available after 2 hours [5].The behaviour of this
sequence is almost identical to the reference case with the exception of the source term
behaviour.
Due to the working spray system the first source of fission products and aerosols is
decreased by a factor of ten compared to the reference case. This is a reduction of the
source term up to 50 %. The in-vessel source could be reduced between 80 and 99 %.
However this positive effect was eliminated by the ex-vessel source. The longer the exvessel source adds to the source term the smaller were the spray effects. Therefore the
termination of the debris/concrete interaction has highest priority in accident management
A detailed description of the spray-effects on the different groups of nuclides is given in
Table 1 (See Ref.[4] for definition of the groups).
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TABLE 1
Effect of containment spray sytem on fission product releases

Nuclide
Group
(Def. see Ref. 4)
NG
TE
CI
CH
SR
LA
BA
CE
PI
RU

A Airborne Mass in
Containment f %1
before
after
debris/concrete interaction
.
-82
-5
-89
-66
-90
-S3
-97
-11
•99
-10
-90
-10
0
-9
-89
-92
-90
-16

Relased fraction of inventory
to environment
without spray
with sprav
2,0.10"4
2,0.10*"
2,1.10"°
1,0.10"°
9,1.10"*
4.8.10"°
4,9.10'°
2.8.10"°
2,2.10"°
2.1.10"°
1,3.10"°
1.3.10"°
l,2.10"6
1.3.10"°
2,2.10"'
2,1.10"'
9,9.10""
4,1.10*"
2.1.10 1 "
2.5.10"1"

A Release to
environment

r%i
0
-9
-50
-41
-6
-6
-9
-5
-59
-17

4. Parametric Variation of different Water Volumes
In the subsequent study [6] different core/concrete interaction scenarios were investigated
by a variation of availability and amount of different water volumes. In contrary to the work
discussed above the calculations done in this study did not stop after 10 hours of
core/concrete interaction. In this study the calculations were performed until a melt-through
of the cavity or containment failure occurs.
After the accumulator water in the cavity is boiled off the cavity remains dry until cavity
bottom melts through. During this period there is a steady core/concrete interaction. In
VVER reactors the sump water collects below the cavity. When the cavity bottom melts
through the debris falls into the water and the core/concrete interaction stops (80 h). In
addition it is assumed that after melt-through in radial direction a crust is formed so that no
debris leaves the cavity. In the reference case (case 1) the evaporated water causes a
containment pressure rise until the containment fails at 136 h and the containment
atmosphere is released into the environment.
The following accident mitigation measures were investigated:
•

The scenarios 2 to 5 assume that the electric power for the containment spray and the
low pressure ECCS (Emergency Core Coolant System) can at least partly be restored
after 10 h. It is assumed that the low pressure ECCS water flows via the pressure vessel
into the cavity. When the cavity is full the excess water flows into the sump.

•

From the reactor cavity a steel door leads into the room for the reactor pressure vessel
testing facility. It can be suspected that this door will not survive the hot drop phase of
an accident. Therefore in scenarios 6 to 9 the testing facility room volume and floor
area were included in the cavity.
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•

In the case of a rising containment pressure venting can be a countermeasure. To
investigate the influence of venting the scenarios 10 and 11 were performed. Besides
preventing containment failure the venting delays considerably the time of bottom
failure.

•

The cases 12 and 13 were conducted to investigate the influence of external water
supply.

•

The last five scenarios were performed to study the influence of different starting times
of the spray and ECC Systems.

All scenarios address more than one of the topics above as shown in the overview in Table
2 For the accident consequences the most important events are the time of containment
failure and the time of cavity bottom melt-through. These values are also included in
Table 2

TABLE 2
Overview of considered Accident Scenarios

Case

LPECC, Cavity
spray
size

+

Venting

External
water

ECC
availabilty

+

+

+

136

80

+

no

194

92

129

Containment
failure [h]

Bottom
failure [h]

1

+

2

+

3

+

+

4

+

+

no

200

5

+

+

92

129

6

+

+

136

86

7
8
9

+

+

+

89

233

+

+

+

no

no

+

+

88

233

+

+

+

+

10

+

+

+

no

194

11

+

+

+

no

> 361

12

+

+

+

no

194

13

+

+

+

no

> 555

14

+

+

no

no

15

+

+

no

> 278

16

+

+

no

> 417

17

+

+

+

no

> 194

18

+

+

+

100

153
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5. Conclusions
From this study the following conclusions for accident management can be drawn:
• If containment venting is possible external water should be supplied as soon as possible
via the LP ECC System. If this is done before the remelt of the debris the core/concrete
interaction will not start and no containment failure will happen.
• The function of the Spray and LP ECC Systems including the coolers should be
restored before the debris in the cavity has reached its melting temperature again; then
no core/concrete interaction and no containment failure will happen.
• If such an early injection is not possible it might be better to delay the start of the Spray
and LP ECC Systems including the coolers until just before the containment fails in
order to delay the cavity bottom melt through.
• If the Spray and LP ECC Systems work the coolers should also be operable to decrease
the pressure rise in the containment and maintain the containment integrity. For the
course of the source term probably all cooling systems are to be preferred to only one
because the containment pressure will drop faster.
• If no coolers are operable it might be better not to start the Spray and LP ECC Systems
to decrease the containment pressure rise. The consequences of this measure should be
clarified with source term calculations.
• Containment venting will mitigate the source term in the case that the coolers are not
operable.
• The melt-through from the cavity to the room for the reactor vessel testing facility
should not be prevented to increase the time frame.
The influence of a number of these measures on the source term is undoubtedly mitigating;
for the others source term calculations are recommended.
The results show that the time available for accident mitigation measures can be extended
up to one day and even more extended time frames can be pursued by operational actions
such as filtered venting, variation of cooler parameters and use of external water.
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Abstract

One of aspects of progression from off-line time independent
Probabilistic Safety Assessment (PSA) towards on-line time dependent PSA
or dynamic PSA, which is needed step leading to the Living PSA, is shown in
the paper. It is the comparison of both testing strategies applied to the
redundant components or systems. They are sequential and staggered testing
strategies using subsystem mean unavailability as primary risk measure.
Besides mean, the time dependent unavailabilities which are the roots for the
mean values, are shown and compared for the both cases.
1.

Introduction

The main goal of our research was to undertake some of the necessary
steps from off-line time independent Probabilistic Safety Assessment {PSA)
towards on-line time dependent PSA or dynamic PSA, which is needed step
leading to the Living PSA [1]. Secondly we wanted to verify adequacy and
completeness of used PC based PSA software [2] for such a purpose and
to suggest possible improvements.
2.

Living PSA

"Living PSA" (Living Probabilistic Safety Assessment) connected to
plant specific data collection system [3] contains thorough models of safety
systems, runs on high capacity, user friendly computer code and is regularly
updated concerning models and their data. Risk monitoring system is only one
of the many applications of "Living PSA", which are run through the design,
construction and whole service life of the plant. Risk monitoring system is

184

Nuclear Energy in Central Europe, Portorot, Slovenia, 11.-14. September 1995

sometimes called safety monitoring system. The only difference is that risk is
quantitative measure of safety: higher risk indicates lower safety and vice
versa.
The main advantages of "Living PSA" comparing to the PSA are: time
dependent models versus averaged models, current risk output versus average
risk output, capability of being updated on a day to day basis versus
significant time period required for updating, capability of presenting
maintenance as it occurs, on line usage versus off line usage, operator is the
user versus risk specialist, ongoing smaller costs versus single large costs.
The only disadvantage of "Living PSA" versus PSA is that PSA is fully
accepted and standard tool, while "Living PSA" has not been fully accepted
and standard tool yet.
We have focused our research to time dependent models, which by
their implementation rise new questions. One of them is without doubt
analysis and comparison of different test strategies of redundant components.

3.

Staggered Versus Sequential Testing

Sequential testing [4], [5], [6] is testing strategy where n
redundant components or systems are tested consecutively, one immediately
after another at the begining of the test interval T, (or at the end). The
duration of each test is Tt.
Staggered testing strategy is testing strategy, where n redundant
components or systems are tested in a way that every n/T, one component or
system is tested.
Sequential Testing:
ABCD

I
«-

T,

ABCD

ABCD

I

1

/SD

h

-*

time ->

Staggered Testing:
A

B

C

I

D

A

B

C

O

1

*-

T,

Figure 1:

Comparison of both test strategies

A

B

C

1

-»•

D

A

h
time -»

Besides both cases, there are also some other strategies known which
were not taken into account:
simoultaneous testing strategy where n redundant trains are
tested simultaneously (for the test duration time the
unavailability of such a system is equal to one),
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semi staggered strategies which are the combinations of
sequential and staggered testing strategy (semi staggered for
example, where two and two out of four redundant components
are tested every half of the test interval).
Figure 1 shows application of both testing strategies to an example of
four redundant components. The width of letters A, B, C and D is the same
and is equal to test duration time (Tt); (practise: Tt of the sequential tests can
be slightly higher than that of sequential). Test interval (T,) is the time
between test of component A and next test of the same component A.
4.

Case Study and Assumptions

We have chosen Engineered Safety Features Actuation System for a
case study. Fault trees developed for the purpose of the PSA Level 1 were
used [7], [8]. Each of the fault trees represents one signal path which
should actuate relevant safety equipment. We have made significant
simplifications to get small fault tree of signal path K601 which actuates
safety injection. Fault tree has only seventeen basic events to concentrate to
the proper modelling of solid state protection system tests (include train A and
B) and analog channels tests (include four channels). We have taken into
account only tests which are performed during normal full power plant
operation. We assumed test duration time of two hours which is average
duration time get by test and maintenance staff (Allowed Outage Time in
Technical Specifications allows four hours for the equipment to be inoperable
for the test purposes) and test interval of three months (2160 hours).

5.

Results

Table 1:

Comparison of system unavailabilities for both test strategies
Without Common Causa Failure*

With Common Cause Failures

Sequential Tasting

Staggered Testing

Sequential Testing

Staggered Testing

Qsr

Qmax

Qsr

Qmax

Qsr

Qmax

Qsr

Qmax

720

1.94E-6
2.5%

2.10E-6
4%

1.89E-6

2.02E-6

2.2BE-5
0.5%

2.29E-5
0.6%

2.27E-5

2.28E-5

2160

1.45E-6
9%

1.95E-6
13%

1.32E-S

1.70E-8

2.23E-5
0.5%

2.28E-5
1.5%

2.22E-5

2.25E-5

T,

Some of the results are in Table 1 (where Q8r ... mean unavailability,
Qmax ... peak unavailability). We can see that unavailability decreases if the
staggered test strategy is used instead of sequential [9]. Figure 2 and
Figure 3 show time dependent unavailability considering sequential and
staggered testing strategy respectively.
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Improved Equation

PC based computer code [2] we used for the analysis offers six basic
event models for different component and equipment modelling and makes
possible time dependent calculation. One of the models is for periodically
tested components. It uses equation:
TL<Tr;

(1)

where:

Tr
T,

time since last test
mean time to repair
test interval
test duration time (time when component is off due to test)
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For the detail time dependent analysis of this model representing
periodically tested components we suggest to change the time dependent
unavailability calculation from the equation (1) to equation (2) which would
more precisely represent time dependent unavailability of periodically tested
components:

0<7<(7>-7- f );
(7>-r,)< T< 7> ;
mod T,) < Tr;

0<

(TrTt

mod 7}) < (T,-Tt) ;
» modr,) < T,; G(D-1

(2)
mod

where:

T,

time to first test
time
mean time to repair
test interval
test duration time (time when component is off due to test)

This equation (2) also allows to calculate unavailability of a system
which component or components are out of service for more than normal
testing time (extended repair for example).
Figure 4 shows the time dependent unavailability of a system consisting
of two paralel components in case where test duration time is one day and
mean time to repair three days.
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7.

Conclusions

We have achieved both aims of the analysis. First by using the
computer code supported by option of time dependent modelling and time
dependent calculation. Time dependent calculation was done and besides the
step towards the dynamic PSA and better results it offers wide possibilities
in the future: real time risk monitor and modelling the ageing effects for
example. Second goal was realized by suggested enhanced equation for the
unavailability calculation for periodically tested components.
Besides, we have examined the comparison of both testing strategies:
sequential and staggered testing strategy. We have found notable
unavailability reduction at staggered testing strategy at three months test
interval.
8.
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ABSTRACT

S19900026

Human error has been recognized as the main contributor to the occurrence of incidents in
large technological systems such as nuclear power plants. Recent researches have concluded
that human errors are unavoidable side effects of exploration of acceptable performance
during adaptation to the unknown changes in the environment. To assist the operators in
coping with unforseen situations, the innovative error tolerant interface systems have been
proposed to provide the operators with opportunities to make hypothetical tests without
having to carry them out directly on the plant in potentially irreversible conditions. On the
other hand, the degree of success of introduction of any new system into a tightly-coupled
complex socio-techno/oglcal system is known to be a great deaf dependent upon the degree
of harmony of that system with the organization's framework and attitudes. Error tolerant
interface systems with features of simplicity, transparency, error detectability, and
recoverability provide a forgiving cognition environment where the effects of errors are
observable and recoverable. The nature of these systems are likely to be more consistent
with flexible and rather plain organizational structures, in which static and punitive concepts
of human error are modified on the favour of dynamic and adaptive approaches. In this paper
the features of error tolerant interface systems are explained and their consistent
organizational structures are explored.

INTRODUCTION
During the recent years, the researches in human factors have addressed various
impacts of organization and management on human behaviour. In the terms of
Reason (1990), "we are now in the age of the organizational accident". In many
cases human errors are recognized to be the result of mismatch between the human
actors and the organization. The organization induced errors offsets the technological
modifications if the attitudes and procedures are not changed accordingly. The basis
for most existing organizational structures is defined at an early stage in the life period
of the plant. During its lifetime many technological changes, and changes to
operating patterns and methods inevitably occur in the plant. Organizational
structures which were set up for an early mode of operation and which were entirely
adequate at that time may not be adequate to properly control the plant after change
has taken place.
The term "organization" here refers to relational structure necessary to coordinate the
work activities of individuals. A system of cooperative work is an extremely complex
organizational phenomenon involving many forms of social interaction. The control
requirements of a work domain change over time. A particular division of activities

190

Nuclear Energy in Central Europe, Portoroi, Slovenia, 11.-14. September 1995

and, consequently, work groups will evolve for each situation depending on the
competencies of the actors, the technology of the work domain, and on the external
environment of the organization.
Usually the role of an actor is to control the state of affairs in a work environment that
is dynamically changing in response to external conditions and to the activities of
other actors. The work organization is then an adaptive, distributed decision and
control system interacting with the productive functions and processes. The decision
makers and actors are coupled with the work processes through an interface of tools,
equipment, and computerized information systems.

ROLE OF HUMAN ACTORS
The basic role of human actors in modern work systems is to act as a flexible analyst
and decision maker. The actual state of the system is conceived by the actor on the
basis of the information received from the system, including measured parameters as
the sources of data, and the mental model that the actor has developed about the
mechanisms and features of the plant. The actual state is then usually compared with
the nominal target states and the discrepancy is resolved by choosing and
implementing an action or set of actions (strategies) among certain alternatives.
However, if the effect of an improper decision takes the control function outside its
capability limits and thus breaks the closed loop, then proper control is lost, and the
ultimate effect of actions including those by other actors (colleagues, supervisors,
etc.) depends entirely on the properties of the work system. In that case, a mismatch
occurs in the work-actor coupling, an event frequently judged to be a "human error"
(Rasmussen, Pejtersen, Goodstein 1994).
The mismatch can be the result of change of human actor's behaviour from normal
routines or the change of environment in a way that makes the usual human
behaviour unacceptable. In both cases, we are faced with a human-system coupling
that is too narrowly adapted to the normally successful conditions. Here, the
importance of certain interface systems which bridge these gaps becomes clear. The
interface must provide adequate flexibility so as to widen the tolerance band when
required. This requirement calls for the design of "error tolerant" interfaces and their
proper organizational context.

HUMAN ERROR
Human error, is considered to occur if the effect of human behaviour exceeds a limit
of acceptability. Of course, it is necessary to distinguish clearly between the types
of errors induced by inappropriate limits of acceptability, i.e. by the design of the work
situation and errors caused by inappropriate human behaviour. Furthermore, in many
instances, the working environment can also aggravate the situation. In such
unfriendly work environments, once the error is committed, it is not possible for the
operator to correct the effects of it before they lead to unacceptable consequences,
because the effects of the errors are neither observable nor reversible (Meshkati
1991).
Human errors are intimately connected to adaptation and exploration of the boundaries
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of acceptable performance. During this adaptation, performance will be optimized
according to the individual's subjective process criteria within the boundaries of his
individual resources (Rasmussen 1990a). Unfortunately, perception of the qualities
of the work process itself is immediate and unconditional and local adaptation to
subjective performance criteria is effective, while the effects on the ultimate result of
work of these adaptive trials can be considerably delayed, obscure and frequently
conditional with respect to other multiple factors. Short cuts and tricks-of-the-trade
will frequently evolve and be very efficient under normal conditions while they will be
judged serious human errors in hindsight (Rasmussen 1990b) and under special
circumstances they may lead to severe accidents. Disasters such as the Bhopal
presents a clear example of how a safe work procedure for chemical manufacturing
system, including multiple precautions against human errors, gradually degenerates
due to adaptation to locally less efficient work practice (Meshkati 1989 & 1991b).
Purposive human adaptation manifests itself in error mechanisms at all levels of the
cognitive control of performance. For problem solving during unusual conditions, an
opportunity for test of hypotheses and trial-and-error learning is important for
adaptation and for the development of expertise. It is typically expected that qualified
personnel such as process operators will and can test their diagnostic hypotheses
conceptually, by thought experiments, before actual operation, because the effects
of their acts are likely to be irreversible and hazardous. This, however, has the risk
of temptation to test a hypothesis on the physical work environment itself in order to
avoid the strain and unreliability related to unsupported reasoning in a complex causal
net. No explicit stop rule exists to guide the termination of conceptual analysis and
the start of action. This means that the definition of error, as seen from the situation
of a decision maker, is very arbitrary. Acts that are quite rational and important
during the search for information and test of hypothesis may appear to be
unacceptable mistakes in hindsight, without access to the details of the situation
(Rasmussen 1990b).

COUNTERMEASURES FOR HUMAN ERROR
The major share of human errors in the occurrence of accidents in large sociotechnological systems has highlighted the importance of reviewing the current
approach towards the concept of human error and design of error proof systems. As
mentioned before, when human action transgresses the boundary of acceptable
performance we are facing a human error. The boundary is usually defined as preset
conditions and relevant procedures which have to be constantly observed. The main
goal in pursuit of traditional way of responding to errors is designing less error prone
workstations in which the number of human interventions is tried to be reduced to as
low as possible.
The current widely used defence-in-depth strategy in large hazardous sociotechnological systems, on the other hand, helps the adverse impacts of human errors
to remain undetected and be forgiven by the system. The redundant, overlapping
safety layers prevent the progression of the chain of individual errors and/or failures
from leading to an accident. The large safety margins which are put into the safety
layers and systems allow the plant parameters to somewhat exceed the nominal range
without serious notification of the operator. The complexity of the control
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mechanisms in many cases hinder the operators from obtaining a clear understanding
of the real changes in the status of the plant.
Similarly, higher level of automation which is usually deemed as the remedy to human
reliability deficiency can not eliminate the problem. The issues such as increase of
complexity and opacity of the system specially in unprecedented upset conditions,
elevated rate of maintenance errors, loss of skill, de-motivation and passiveness of the
operators are some of the adverse impacts of more automation.
Learning from the past experience and subsequent modifications have to a great deal
improved the operation of hazardous systems, but it seems that following the current
"retro-active" approach of error reduction strategies a certain limit is reached that
these strategies lose their effectiveness. As Rasmussen (1993) has pointed out:
"attempts to control safety by campaigns seeking to avoid the empirically identified
causes and conditions in the future very likely will face 'false alarm' fallacy, in work
you simply cannot be so careful as to always avoid all 'resident pathogens' identified
empirically in prior cases". This limitation, however, stems from the implicit static
definition of error. In the static image of error, there are certain constant
specifications and features for the undesired actions which are usually mixed with a
shadow of negative terms. Lack of sufficient training, interface deficiencies, stress
or more recently, organizational and management faults are only a few of the usually
cited "root" causes. Generally, there is an attempt towards the "fixation" of the root
causes of errors in response to the revelation of the role of human errors in incidents
or accidents.
However, both human being and socio-technological system can not be considered
as static items. The personal, cultural, technical, economical and political envelope
of the system are constantly changing which require the constant adaptation of
human and the organization. Therefore, the concept of error must be viewed in the
adaptive dimensions as the mismatch between the two changing sides, i.e. human
and system. This non-static mismatch should be bridged by appropriate humansystem interfaces which are designed on the basis of dynamic definition of human
error.

LEARNING ORGANIZATIONS
Learning organizations are those organizations which dynamically adapt to the
changing conditions of the environment. In this process, the boundaries of acceptable
performance must continuously and aggressively be explored to optimize the
performance. Rather than formulating the rules of conduct, learning organizations use
a decentralized closed loop, feedback strategy in which the observed level of safety
is compared to a target value and efforts are focused on diminishing discrepancy. In
these structures, the safety goals and targets are propagated downward the work
system while, in contrast to hierarchial command-and-control management structures,
rules of conduct are developed on site and according to the peculiarities of the
workplace. The function of higher level management is then not the monitoring of
rule adherence, but to supply the needed resources for safety activities and to check
work planning methods and performance reports.
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For example, in nuclear power plants which are designed according to defence-indepth principle, the feature of adaptation of different sections to local work
requirements may, in some cases, lead to violation of the safe activities of other parts
of the plant and provision of a pathway for errors to breach the defence layers and
cause accident. Another characteristic of adaptive organizations is that the traditional
way of improving safety by increasing the margin to failure is always compensated
by adaptive changes. Therefore, the enhancement of safety in learning systems
requires adequate knowledge about the mechanisms of local adaptation processes and
identification of the important parameters to which the adaptation processes are most
sensitive. Also, the safety of adaptive organizations is greatly improved if the actors
are provided with appropriate tools to be able to touch the boundaries of acceptable
behaviour and can recover from the adverse impacts of their errors, without exposing
the plant to undue risks. In other words, adequate flexibility is needed so as to widen
the tolerance bands in case of interaction with the limiting boundaries.

ERROR TOLERANT SYSTEMS
In order to allow for, and cope with human errors in large technological systems such
as nuclear power plants, human errors should be considered as unsuccessful or
unacceptable experiments in an unfriendly environment. Therefore, the design of
friendly, i.e. error tolerant systems with integrated task and organizational structures
should be considered.
The interface design should aim at making the boundaries of acceptable performance
visible to the operators while the effects of committed errors are observable and
reversible. To assist the operators in coping with unforseen situation, the interface
design should provide them with tools (opportunities) to make experiments and test
hypotheses without having to carry them directly on potentially irreversible processes.
An error tolerant system has the characteristics of both human-machine and humanhuman interfaces. It can be regarded a human machine interface since the operator
interacts with the plant through it, and at the same time it is a human-human interface
system which informs the other relevant decision makers of the actions taken and also
can find the impact of the others' actions on the domain of acceptable behaviour of
the operator. In other words, this interface system provides a means by which the
boundaries of safety margins of the plant and the boundaries of allowable actions
becomes visible to the operator at any time during the operation of the plant. Error
tolerant system can also be considered as a decision support system, since it provides
the operator with the actual state of the plant and the consequences of execution of
his commands on the plant. The trend of change of area of the space of possibilities
(the degrees of freedom) provides him with valuable guidance in directing the plant
away from the safety margins borders. The error tolerant systems have the following
features:
-
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simplicity
transparency
error detectability
linearity
recoverability
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The integration of error tolerant systems into the plant should not add to the
complexity of the operation. The presentation of the information should be quite
comprehensible. The system should facilitate the operator's correct conception about
the real status of the plant. This can be achieved by clear presentation of the path
of influence of an operator (or combination of actions of operators) on the state of the
plant. Error tolerant systems should enhance the visibility of human actions in the
plant both for the operator himself and the others who monitor his actions. Thus the
decisions made by any actor are analyzed and evaluated by a group which greatly
enhances the detection of any error. In other words, the group mind checks the
correctness of the operators' decisions in view of the instructions and probable
outcomes. The linearity of the mechanism of control of the processes by the error
tolerant system (i.e. preventing the plant to undergo irreversible changes) enables the
operator to take the reverse steps to change the unacceptable error-lead plant status
to the initial point of detraction. This feature allows the operator to recover from
some committed error through following remedial procedures. The speed of function
of error tolerant system must be faster than the rate of deterioration of the plant state
due to some erroneous executed command. The time needed for the error tolerant
system to reveal the incorrectness of the operator's action should not permit the plant
to go through irreversible degradation processes. In other words, the error tolerant
system should not expose the plant to any danger of inactiveness from the operator
to the rapid dynamics of the safety relevant processes in the plant.
It is known that in traditional work organizations, various task groups must respond
to rapid changes which cannot be thoroughly analyzed before implementation of
corrective actions. Also, discretionary decisions are made by different people that
often interact to produce an unpredictable outcome. Error tolerance is important here,
because incompatibility between the solutions chosen by the different groups can
have drastic economic and environmental impacts. According to Roberts & Grabowski
(1994) "managers must learn to recognize points in their systems in which
desegregated decisions can be tolerated". One solution is an integrated information
system that ensures effective horizontal communication that makes the effects of
decision made by team members visible within the work context of each of the other
teams. That is, it should be made clearly visible (and hopefully reversible) when
decisions made by one group violates the boundary of acceptable design as specified
by other groups.

ERROR TOLERANCE AND ORGANIZATIONS
The concept of error tolerance in organizations requires the management to have a
rather different approach to human error. As Debes (1995) has stressed, "human
errors are always possible: it is up to the machine, organization and procedures to be
forgiving". It is clear that the success of any change or modification in an
organization is mostly dependent on the degree of acceptance of top level
management. The effectiveness of an innovative system is also dependent on the
structural features of the organization. For example, in large tightly coupled, complex
organizations, error in one part of the system can propagate to other parts of the
system. When organization is tightly coupled, and therefore centralized, it becomes
brittle and unable to respond to changing environments. Decision making in tightly
coupled organizations is rigid and uncritical. Another example is the quality of
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communication in the organization. According to Tanguy (1995), the EDF's former
general inspector for nuclear safety, "in most of the operation incidents where human
error is involved, I believe there is a problem of communication". The extent of
information exchanges within the organization determines the likelihood of
misunderstandings between the personnel. Pooling information, sharing ideas,
passing on information, drawing attention to something, keeping the shift leader up
to date, giving instructions are some of the communication activities which are crucial
to team work. Encouraging lots of communication helps the system become more
understandable, more linear, predictable and controllable for those operating in it.
The management attitude towards human error has important effect on the
acceptability of error tolerance concept into the organization.
In learning
organizations, when errors are committed, they are mainly considered as a source for
improvement. Encouragement of the actors in the organization towards more
openness (transparency) and reporting the near misses and incidents without fear of
any punishment provides a proper error tolerance climate inside the organization.
Several major accidents have been shown to be structured by a gap between detailed
and general knowledge: executives did not have the same knowledge as plant-level
managers did. Top level management located far from the plant controls system
design, while function managers at the plant keep abreast of the technical details and
activities that can put the system in danger. Although we conventionally believe that
detailed functional knowledge is "foreign to the normal management tasks" of upper
management, only that management level can maintain a systems overview for
detecting the "potential fora catastrophic combination" of these threats (Perin 1995).

CONCLUSION
Error tolerance concept is an approach which provides a forgiving cognition
environment for the actors to cope with unforseen incidents. The traditional punitive
concept of human error has to be reviewed in modern dynamic workstations of low
risk high hazard large socio-technological systems in which rapid changes occur in
both sides of the system and the human. The adaptive definition of human error has
to be incorporated into the managerial practices of traditional hierarchia! tight coupled
organizations by encouraging transparency and forgiveness towards the error.
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Problems with quantification of Safety Culture
M.Koiuh, B.Mavko
"Jozef Stefan" Institute, Ljubljana, Slovenia

Abstract
For the qualitative part of the method for the Safety Culture assessment we
quantitative part was developed based on expert judgement and statistical methods. The
quantitative assessment should go in parallel with the qualitative part already presented. The
essential part is based on expert opinion which organizational factors are the most important
for certain risk significant components and how well are they implemented. The problems
with getting the ratings are described in the paper.
1.INTRODUCTION
Studying descriptions of old major accidents lead us to conclusion that in many cases
problems arise much earlier than the accident. Progression of a problem into an accident is
due to the organization as a root cause if it does not cope with the precursors timely although
the trigger or direct cause is in many cases human related error.
Contemporary hazard identification methods can reveal many hardware problems, less
human errors and least organizational problems connected with the process. Nevertheless,
the accidents do occur inspite all of the efforts and analyses. The completed analysis is not
the end of the safety improvement process, but is rather the beginning of it, focusing our
attention on the important components of the systems where improvements are needed the
most.
A qualitative upgrade for finished quantitative part of the safety analysis has been
developed based on the list of the critical components. These critical components are main
contributors to the plant risk and are common points for many activities of different staff
groups in plant (managers, professionals, supervisors, operators, test & maintenance people,
contractors, etc.) and are also the subject of Operating, Abnormal and Emergency
procedures, Technical Specifications etc. Normally the operators as highly trained personnel
are aware of their importance for the safe operation but this is not always true for the rest
of the people which interface with the components.
The main thing which is introduced in the nuclear power plant is division between
operators and non-operators and the other division between the safety and non-safety
equipment. These two divisions introduced in the organization of the plant singularities which
are in our view one of the sources of potential hazards.

198

Nuclear Energy in Central Europe, Portorot Slovenia, 11.-14. September 1995

To be efficient in finding the problems and removing them we have to know where
to look and this is the major thrust behind our new method which incorporates the results of
probabilistic safety assessment, the philosophy of safety culture definition defined by the
INSAG-4 IAEA [1] and uses the principles and methods of the Hazard and Operability
Studies by adopting the expert meetings under leadership of an independent session leader.
To evaluate quantitatively we have to transform expert knowledge to numbers which
serve us for further analysis based on statistical methods. For the transformation we have to
use the expert opinion for which no consensus is needed. Differences in opinions are the
main point of our interest.
2. STEPS OF SAFETY CULTURE ANALYSIS
In the following section steps of the Safety Culture analysis are listed and the most important
definitions related to Safety Culture are described.
1. Collecting and analysis of past events and near misses
2. Selection of safety relevant events and actions and modifications for their repetition
prevention.
3. Incorporation of backfiting experience into training and in the procedures improvement.
4. Looking for latent weaknesses
5. Identification of important organizational factors that govern status of risk significant
components.
6. Evaluation of organizational factors
7. Finding the most critical organizational factors which form the safety culture.
8. Incorporation of the results into the PSA framework
2.1 HUMAN ERROR
As basis we have to accept the fact that human beings tend to err. No matter how
good they are, they are bound to make mistakes. When we accept this fact we must work on
the concept that the system has to be designed in such a way that it protects the errors to
develop in accidents and to prevent consequences of these errors.
This can be done on several ways neither of which is perfect but with the use of them
we can at least reduce the probability for events to evolve into serious accidents.
2.2 LATENT ERRORS
The characteristic of latent errors is that they do not immediately degrade the
functioning of the system but in combination with other events which may be active human
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errors or other random events in the environment they give rise to a catastrophic failure.
The categories of latent errors can be operational or organizational. The above
definition is a reason why we have to identify these errors in order to prevent accidents.
In the Nuclear Safety Report by the Inspector General of Electricite de France [19]
there is a description of USA 1160 MW PWR power plant transient from which there are
some lessons to be learned useful for the nuclear community and which are very much in
connection to the method described in the paper. The problems identified are connected to
- management methods, - clarification of the roles of the operators, - training of the
communication in the control room, - improvement to procedures, - equipment: definition
of priorities in the treatment of accumulated latent problems.
From the above example we can only confirm the most important lesson from TMI2 which
is that no matter how safe and redundant the design, no matter how perfect the procedures,
the operator remains the last line of defence.
The operators must ensure they understand and make full use of the tools available.
To be able to do this the plant personnel has to be involved in safety assessments and
evaluations and not only involved but also be informed with the results to be all the time
aware of the hazards threatening various sources. In this regard the organizational factors
identified are to be closely watched and enhanced. In order not to look in wrong directions
the method is oriented towards the risk significant components and towards the actions
connected to this equipment.
2.3 THE IMPORTANCE OF VERBAL COMMUNICATION
The verbal communication is the mechanism by which team work functions and it also
gives some insight into intermediate cognitive processes.
The differences in operating style are also reflected in the information content of
conversations between the operators.
Four types of communication links were found during simulation of transient:
"omnidirectional" (40%), "unidirectional" (45%), "team discussion" (6.8%), "external
communication" (8.2%). In some important scenarios external communications are of vital
importance and yet they are not normally trained except in rare occasions.
The importance of communication can be seen in different ways but the most
important are examples from which there is a clear message that communications were not
good.
The selection of people for the work in the nuclear power plant tends to find people
with stable character and communication abilities are being identified. Never-the-less the
ability not necessarily becomes the fact of every day routine. During the training process a
lot of exams are being done on written test manner which also does not improve the
communication ability. All of this is talking in favour of training the communication to be
able to communicate in an productive and efficient manner.
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2.4 THE IMPORTANCE OF WORK COORDINATION
During normal operation a lot of activities are being performed simultaneously and
they are being coordinated by the control room operating staff. As long as everything is
going as planned the activities are independent. As soon as something goes wrong a
dependence between these activities arise. If the dependencies are not recognized in timely
manner they create possibility for accident sequence to start. With close look upon these
parallel activities we can predict the possible influences between them and prepare the
personnel for such occasions.
3. QUANTIFICATION OF THE SAFETY CULTURE
To quantify safety culture we do not have very reliable source of information on the
parameters which form or constitute it. In this regard we have to rely on the expert opinion
of the experts participating in the qualitative process. Within the complex system such as
process plant or nuclear power plant there is a vast number of opportunities for failures to
stay hidden in the system. With the constant screening of the systems we can reduce the
probability for accident of such a cause.
The quantitative process goes along with the qualitative process. After each
component is assessed the experts are given possibility to rate the four factors recognized
during the qualitative process. Rating of the four factors is somehow controversial since
people are most sceptical and reluctant towards grades being given by the experts in technical
science and not in the behavioral science. The aim of this step in the method is twofold. The
first is to get the ranking of the factors from the good to the worst. The second is to get
personal opinion about the level of the factors from the experts participating in the process.
The experts put down on separate form their estimates (between the 1 and 10) of the
organizational factors from the result form (redundancy, communication, procedure and
control).
With questionnaire the estimates of the participants of the working sessions are
collected. With ten participants it gives forty estimates per component and 6000 grades per
hundred and fifty components.
What we want to know about these grades is to what level the experts agree on the
over the factors which describe the organizational level in the plant and give the ranking of
the most important organizational factors.
The best way to test the agreement among the experts is to change their estimates into
ranks and to calculate the Kendalls concordance coefficient which compares the sum of ranks
to the maximum sum of the ranks and is defined:

The maximum value of the sum of squares occurs when perfect agreement exists
between the experts and is equal to
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m2 (N3 - N)
12
so the coefficient of concordance W is defined as the ratio of S to the maximum
possible value of S and is
W =

12 S
2

m (N3 - N)

and takes values between 0 for total disagreement and 1 for total agreement between
the experts.
Table 1 : Example of results for quantitative assessment of one component
No. j| Team member
1

Redundancy

Procedures

Communications

Control

Independent
|| session leader

60

40

30

40

1.

1. Operator

30

35

25

40

2.

2. Operator

85

20

20

50

3.

1.Tester

40

40

10

55

4.

2.Tester

55

30

25

45

5.

1. Maintenance

60

35

20

35

6.

2. Maintenance

70

40

15

50

7.

1.Training

50

45

15

45

8.

2.Training

45

30

20

35

9.

1.Technical
management

65

35

25

30

2.Technical
management

55

30

20

35

10.
||

From the above example we can see that there are differences between the estimates
given by different experts. By changing the grades into ranks we can calculate the
concordance coefficient which is 0.77 thus giving us the information about the agreement
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between the experts. By plotting the means for factors over concordances we can spot the
components which are for the experts controversial and which need more of discussion.
From these estimates we get different indicators which can be calculated from
comparisons between the members of the groups by paired comparisons and between the
experts regarding the different factors across the components.
The final result is the mean value and standard deviation For the final result we have
a large number of data which give us the normal distribution.
As the final result we get the mean value and the standard deviation because of the
central limit theorem we will get normal distribution when combining different distributions
and also information which factors are critical over components and which departments will
have to improve some of the organizational factors. By comparing the grades of independent
session leader (who acts as control group in this case) with the grades of the experts we can
get the impression of the bias of the results gathered and if the differences are statistically
significant we have to find out what is the reason for such differences.
By grouping the components according to RAW values we get the information which
factors are most critical in certain region of RAW. If this factors are different we can orient
our attention to these components selectively thus using resources on the proper places.
Getting the final number gives us the reference point for the next evaluation rather
than to use the absolute number for comparing different plants. If this approach is used
within the organization it can help to improve the knowledge of the participants about the
critical issues and in the same time gives the data to the management to allocate the available
resources which will help to reduce the possibility for accidents.
Quantitative assessment is complement of the qualitative one while the grades give
the information how the experts think about the critical issues in numbers which is not
possible to get during the qualitative sessions. In our opinion this approach can give us new
information, although crude, it can warn us where we must be aware of hazards in our
systems.
In the end the estimates form the matrix of four parameters and N lines, N being
equal to the number of experts. For these data we calculate Kendalls coefficient of
concordance showing the agreement of experts ratings. This is the measure how much can
we trust the experts.
On the Kendall coefficient of concordance basis we can see to what level agreement
exists between the experts what is the level of safety culture.
The most important components have higher importances. In this regard we can set
the weights so that the factors for more important components get higher weights then the
ones for less important components. The most important component has according to this
gradation several orders of magnitude higher impact on safety than the ones from the back
of the tail.

Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995

203

On the other hand also the not so important components deserve some attention. In
this respect we have to distinguish them from the first group in order to see whether the
problems with these components are similar to the first group or there is specific problem
related to them. With this kind of approach we can trace the problems in different groups of
components which have similar importance measures. There should be no major differences
between the groups. If there would be major difference we should investigate the reason and
find out what are the causes.
4. RESULTS
With suggested guide words approach connected to the critical components different
viewpoint on safety attitudes is defined. This enables the identification, judgement and
improvements of the most vulnerable places in the plant. Any potential overlapping of the
duties and points where clear split of the responsibilities is needed is thus revealed. Also, the
need for communication between and within different groups becomes evident.
In the quantitative part we grade organizational factors which influence safety culture
in two ways for the plant as a whole as well as for each component or group of components.
The differences in estimates and in Kendall concordance coefficients give us the alarm that
some improvements are needed prompting urgent action.
The idea is that we can defend the facility only against those hazards which we have
identified. Our proposed method of assessment of the organizational factors by the group of
experts from the plant under the coordination of an independent session leader would help
in this direction by pointing out the organizational problems which are spread through the
organization and which can produce hidden latent problems in the systems. The time needed
for such an assessment is very much shorter than classical safety assessment so we hope that
it would be useful for a number of potential users.
Based on the rates given by the experts we can make the new list of the components
which is based on the judged organizational factors. From the new list we can see which
components have changed the places from the first list. So from the second list we can
identify components which are below their original place in the list. These components
should be looked at once again to find out what is needed to be improved.
Components for which the same organizational factor is the worst can be put in the
same group since they are coupled by the same organizational factor. The level of coupling
is based on the fact if these components are being maintained, tested and operated by the
same crews. (How many people are common for all these components).
By comparison between the rates of experts from the same department we can see the
agreement between them and judge what is the level of agreement between them. With this
comparison we can compare the level of agreement of four organizational factors within and
between the departments which is an indication of the level of safety culture.
5. CONCLUSIONS
With the prepared tools we can now test the method in live environment. The method
is designed to help the plant with the threats which are not covered by classic PSA.
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Abstract
First step towards the risk based regulation is to determine the optimal
surveillance test intervals for the safety equipment which is tested at nuclear power
plant operation. In the paper we have presented the process of optimal surveillance
test interval optimization from our perspective. It consists of three levels: component
level, system level and plant level. It bases on the results of the Probabilistic Safety
Assessment and is focused to minimize risk. A t component and system level the risk
measure is component or system mean unavailability respectively. At plant level the
risk measure is core damage frequency.

1.

Introduction

After Probabilistic Safety Assessment (PSA) is performed and its results
are available, it is important actively to use PSA results, conclusions and
recommendations to maintain and improve plant safety [1], [2].
Figure 1 shows that there are many goals which can be achieved using
PSA results and conclusions. One of them is to support the establishment of
risk based technical specifications and therefore risk based regulation.
On the way towards the risk based regulation there are several steps
to overcome. First we have to determine risk based optimal surveillance test
intervals for the safety equipment which is tested at plant full power operation
[3].
This step is important because the surveillance test intervals specified
in Technical Specifications [4] have been developed in the past more on the
results of deterministic analysis [5] and expert opinion than on risk
calculations. Experience with plant operation indicates that many requirements
in Technical Specifications are unnecessary restrictive and may not be
beneficial to safety.
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Use of PSA
Technical
Specifications
Improvement
Surveillance
Test Interval
Optimization
Figure 1:

2.

Use of PSA Results

Risk Based Surveillance Test Optimization Process

Risk based surveillance test interval optimization process is
concentrated on the safety equipment which is tested at the nuclear power
plant normal operation. Figure 2 shows the process of optimal surveillance
test interval optimization from our perspective. Presented approach consists
of the three levels: component level, system level and plant level.
At the component and system level, the risk measure is a component
or system unavailability respectively. At plant level, the risk measure is a core
damage frequency.
Assumption is, that evaluation is oriented to one unit nuclear power
plant with two loops as NPP Kr§ko is. So unit level = plant level =
society/national level, because this is the only Slovenian NPP. Second
assumption is that functional level, which could be introduced between the
component and system level, can be equalized by system level. Two reasons
for such a decision encouraged us:
first is practical; we did not want to introduce too many levels
and then have (more) too many (theoretically different) results
for decision making process,
second is the system level itself, which is actually defining a
system as an entity which can be modelled by a single fault tree.
So at the system level as one system we accept:
the front line system in such an extent that can be
modelled by one fault tree,
subsystem of the support system (bus of the
electrical power supply system, or actuation path in
engineered safety features actuation system) which
can be modelled by a single fault tree,
the function of the system, which can be modelled
by a single fault tree.
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Figure 2:

Risk Based Surveillance Test Optimization Process

2.1.

Component Level

Analysis of the component level consists of manufacturer requirements,
collecting component data [6] and calculation of optimal surveillance test
interval which results in minimal component mean unavailability. Component
mean unavailability can be expressed analytically and can be calculated by the
use of collected data. If the component mean unavailability partial derivative
by surveillance test interval is expressed, we get the equation which
determines the optimal surveillance test interval [7]:
dQ,(T,)
=0
dT,

-

(1)

where:
Qj
T,

...
...

mean unavailability of a component i,
surveillance test interval.

Standby component unavailability can be expressed by the equation:
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(2)

where:
Tj
Tt
A

...
...
...

surveillance test interval,
test duration,
failure rate,

which is for T t < <T ( in AT,< < 1 (less than 10% relative precision for
AT-,<0.05 and T t /Tj<0.05) approximated:

Optimum surveillance test interval is obtained by differentiating of
equation (3):
(4)
\

Equation (4) shows that surveillance test intervals for the newer and
more reliable components with lower failure rate should be longer.
Results of analysis on component level are valid only for the
components which does not affect other components of the system or other
systems.
2.2.

System Level

Analysis at the system level can not base on analytical calculation,
because of complex systems which power plant consists of. Many approaches
have been used for such a purpose in the last years (Markov Chains [8],
Monte Carlo Simulation [9], Risk Comparisons [10], [11], [12]).
We propose to use fault trees developed for the PSA. If the resolution
of modelling and boundary conditions are not in accordance with defined
surveillance tests of analyzed systems, the fault tree models should be
updated.
On the basis of sensitivity study for the system mean unavailability the
optimal test interval is one that causes minimal system mean unavailability
which is represented by mean unavailability of top event in the fault tree.
3.

Case Study

Engineered Safety Features Actuation System (ESFAS) was chosen as
a case study mainly because its testing seemed to be too frequent and
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because the fault tree analysis results [13], [14] showed significant
test contribution to the system unavailability which may be reduced by
extended test interval of digital portion.
Detailed fault trees developed for the purpose of the system analysis for
the PSA, were reviewed.
Special efforts were taken regarding to the unavailabilities due to online
surveillance testing. We have considered common cause failures by the
conservative value of /? = 0.1. We are aware of the fact that common cause
failures have without any doubt dominant role in the safety actuation, control
and instrumentation systems.
Because of the system definition (chapter 2 of this paper) for the
analysis at system level ESFAS, which actuates even wider selection of
equipment than Reactor Protection System, was split to subsystems in a way
that each subsystem is represented by one fault tree with top event specified
as failure of actuating appropriate engineered safety features.
We have actually examined separately several fault trees representing
different signal paths of the ESFAS.
Separately we have observed unavailabilities of other signal paths
actuating Containment Ventilation Isolation, Containment Spray Actuation,
Containment Isolation Phase A and Phase B.
Differences in design of miscellaneous signal paths are not significant.
Therefore differences regarding the fault tree analysis and regarding
unavailability results were not expected to be significant which was confirmed
by the fault trees analyses results. The fault tree analysis results presented
come from fault tree analysis of the signal path K601A which actuates Safety
Injection.
3.1.Results of the Case Study
Time dependent unavailability and mean unavailability evaluation was
done with PC based computer code for several different test intervals and two
different test duration times: four hours which is allowed outage time
specified in technical specifications and two hours which is mean test duration
time.
Figure 3 presents top event results for the fault tree representing signal
actuation of the safety injection (one train). From Figure 3 it can be seen that
system unavailability is the lowest at three months test interval. By test
interval extension from one to three months, unavailability decreases more
then 25%.
Figure 4 shows system unavailability calculated by the improved
equation [15]. Figure 5 shows unavailability results calculated by the use
of the same equation [15] including both trains.
From all three figures we can conclude that system unavailabilities,
considering the uncertainty of input data, are not sensitive regarding test
interval between two and five months.
These results match with the results ot analytical solution on
component level [16], [17] so we can conclude that the test interval
extension from one to three months is in accordance with the risk reduction.
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4.

Conclusions

We have presented our risk based approach of the test interval
optimization for the tests that are performed during power operation of nuclear
power plant. Our approach bases mainly on PSA results and consists of three
levels: component level, system level, plant level.
At the component and system level the risk measure is the component
or system mean unavailability respectively. At plant level the risk measure is
the core damage frequency. Test interval optimization is focused to minimize
risk and therefore component mean unavailability, system mean unavailability
and core damage frequency.
On a case study we have calculated system mean unavailability
sensitivity regarding test intervals. According to the minimal unavailability the
optimal test interval of three months for selected system was suggested.
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Aging in Probabilistic Safety Assessment
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A B S T R A C T - Aging is a phenomenon, which is influencing on unavailability of all components of the plant. The
influence of aging on Probabilistic Safety Assessment calculations was estimated for Electrical Power Supply System.
The average increase of system unavailability due to aging of system components was estimated and components were
prioritized regarding their influence on change of system unavailability and relative increase of their unavailability
due to aging.
After the analysis of some numerical results, the recommendation for a detailed research of aging phenomena
and its influence on system availability is given.

1

Introduction

The Krsko Nuclear Power Plant (NEK- Nuklearna elektrarna Krsko) is the only
Slovenian nuclear power plant and is operating in the cooperation with Croatia. Efforts to
estimate safety with Probabilistic Safety Assessment (PSA) and to use it for safety
improvements have been developed in both countries. The PSA group of "Jozef Stefan"
Institute strongly cooperated with Westinghouse in the PSA for NEK. The mentioned PSA has
been improved with calculations of external events, however aging was not included in the risk
estimations.
Since aging is phenomena, which is introduced in unavailability of all components of
the plant, we were interested in the influence of aging on PSA calculations. For this purpose
Electrical Power Supply System (EPSS) was chosen on the basis of presentation of NPP Krsko
PSA level 1 results [1]. From the results it follows, that contribution of LOCAs initiating
events to the total core melt frequency is 31.6% and the contribution of Loss of Offsite Power
and Station Blackout initiating events is 31.5%. On the list of dominant cutsets, the Station
Blackout initiating event with Electrical Power Supply System failures, contributes the major
part (6.95%) to the reduced sum of cutset. Also in the list of risk decrease importance factors
basic events of EPSS with its functions appear very often and high in the list.
As a support, the methodology and some data of Nuclear Plant Aging Research
(NPAR) program were used [2],[3]. A part of this program, which has been conducted by the
Office of Research of Nuclear Regulatory Commission (NRC), is probabilistic evaluation of
aging effects on risk.
2

Electrical Power Supply System

The function of Electrical Power Supply System is supplying of adequate and reliable
source of power to the plant loads [4].
The system consists of two subsystems:
- class IE power system (engineered safety feature power system) and
- non- class IE power system.
Since in the paper presented research was done for Class IE power system, only this
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system will be described.
The Class IE power system is designed to supply electrical energy for plant control and
operation during startup, generation of power, shutdown, standby, emergencies, postulated
accidents and natural disasters [4].
ic iww Micwwra
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Figure 1:

Class IE power system, high voltage
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Figure 2:

Class IE power system, low voltage

The class IE power system has two redundant, separate and independent fields, train
A and train B (Figure 1, Figure 2). Each train contains 6.3 kV, 400 V and 118 V ac voltage
levels, and 125 V dc voltage level.
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The 6.3 kV voltage level (buses MD1, MD2) has three electrical power sources. The
main power supply is through unit transformers Tl and T2 400 kV system. The alternate
power supply is 110 kV system, through station auxiliary transformer T3. Each train has its
own diesel generator as a backup power supply. Buses MD1 and MD2 are protected against
phase to ground, phase to phase and three phase faults (relays 51-51G) and against
undervoltage (relays 27). Station auxiliary transformer T3 and unit transformers Tl and T2
have differential protection against phase to phase and three phase faults (relays 87),
overcurrent relays (50-51) against overload and short circuit, ground overcurrent relays (51G)
against phase ground faults and Buchholz relays (63), which prevent further possible damage
on the winding of the transformers due to short circuit in the winding.
The buses on 400 V voltage levels (LD11, LD12, LD21, LD22) are supplied from
corresponding 6.3 kV buses. These LD buses are protected for phase faults with overcurrent
relays (50/51) and for phase to ground faults with ground overcurrent relays (51G).
Each dc bus on 125 V voltage level is supplied from 400 V buses through suitable
battery charger. Also one common battery charger is achieved, capable to supply 125 V
voltage to train A or train B. The alternate power supply is through the battery, which is
capable to supply selected plant loads in the case of complete loss of ac voltage for two hours
[5]. In this time, successful start of at least one diesel generator is expected.
The 118 V buses are supplied from 125 V buses through corresponding inverters. The
alternate power supply is from 400 V buses through transformer.
3

Methodology, including age dependent parameters in PSA calculations

The core melt frequency changes during time because of aging, including changes of
component unavailabilities and initiating event frequencies. To describe these changes, a
standard Taylor expansion approach can be used. The change in a dependent variable (AC) as
a function of the changes in the independent variables (Aqj) follows the equation:

AC = ESfiq,
i

where AC
Sj, Sy

+ J^S,£q£qj + ... + Sm

nAq^q2Aq3

... Aqn

({)
v

f>j

...
...
...

'

dependent variable
standard Taylor expansion coefficients
independent variable

The standard Taylor expansion coefficients can be termed the core melt frequency
sensitivity coefficients, in the paper term sensitivity coefficients is used. Dependent variable
represents the change in core melt frequency due to aging and independent variable the change
of initiating event frequency or component unavailability due to aging.
The equation 1 includes individual aging contributions, two components interactions,
triple components interactions, etc.
Since the Taylor expansion approach is a standard calculus approach, it can be used
also for calculation of system unavailability changes due to aging. In this case, the dependent
variable is change in system unavailability due to aging, and independent variables are changes
of component unavailabilities due to aging. The change of component unavailability can be
expressed as an average increase, time dependent or age dependent increase. In the paper the
average increase approach is used.
The unavailability of the component was modelled with the exponential model by
equation:
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(2)

q{i) = 1 - e
where q(t)

the unavailability of a component
age dependent failure rate
age of component

t

By the definition in the literature, aging occurs in the component if the failure rate A(t)
as a function of component age is increasing [3].
Aging was modelled with linear model for failure rate:

X(t) = KQ * at
where

(3)

constant failure rate
constant aging rate

a

For the exponential function in the equation (2) Taylor series development can be used.
With some assumptions and simplifications, which are known from standard probability
theory, it follows:

qif) = f\(t)dt'

(4)

The average increase of unavailability was calculated for four different types of
components. They are shown in the Table 1. Renewals of component were modelled with the
Good as New Restoration Model, where age of component after the activity is set to zero.
Tests were modelled with the Good as Old Restoration Model, where age of component
remains the same as before the activity. In both models, component is in an up state after the
activity and activity does not influence aging rate.
Component type

renewal at time L
no surveillance in the plant lifetime tg

Average unavailability

aL

renewal at time L
surveillance at time T

no renewal in the plant lifetime t,,
surveillance at time T

no renewal in the plant lifetime t,,
no surveillance in the plant lifetime t,,

Table 1:

Average unavailability increase for different types of components
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From the reliability theory it is recognized, that most components begin to age after
some threshold time t,, which could be ease incorporated into the formulae. Since the lack of
data, this threshold age was not included into the evaluation. This assumption causes a higher
increase of system unavailability due to aging.
In the paper individual aging contributions were calculated, using the equation 1:

=I>,
where AC

...

S;
Aqj
Ac;

...
...
...

(5)

the change in system unavailability due to changes of component
unavailabilities due to aging
sensitivity coefficient of component i
change of unavailability of component i due to aging
change in system unavailability due to change of unavailability of
component i due to aging

In the paper the change of system unavailability due to aging of components was
estimated and components were ranked regarding their sensitivity coefficients.
4

Age Dependent PSA mocb!

4.1

Extension of PSA Model

For aging evaluation, the 6.3 kV ac bus MD1 was selected. The MD1 bus is supplied
from three different power sources from higher voltage levels. Because of control and
protective devices fault tree of MD1 bus includes also fault trees of lower voltage levels.
In the model of Westinghouse PSA vital voltage levels were analysed with fault trees.
Some components (relays, circuit breakers, etc.) on this levels are supplied or controlled with
voltage from 125 V or 118 V buses. Loss of this voltage was in the Westinghouse fault trees
modelled with one basic event.
Aging is a phenomenon, which has influence on all components of the system, and
where interaction of the components on the system unavailability is interesting. Instead of one
basic event (Westinghouse model), fault trees were developed for loss of control voltage. More
exact and complex fault trees iclude the dependency between different voltage levels, so
models are closer to the real conditions. Some closed loops, which can happen with such
modelling, were eliminated with house events.
4.2

Selection of Components for Aging Evaluation

Since the number of components included in the fault tree of Electrical Power Supply
System was substantial, we decided to separate some components for detailed aging evaluation.
First, the standard PSA model without aging parameters was calculated. Then for all
components, which are modelled in the fault tree of EPSS, the average increase of
unavailability was evaluated. Components, for which significance coefficients and average
increase of system unavailability were estimated, were selected regarding following criteria:
• from standard PSA evaluation
o
components, which are in the minimal cut sets, contributing to the system
unavailability (top event probability) more then 80% or
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o
o

components in the single cut sets QL
components, with risk increase factor (risk achievement worth) greater then 100 or

• from aging evaluation
o
components, with average increase of unavailability due to aging greater then 510 '2.
Twenty-eight components were selected for the detailed evaluation. These components
are circuit breakers to the buses, some relays on 6.3 kV voltage level, generator step-up
transformers GT1 and GT2, unit transformer Tl, diesel generator and battery charger 1A-1B.
Components, which were eliminated from the detailed aging evaluation because of
problems with data, are 110 and 400 kV network and switchyard, and fuses on 125 V voltage
level.
4.3

Data Base

Data related to aging evaluations are aging rate, renewal time, surveillance time and
plant lifetime.
Most aging rates were captured from TIRGALEX data base, from NUREG/CR-5510
[2]. Some aging rates were found in the IAEA document [6]. Since generic data of aging rates
are sparse, they introduce substantial uncertainties into results. Considering the lack of data,
prioritization of contributors regarding aging is meaningful, whereas absolute values have
limited significance.
Renewal times were estimated, using constant failure rate from standard PSA (equation
6). It was assumed, that component is renewed when it fails, and that aging does not influence
the time of component failure.

1=

where L
Ao

...
...

f

6

<>

renewal time
constant failure.

Surveillance intervals were captured from Technical Specifications and from test and
maintenance procedures for Electrical Power Supply System [7]. Plant lifetime was found in
the literature [3].
During data collection, some assumptions were made:
- Test and maintenance were completely efficient in detecting or correcting degradation
or failure of a component.
- Failure rates for failure to change position of circuit breakers were in standard PSA
given in failure per demands. Equation (6) is irrelevant for renewal time estimation. It was
determined with IAEA document [8].
- Failure rates for failure to start of diesel generator were in standard PSA given in
failure per demands. Renewal time was captured from literature [3].
- Where the surveillance time for protection relays on 6.3 kV voltage level was missed,
the 18 month interval was used.
5

Results
The change of unavailability of the system due to aging is for two orders of the
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magnitude larger then the base unavailability of the system in the standard PSA. The change
is calculated for 28 components, which are selected regarding criteria, mentioned in the
previous paragraphs. The comparison is in the Table 2.
Data, with which this average change
Unavailability in
Unavailability change
of unavailability due to aging was calculated,
standard PSA
due to aging
are very rough. However, the result shows a
9.32-105
5.7510"3
relative significant contribution due to aging,
which should be analysed more in detail, as
Comparison
of
for example which mechanisms of aging Table 2:
average
unavailabilities
significantly enlarge unavailability of the
system, what influence have tests and renewals on change of system aging etc.
DCBF5C4
ACTA7GT2
ACTA7GT1
ACJF786G
ACJF2AY1
ACJF2A86
ACJF186U
ACJC2A86
ACBK2A
ACBF2AT1

ACJF2AY1
ACJF2A86
ACJF186U
ACJC2A86
ACBK2A
ACBF2AT1
0.001

frp
fcp

Figure 3:

Sensitivity coefficients
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transformers GT., GT2,
T l , T2 ccf
transformer Tl failure
transformer GT2 failure
transformer GT. failure
400 kV switchyard fails
relay 86G frp
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relay 86MD1-T1 frp
relay 86U frp
the MD1 bus fault
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switchyard frp
400
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Risk increase factors

Components with the highest sensitivity coefficient are shown in the Figure 3. These
are: relays of 6.3 kV voltage level, bus MD1, step up transformers GT1 and GT2 and circuit
breakers to MD1 bus and 125 V control bus. Components with relative high sensitivity
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coefficient (> 10'2), have also a relative high risk increase factor (RIF,->i$0), Figure 4. The
remaining components, with RIF> 100, have a relative small increase of unavailability due
to aging. Sensitivity coefficient connects both, sensitivity of the system unavailability
regarding change of component unavailability and the change of component unavailability due
to aging. In this sense, sensitivity coefficient is another importance factor of components (near
the importance factors, which are calculated in the standard PSA) and should be calculated also
in standard PSA.
6

Conclusions

In the paper, the sensitivity of Electrical Power Supply System unavailability on its
components aging was evaluated. Two main conclusions can be drawn from the results:
•

The contribution to system unavailability due to aging is significant. We recommend
a detailed research of parameters, which increase system unavailability, as for example
which mechanisms of aging significantly enlarge unavailability of the system and what
influence have tests and renewals on change of system aging.

•

Calculation of sensitivity coefficients exposes some components, which have high
influence on change of system unavailability and have high relative increase of
unavailability due to aging. We recommend a detailed research of aging mechanisms
of these components.

7
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KRSKO SOURCE TERM ANALYSIS
Ivica Basic
Bozidar Krajnc
NPP Krsko, Vrbina 12, 68270 Krsko, Slovenia

ABSTRACT - The KrSko Source Term Analysis (STA) has been provided as integral part of the Kr§ko
Individual Plant Examination Project OPE) Level 2 (Containment Analysis}. Based on its own
definition, the STA quantifies the magnitude, time dependence and composition of the fission
product releases which characterize each Release Category (RC). The KrSko STA also addresses
the definition of each RC, identification and the choice of dominant accident sequences within a
release category, analysis of the representative accident sequences using MAAP 3.OB (Modular
Accident Analysis Program) revision 18 to estimate the source term characteristic and discussion
of identified major areas of uncertainty.
1. RELEASE CATEGORY (RC) DEFINITION
Release Categories (RC) describe the group severe accident sequences with similar fission
product source terms. RC's were defined at the stage of construction of the Krsko
Containment Event Tree (CET). A CET could simply pose the question,"does the
containment fail?". The outcome will result in two end states, yes or no, corresponding
to failure or success. Since CET were first developed in the Reactor Safety Study (WASH1400), a range of different approaches has been taken in the numerous PSA (Probabilistic
Safety Assessments) studies performed. One of the approaches is a "traditional" approach,
in which the CET has approximately 20 to 30 nodes and questions are mainly concerned
with phenomenological aspects while the systems functionality events mainly being
considered in the plant analysis and PDS (Plant Damage States). This "traditional"
approach, based on review advantages and disadvantages of all other approaches, has
been chosen for the construction of Krsko CET.
The key characteristics chosen to define the Krsko RC's are:
a.
Containment status: intact, bypassed, isolation failure in one of four time frames;
b.
whether MCCI (Molten Core-Concrete Interaction and associated increased fission
product release) occurs;
c.
whether a release is scrubbed by overlying water (for bypass releases;
d.
whether the core is recovered in-vessel.
These RC definitions were reviewed in light of the results of CET quantification, prior to
performing STA to ensure that they are still appropriate.
Final release categories definitions are summarized in Table 1.
For the Krsko CET, the time windows are defined as:
I.
From the onset of significant zirconium oxidation reaction until just prior to failure
of the reactor vessel;
II.
From just prior to vessel failure to the end of the containment dynamic response to
vessel failure/end of rapid fuel debris/coolant interaction ex-vessel;
III.
From the end of rapid debris/coolant interaction ex-vessel to 24 hours;
IV.
After 24 hours.
KrSko Source Term Analysis
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There is no need for a time frame addressing the period up to the onset of core damage
because that operator actions and systems availabilities of interest during this period are
already covered in the IPE Level 1 Analysis (see [3].). The limit time between time frames
3 and 4 (24 hours) is chosen as a representative time after which significant aerosol
deposition in containment will have occurred.
2. CHOICE OF REPRESENTATIVE ACCIDENT SEQUENCES
In the Krsko STA, "base cases" are analyzed to quantify the magnitude and timing
associated with the fission product release source term for each release category.
"Sensitivity cases" are performed to investigate the importance of key phenomena on the
magnitude and timing of the source term. The "sensitivity cases" are not subject of this
article. The accident sequences are addressed based on the Plant Damage State (PDS)
terminology and associated designators. For each RC, a single base case sequence is
selected. Only where there are significant variations between the sequence types
represented by the RC is it necessary to chose more than one case. The primary criterion
for choice of sequence is frequency which are detail evaluated in [3]. The representative
cases used for the source term analysis are summarized in Table 4.

3. ANALYSIS OF REPRESENTATIVE ACCIDENT SEQUENCES
Source Term Analysis for the Krsko IPE Level 2 (see [1].) has been performed using the
MAAP 3.OB PWR computer code, revision 1 8. In MAAP, the major input for fission product
behaviour is the initial core inventory of the major radio-nuclide (Table 2). MAAP contains
models for the release from the fuel, transport, deposition and revaporization in the
Reactor Cooling System and containment, and release to the environment. Fission product
behaviour models assume that the fission products are present as 12 representative
groups. Group 1 fission products are noble gases. All other groups are modelled as
aerosols (particulate).
The fission product modelling in MAAP is fully integrated with the thermal hydraulic
modelling, unlike most other severe accident codes. This is an important advantage since
the code therefore inherently considers thermal hydraulic/fission product behaviour
interactions, and is therefore able to model phenomena such as fission product
revaporization.
A summary of the preliminary results of the Krsko Source Term Analysis is provided in
Table 4.
EXAMPLE OF STA - RELEASE CATEGORY 3A - CONTAINMENT FAILURE IN TIME FRAME IV, NO MCCI

This RC covers sequences in which containments fails in time frame IV (after 24 hours)
and there is no MCCI. Run TRA1 2_33 is selected as a representative base case to present
source term results for RC 3A.
The assumed accident scenario is modeled with the following main assumptions:
loss of Main Feedwater System (MFW) and Auxiliary Feedwater System (AFW);
High Pressure (HPI) and Low Pressure (LPI) Safety Injection (injection and
recirculation mode) are not available;
containment fan coolers are not available;
containment sprays are assumed available until RWST (Refuelling Water Storage
Tank) depletion - no recirculation;
Reactor Coolant Pumps (RCP's) are tripped at saturation conditions;
no operator actions are modelled.
Until the containment failure the normal leakage is modelled (by area 4.64E-6 m2 which
corresponds to equivalent leakage area due to normal Technical Specifications (TS) limit
for normal, allowed leakage).
KrSko Source Term Analysis
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TRA1233 MAJOR EVENT SEQUENCE:
TIME (s)
0.0
8.9
2633.0
2802.5
3161.5
3997.7
4192.2
6150.2
6479.7
7055.7
8279.7
8284.8
16688.0
97029.3

DESCRIPTION OF THE EVENT
Loss of all MFW and AFW
Reactor trip
Both Steamgenerators (SG's) dry
Pressurizer (PRZ) solid
Pressurizer Relief Tank (PRT) rupture disk failed
RCP's off, PRZ safety valves open
Core uncover
Onset of core melting
Core support failure
Pressurizer empty
Reactor vessel failure
Containment sprays ON
RWST depleted - Containment sprays OFF
Containment failed

Up to the point of the reactor vessel failure the fission products were released from the
fuel into the primary system and through the pressurizer relief valves and PRT into the
containment atmosphere. The pressures in containment compartments during modelled
accident are shown on Figure 1. During this period there is a small release of the volatile
fission products and noble gases to the environment due to the normal leakage of the
containment. During the containment spray operation, almost no volatile fission product
was released from the containment. After spray operation they vaporize into the
containment gas atmosphere. Due to the steam environment, most of the volatile fission
product vapours condense and form aerosols and significant retention within the primary
system occurred (cca 80%). They are deposited on the primary system structures. Later
on some of those deposited volatile fission products vaporize again and are transported
into the containment. A significant amount of the volatile products such iodine (Csl) are
retained in the primary system (61.1% of iodine) and in the containment (37.4%) (see
Figure 2). After the containment failure there is a step increase in the release rate of all
volatile products from the containment. 0.48% of iodine was released into the
environment (see Figure 2). After the containment failure 99.93% of noble gases are
released from the containment. This step increase is consequence of high pressure
difference (7.4 bars in the containment). Due to the chemical interaction between nonvolatile fission products and concrete, some of the non-volatile fission products vaporized
(in the different chemical forms) and are released to the containment gas space in the
form of aerosols. There is a sudden increase in the release rate of all the non-volatile
fission products at the time of containment failure mainly due to the big pressure
difference between the containment and the environment and large gas flow from the
containment to the environment. In this sequence late containment failure occurs (at 27
hours). Due to concrete attack some release of non-volatile fission products occurs. The
releases in environment are summarized in Table 4.

Due to the containment failure on high internal pressure (at 7.4 bars) 99.93% of the noble
gases are released to the environment. The release of the volatile fission products such as
iodine (0.4835 %) and cesium (0.7963%) in the form of Csl and CsOH is significant. There
is also a small release of the non-volatile fission products 2.31 8E-4 % (no release of
uranium, transuranic and TeO2).

Krsko Source Term Analysis

Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995

225

4. SOURCE TERM UNCERTAINTIES
The major areas of uncertainty or conservatism in the definition of the source terms are
discussed in [1]. (Section 5), and include:
a.
Fission product deposition in the auxiliary building,
b.
the effects of the secondary containment/annulus,
c.
the containment leakage rate assumed,
d.
deposition not credited in the models (for example, in the secondary relief system
piping for SGTRs),
e.
iodine form,
f.
modelling of release pathways in isolation failure categories,
g.
uncertainties involved in modelling such complex processes,
h.
the need to "been" sequences into release categories
i.
the initial fission product inventory in the core
5. A LIST OF ABBREVIATIONS
AFW - Auxiliary Feed-Water System
CET - Containment Event Tree
CHR - Containment Heat Removal
ECCS - Emergency Core Cooling System
HPI - high pressure injection (Safety Injection (SI) System)
ISL - Interfacing System LOCA
LFW - Loss of Feedwater
LLO - Large LOCA
LOCA - Loss of Coolant Accident
LPI - low pressure injection (Residual Heat Removal (RHR) System)
LSP - Loss of offsite Power
MAAP - Modular Accident Analysis Program
MCCI - Molten Core-Concrete Interaction
MFW - Main Feed-Water System
PDS - Plant Damage State
PRT - Pressurizer Relief Tank
PRZ - Pressurizer
RC - Release Category
RCP - Reactor Coolant Pump)
RCS - Reactor Coolant System
RT - Reactor Trip
RWST - Refuelling Water Storage Tank
SBO - Station Blackout
SG - Steam Generator
SGTR - Steam Generator Tube Rupture
STA - Source Term Analysis
TS - NPP Krsko Technical Specifications
VF - Vessel Failure
6. REFERENCES :

[1]. WENX/95/25;Krsko IPE Level 2 Main Report, August 1995; Volume 3: Source Term
Notebook, Revision 2 (M.-T. Longton, I. Basic, B. Krajnc, R. Prior)
[2]. WENX/95/25;Krsko IPE Level 2 Summary Report, August 1995; Summary Report,
Revision 1; (R. Prior, R. Bastien)
[3]. Krsko IPE Level 1 Report, July 1995; (Westinghouse - NPP Krsko)
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Table 1
Release Categories Definitions and
Frequency (in percentage of Core Damage Frequency)
RC
no.

Frequency
(%CDF)

Release Category Definition

1

Core recovered in-vessel, no containment failure

2

No containment failure

1.82
33.25
0.65

3A

Late (time frame IV) containment failure, no
MCCI

3B

Late (time frame IV) containment failure, MCCI

12.22

4

Basemat penetration

12.26

5A

Intermediate (time frame III) containment failure,
no MCCI

15.83

5B

Intermediate (time frame III) containment failure,
MCCI

1.53

Early (time frame I or II) containment failure

0.03

7A

Isolation failure, no MCCI

6.23

7B

Isolation failure, MCCI

3.59

8A

Bypass, scrubbed

9.98

8B

Bypass unscrubbed

6.51

6

Table 2
Plant Damage State Designators
Designators

Description

1. Initiator

A = large LOCA
S = small LOCA
T = Transient
V = interfacing LOCA
W = SGTR

2. Time to core melt

E = less than 4 hours
L = greater than 4 hours

3. RCS pressure at VF

H = high
L = low
R = recovery in vessel

4. ECCS status

N = no injection
B = injection before VF
A = injection after VF

5. CHR

l\l = no CHR available
Y = CHR available

6. Containment status

N = initially intact
I = isolation failure
B = bypass

KrSko Source Term Analysis
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Table 3
Initial Fission Product Inventory in the Core Assumed
in the Krsko Source Term Analysis
Fission Product
(isotope)

Xe-131

Assumed Core
Inventory (kg)

277.50

Kr-84

14.40

1-131

12.90

Rb-86

15.75

Cs-133

139.95

Sr-88

51.45

Ba-138

65.55

Y-89

24.45

La-139

66.75

Zr-91

190.50

Nb-109

2.96

Mo-96

166.50

Tc-99

39.75

Ru-101

111.30

Sb-122

0.87

Te-128

26.70

Ce-140

140.85

Pr-141

54.45

Nd-144

181.50

Sm-150

36.45

Np-237

27.75

Pu-239

502.50

KrSko Source Term Analysis
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Table 4
KrSko Source Terms (Base Cases) for Representative Sequences
RC
PDS

PDS Freq. (/yr)
41

Initiator'

I
i

I
I

I
8

I

2

3A

3B

4

5A

SB

6

7A

7B

8A

8A

SB

TERAYN

TEHAYN

SEHAYN

TEHANN

SLLNNN

SLLNNN

TEHNNN

ALLBYN

TEHANN

TEHANI

ALLBYI

VXXXXB

WUUUUB

WUUUUB

4.18E-07

1.28E-05

4.3SE-6

7.22E-06

1.25E-0S

1.25E-06

1.82E-06

6.45E-06

7.22E-06

6.36E-O7

9.33E-07

2.00E-06

4.42E-06

4.42E-06

LSP

LFW

SBO

LFW

RT

RT

SBO

LLO

LFW

LFW

LLO

ISL

SGTR

SGTR

TRA3_1

TRA31

SBO631

LL02_1

TR1233A

'•'..

LSP6 1

TRA12_1

SB020J

TRA12_33

TR12_33B

LL02_2

ISL1J

SGR9_1

SGR9J

2.5

2.S

2

10

2.5

2.5

15

9

2.5

2.5

2.5

5.5

18

18

Duration (h)

12

>45.5

17

>38

>93.5

>93.S

>33

>37

>45.S

>45.5

>45.5

23.5

>30

>30

Energy (MW)

0

0

82

82

82

82

82

82

82

82

82

82

82

82
10

Run ID

:

Start time (h)

Elevation (m)

10

10

10

10

10

10

10

10

10

10

10

10

10

Time (h)

48

48

48

48

96

48

48

48

48

48

48

48

48

48

Noble gases'"

2.79E-03

3.03E-03

4.05E-03

9.99E-01

9.82E-01

4.90E-03

9.40E-01

6.24E-01

1.00E + 00

9.83E-01

5.72E-O1

1.00E+00

9.91E-01

9.91 E-01

Csl + Rbf"

2.18E-06

5.40E-06

2.21E-05

4.84E-03

5.48E-04

9.24E-05

2.64E-O2

2.63E-03

4.54E-O1

9.64E-02

3.57E-03

6.84E-03

2.76E-03

2.76E-01

1

0.00

0.00

0.00

0.00

1.60E-04

7.776-OS

0.00

1.59E-07

0.00

0.00

9.27E-06

1.99E-04

0.00

0.00

SrO'"

4.32E-07

3.10E-09

1.81E-07

8.94E-06

5.13E-06

4.26E-06

1.63E-06

8.24E-05

6.79E-04

1.13E-O5

5.06E-05

3.85E-04

8.20E-07

8.20E-0S

MoO,1"

1.41E-0S

2.80E-08

4.53E-06

5.S3E-04

9.76E-06

9.76E-06

2.27E-06

2.02E-04

4.57E-O5

1.77E-O5

5.20E-04

1.54E-05

4.61E-06

4.61 E-04

2.31E-05

4.80E-06

2.27E-05

7.96E-03

6.84E-04

9.05E-05

2.89E-02

2.62E-03

3.83E-01

7.74E-02

3.10E-03

6.90E-03

2.54E-03

2.54E-01

4.52E-06

2.00E-08

2.11E-06

5.65E-05

5.60E-06

4.51E-06

6.56E-0S

1.84E-04

3.99E-03

7.54E-05

1.92E-04

2.19E-04

1.21 E-05

1.21 E-03

3.63E-06

3.30E-11

3.18E-06

3.00E-08

1.48E-06

1.29E-06

1.90E-09

7.72E-O5

1.52E-O6

2.84E-07

6.1SE-0S

2.67E-04

1.45E-O5

1.45E-03

CeO,'"

3.63E-06

3.30E-11

3.18E-08

3.30E-08

1.12E-05

9.03E-06

1.90E-O9

2.12E-04

4.78E-06

2.84E-07

1.27E-04

6.84E-04

1.45E-05

1.45E-03

Sb'"

2.76E-05

8.10E-07

1.82E-05

4.43E-03

5.97E-04

7.38E-05

1.58E-02

4.67E-04

1.46E-01

7.55E-O3

2.41E-03

1.42E-03

4.92E-04

4.92E-02

0.00

0.00

0.00

0.00

2.72E-05

5.82E-06

0.00

4.92E-04

0.00

0.00

1.2SE-O3

6.95E-04

1.86E-05

1.86E-03

0.00

0.00

0.00

9.88E-08

3.77E-08

0.00

3.01 E-05

0.00

0.00

5.53E-05

9.10E-06

7.73E-12

7.73E-1O

TeO, "

CsOH + RbPH" 1
BaO'"

Lanthani':-.'' •

T.,«>
11 31

Transuranics "

IS

2

.1

111
121
131
141

0.00

Release fraction of Initial Fission Product mass represented in Table 2
Lanthanides represents La2O3 + Pr2O3 + Nd2O3 + Sm2O3
Transuranic represents UO2 + NpO2 + PuO2
Initiators abbreviations are given below Table 3

NO

KrSko Source Term Analysis

Example of STA - Release Category 3A - Containment Failure in Time Frame IV. no MCCI
Figure 1 Pressure in Containment Compartments
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Figure 2 Csl Mass Fraction Distribution and
Release Fraction of Csl from Containment
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SI9900031
Use of MAAP Code for Identification of Key Plant Vulnerabilities for the Beyond
Design Accidents and their Mitigation at NPP Krsko
Bozidar Krajnc, NPP Krsko

ABSTRACT
NPP Krsko performed according to GL 88-20, Supplement 1 - 4 and RUJV requirement the Individual Plant
Examination analyses. For the required deterministic analyses the MAAP 3.0B code was used. It was proven
that such severe accident analysis can be used for evaluation of the overall level of safety improvement that can
be gained with the different modifications and alternate design. In this paper one of such important outcomes
from these analyses will be presented.

INTRODUCTION
It is well known that the Beyond Design Basis Accidents or so called Severe Accidents is the
area of analysis on which a lot was done in last ten years, not just in the area of research,
but also in the area of implementation of new design solutions and understanding the severe
accidents phenomena at the end user - plant operators.
In November 1988, the US NRC issued Generic Letter 88-20 with Supplements 1 - 4
requesting that all US nuclear utilities perform a plant specific Individual Plant Examination
(IPE) for Severe Accident vulnerabilities. The goal was to involve an integrated analysis of
plant and system response to a wide range of internal, randomly initiated events such as
reactor trips, loss of offsite power, loss of coolant accidents, etc, with the emphasis on
quantification of plant core damage frequency and containment performance.
NPP Krsko is a typical US two loops PWR plant, designed in mid seventies (Westinghouse
NSSS supplier and Gilbert Commonwealth Inc. Architect Engineer) with commercial
operation started at beginning 1983. NEK as a consequence of that also performed IPE
analysis as it was requested by NRC and RUJV. Analysis were done by Westinghouse and
NEK engineers.
The MAAP Code
For deterministic part of the analysis the Modular Accident Analysis Program (MAAP code),
developed by Fauske & Associates Inc. and accepted by US NRC (Ref. 1) for IPE purposes
has been used.
MAAP-PWR is fully integrated code which models plant events ranging from normal
operation through and including severe accidents for all PWR configurations. Its perform
calculations for all important PWR regions, including the primary system (reactor vessel,
steam generators, pressurizer, loops) and the primary containment building. For better
understanding of the accident analysis results presented in next chapters lets say something
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more about the containment models. The following are the most important features:
4 Control Volumes; Interior an Exterior Walls
Corium Concrete Interaction
Natural Circulation Models
Hydrogen Combustion Models
Containment Safeguard Models
Containment Failure Model
Core Debris Dispersion Models
Direct Containment Heating Model
Oxidation of Rebar During Core Concrete Interaction
In our case the Containment free volume was divided into four control volumes: the cavity
(region below and around the reactor vessel), the lower compartment (contains the steam
generators, reactor coolant pumps and pressurizer region), annular compartment (regions
outside the equipment compartments) and upper compartment (free volume of the
containment above the operating deck). To reflect the actual design the parameters of each
of the control volumes were determined from the As Build Drawings. Because of the so
called "Dry Cavity" design (during design basis LOCA the reactor vessel is not flooded from
the outside) the limited water flow from the reactor cavity to the annular and lower
compartment was allowed (and vice versa). Same was true for the steam, fission product and
gases such as hydrogen and carbon monoxide. For all of them limited flow was allowed to
the upper compartment and from here to annular and lower compartment. The flow is limited
by the size of the gap between Reactor vessel and shielding walls designed for normal
operation - maintaining the normal temperature in the area around and bellow the reactor
vessel.

MAAP Analysis Description
The completion of so called Level 1 probabilistic analysis gives us a group of accident with
the highest core melt frequency. The MAAP code Rev. 18 and 19 was used in the
Containment Event Tree to support quantification and Source Term Analysis. Performing
analysis it has been found that in all low pressure reactor vessel failure sequences (that means
that the reactor vessel fails at low primary pressure), the core concrete interaction starts, due
to the fact that the current design is such that water would not enter the reactor cavity. For
all the high pressure reactor vessel sequences where the molten core is ejected from the
vessel at high pressure there is no difference between wet and dry cavity design, because
core debris is transported with mixture of gases and steam to other compartments. There the
core debris would quenche and in the case that water for the long term cooling is available,
it is also coolable.
Because of dry cavity the MAAP predicts for all low pressure reactor vessel failure
sequences the containment failure due to either basement penetration or overpressure failure
(mainly due to production of the noncondensable gases from the core concrete interaction).
Due to that, the released source term is much higher than it would be if the water would be
in the cavity to prevent molten core concrete interact^,;;. From all accidents with core
damage in 12.3% the containment fails due to basement penetration and in 12.2% due to
overpressure - due to production of the noncondensable gases from the molten core concrete
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interaction. MAAP predicts no containment failure in 33.3% of all accidents with core
damage.
It was obvious then that we should take a look what happens in the case water is allowed to
enter to the cavity. In this case water is in cavity at the time of the low pressure reactor
vessel failure. Of course this was considered just for those accident sequences in which
cooling water was available. The molten core drops into the relatively cold water and due
to that the MAAP predicts fast vaporization with high pressure spike (not a steam explosion).
The pressure spikes during low pressure reactor vessel failures in the case of wet cavity is
very high in the cavity but lower than the failure pressure of the containment in all other
compartments (upper and annular compartment). MAAP predicts quenching of the molten
core. It also predicts that the quenched core is coolable if it is covered by water. By allowing
the water to enter the cavity we can show that the containment failure due to basement
penetration would drop from 12.3% to 3.9% and the containment overpressure failure would
decrease from 12.2% to 7.3% of all accidents with core damage. No containment failure
mode would increase from 33.3% to almost 47% of all accidents with core damage.
As an example of so called low pressure sequence reactor vessel failures we can take the
large LOCA analysis in which one MAAP run was done with dry cavity (water was not
allowed to entry to the reactor cavity) and one with so called wet cavity (water was allowed
to entry to the reactor cavity). The main assumption of that analysis were as follows:
- Large LOCA is initiated at time 0.0 (27.5 inch double ended break in cold leg;
- HPI and LPI are available up to the point of RWST depletion; systems fails at
recirculation;
- AFW is assumed available all the time;
- Reactor Containment Fan Coolers are assumed available;
- Containment spray is available all the time (also in recirculation mode);
The sequence of events for both casesis equal up to the point of reactor vessel failure, which
happens at 14679 seconds. After that in the case of dry cavity the small amount of water
boils off almost immediately and then molten core concrete interaction began. This generates
a large amount of hydrogen, which then burn in all compartments (at 32611 seconds - see
Figure 4). At that point MAAP predicts a pressure spike of almost 0.75 MPa which is
somewhat bellow the median failure pressure and the containment is assumed to remain
intact. Due to continuous core-concrete interaction the concrete ablation thickness in cavity
continuous to increase and reaches value of 1.24 meters at the end of run (two days - see
Figure 3). Containment basement penetration is obviously the mode of containment failure
which should be considered.
For the wet cavity case the water was allowed to entry to the area bellow the reactor vessel,
when the reactor vessel fails the molten core drops into the pool of water. MAAP predicts
core quenching and due to fast vaporization a pressure spike in the cavity. After that the
quenched core is coolable and there is no core-concrete interaction, no additional hydrogen
production and no hydrogen burn. Pressure in the containment stays well bellow the
containment median failure (0.78 MPa - see Figure 1 through 4).
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There still is a substantial uncertainty associated with the molten core -water interaction and
then the coolablity of the quenched core in the cavity. In the case that molten core drops into
pool of water, the sudden local pressure increase can cause other problems such as structural
integrity of the cavity wales, displacement of the reactor vessel, etc.. But the conclusion is
that this is not a real concern in such severe accidents, and that the primary concern is to
protect containment pressure boundary integrity. Before implementing any modification at
the plant, we have to consider the design basis for "Dry" cavity and see whether structural
integrity of the reactor vessel in the case that it is flooded from the bottom (outside) is a
problem. The design basis calculation based on the decision for "Dry" cavity design was
taken, should first be repeated with the state of the art approach.
Conclusion
To meet the objectives of IPE and to be able to understand the severe accident progression
and their mitigation one can extensively use different computer codes. Based on the NPP
Krsko IPE anlysis results the following conclusions can be made:
The safety analysis recognized to be usefull. They should be plant specific.
To be able to cope with the beyond design basis accidents the actions for their
mitigation should be prepared in advance. NEK is going to develop the plant specific
Severe Accident Management Guidelines based on the WOG generic guidelines.
NEK is considering the modification after implementation of which the cooling water
will be able to enter the area below the reactor vessel.
Before implementation of such plant design change the original design bases should
be reconsidered.
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Station Blackout Analysis of Nuclear Power Plant
Using Source Term Code Package
Analiza nezgode z izgubo napajanja v jedrski elektrarni
z uporabo STCP
Jure Mara and Matjaz Leskovar
Reactor Engineering Division, "Jozef Stefan" Institute
Jamova 39, 61111 Ljubljana, SLOVENIA
Abstract
Continuous efforts to ensure the safety of nuclear installations in Slovenia have led to comprehensive analysis of
Levels II and lH of hypothetic station blackout accident modelled using the tools at our disposal. This paper
represents the thermal hydraulic and radionuclide transport part of the overall effort.
MARCH3 and VANESA modules of Source Term Code Package were used to analyze four different scenaria
depending on different reactor coolant pump leak rate (125 gpm and 400 gpm, respectively) and containment design
pressure (i.e. 0.309 MPa and 0.785 MPa). The final aim of the project was to prepare input into the Level III
analyses of the accident.
The accident starts by loss of off-site power combined with loss of diesel generators. The turbine driven auxiliary
feedwater pump operates additional two hours after the inception of the accident. The results are given in form of
graphs displaying reactor coolant system and containment parameters.
Povzetek
Napori, usmerjeni v varno obratovanja jedrskih naprav v Sloveniji, vodijo v smeri varnostnih analiz nivoja II in HI,
kamor spada tudi analiza nezgode z izgubo napajanja. V pricujoc'em prispevku so obdelani termohidravlic'ni aspekti
in aspekti transporta radionuklidov.
Z moduloma MARCH3 in VANESA smo obdelali stiri razliSne scenarije, odvisni od koli&ne pu&anja reaktorske
6rpalke (125 in 400 gpm) ter tlaka poruSitve zadrzevalnega hrama (0.309 in 0.785 MPa). Kon£ni namen projekta
je bila priprava vhodnih podatkov za analizo nivoja HI izbrane nezgode.
Nezgoda se priCne z izgubo zunanjega napajanja in izgubo dieselskih generatorjev. Turbinska c'rpalka deluje se dve
uri po prifetku nesreie. Rezultati so prikazani v obliki grafov parametrov primarnegakroga in zadrievalnega hrama.

Introduction
Loss of power is one of the most dominant sequences arising through Level I Probabilistic
Safety Assessment and was therefore chosen for analysis using available Source Term Code
Package (STCP).
STCP is older albeit still widely used code package utilized for severe accident analysis.
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Based on actual plant geometry it offers assessment of source term as well as various thermal
hydraulic phenomena. It is both robust and modular and can be applied for analysis of most
western PWR and BWR designs.
Two modules, MARCH3 (thermal hydraulics) and VANESA (radionuclides generation and
distribution inside containment) have been used. Two loop nuclear power plant was modelled
and studied. Main characteristics of the model have already been described by Marn et al
(1993). Below, scenario and results are described and commented.

Scenario
After AC is lost the reactor pumps are stopped and reactor scrams. Diesel generators fail to
start. The primary concern is to remove decay heat from reactor core, preferably through the
steam generators whose levels decrease significantly due to bubble collapse. The main
feedwater is stopped and replaced with auxiliary feedwater system using turbine driven pump.
If turbine driven pump fails to start this means boil-off of water contained on the secondary
side of steam generators followed by increase of core temperature and possible (unless other
precautionary actions are taken by plant personnel) core degradation and meltdown.
This scenario assumes that the turbine driven pump starts successfully. After 30 minutes the
instrument air used to control the pump is lost and the operator starts to control the turbine
driven pump manually. After additional two hours the battery power is lost which results in
loss of instrumentation and assumption of turbine driven pump failure.
Additional assumption is reactor pump seal leak which develops 30 minutes after the start
of accident due to insufficient cooling of the seal as the component cooling system ceases to
operate. The seal leak amounts to small break LOCA outflow of primary coolant. Two
different values are proposed, namely 125 and 400 gpm, following the NRC course on
Severe Accidents propositions.
There is no structural models imbedded in the STCP thus simple failure of containment is
assumed after the pressure has reached predetermined threshold level of 0.309 (design
pressure) and 0.785 (result of available IPE analysis) MPa. There are no further significant
assumptions proposed.
It is presumed that after the turbine driven pump is stopped the amount of water leaking
through seal leak does not suffice to dissipate decay heat, therefore the primary coolant starts
to boil and uncovers the core. Amount of decay heat dissipated by uncovered core leads to
its meltdown, reactor pressure vessel failure, and ultimately containment failure. The results
of the analysis should give an operator estimate of amount of time available to take
appropriate actions preventing the breach of containment integrity.
Results
Four cases, depending on amount of seal leakage and containment design pressure, were run.
Table 1 shows results for reactor pressure vessel failure and containment failure,
respectively.
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Figures 1 through 5 show various parameters from the beginning of the accident until just
after the reactor pressure vessel failure.
Figures 6 through 13 show various parameters from the beginning of the accident until the
containment failure.
Table 2 shows the inventory released into the containment at the postulated time of
containment failure.
Table 1. Time to failure.
Time to reactor vessel failure
[hr]

Time to containment failure
[hr]

125 gpm & .309 MPa

6.662

6.687

125 gpm & .785 MPa

6.662

27.401

400 gpm & .309 MPa

3.761

3.768

400 gpm & .785 MPa

3.761

20.498
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Figure 1. Reactor Coolant System Pressure.
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Figure 2. RCS Water Mass Inventory.
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Table 2. Fraction of Inventory Released into Containment.
125 gpm and
.309 MPa

125 gpm and
.785 MPa

400 gpm and
.309 MPa

400 gpm and
.785 MPa

Noble gases

0.9163

0.9040

0.8960

0.8908

I group

1.0

1.0

1.0

1.0

Cs group

1.0

1.0

1.0

1.0

Te group

0.5628

0.4869

0.5466

0.5498

Ru group

2.25x10*

2.07X10"6

1.77X10-6

2.41x10"*

Sr group

0.4442

0.2510

0.3020

0.2472

La group

2.30xl0"2

2.61xlO"3

4.45xlO"3

2.67xlO"3

Ce group

4.41xlO"2

6.56xl0"3

1.03xl0"2

6.58xlO"3

Ba group

0.2346

0.1787

0.1896

0.1705

Case
Isotope groups

Conclusion
The analysis shows that two distinct mechanism are responsible for the core damage. At 125
gpm the system does not cool itself enough (i.e. small break LOCA) which is characterised
by relatively high pressure and vessel failure after steam generator secondary coolant boiloff. At 400 gpm, on the other hand, the leak suffices for decay heat removal (i.e. medium
break LOCA) thus lowering pressure and causing vessel failure even before the steam
generators were empty. Both mechanisms prompt different approaches to accident mitigation.
Former requires sufficient amount of auxiliary feedwater while latter additional amount of
water introduced into reactor coolant system.
Both sequences, however, result in fairly similar behavior of system parameters within the
containment and same order of magnitude of radionuclides amount in containment
atmosphere. The best results given the assumed scenario are at 125 gpm leakage and 0.785
MPa which is also intuitively correct.
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Abstract
We report on severe accident scenarios consequences evaluation in connection to the applied
emergency countermeasures and use of the PC COSYMA code. We present some of the results
for the reactor core melt accident assumed to happen at the 632 MWe PWR KrSko Nuclear
Power Plant in Slovenia. The efficiency of several potential countermeasures in limiting the late
health effects was studied. Regarding the source term, the majority of release parameters are
as specified for category 2 in the German Risk Study. Site specific data were used. As the
outside (meteorologic) conditions during the potential accident onset can be very different, the
study limited to the deterministic runs, assuming the wind direction upstream the Sava river into
the WNW direction, wind speed of 5ms'1 and the C Pasquill stability category. The population
distribution file was formed from the NEK-FSAR data for the 1991.

Povzetek
PoroCamo o opravljeni raziskavi vrednotenja posledic v scenarijih tezke jedrske nesreCe, v
povezavi s pripadajofcimi protiukrepi, s pomocjo raCunalnigkega programa PC COSYMA.
Predstavljamo nekatere rezultate hipotetiCne nesreCe s taljenjem reaktorske sredice v 632 MWe
jedrski elektrarni v KrSkem v Sloveniji. Proufievali smo vpliv razliSnih protiukrepov na
omejevanje zapoznelih zdravstvenih uCinkov. Radioaktivni izvor smo vefinoma povzeli po
parametrih sprostitve za 2. kategorijo po NemSki raziskavi tveganja. Uporabili smo za
obravnavano lokacijo znaCilne podatke. Ker so zunanje (meteoroloSke) razmere med nastopom
predpostavljene nesrefe lahko zelo razliCne, smo raziskavo omejili na deterministiiine obdelave.
Privzeli smo, da veter piha pribliino ob Savi navzgor, v smeri WNW, s hitrostjo 5ms 1 in za
stabilnost ozracja Pasquillovo C kategorijo. Prebivalstveno datoteko smo pripravili po podatkih
iz NEK-FSAR za 1. 1991.
1. INTRODUCTION
Severe accident studies are always actual. They discover new horizons and show us the
direction of optimal preparedness and actions required in case of potential accident in
a nuclear power plant to minimize the irradiation consequences. It was very interesting
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for us to see the possibilities of the new COSYMA code and to apply it to practical
problems.
In case of a severe accident in a Nuclear Power Plant (NPP), the last measure for
lowering public risk are in advance prepared emergency procedures. The possibility of
its enforcement, when the severe accident is already in progress, depends on the
detailed advance studies and preparations. Evaluation of sets of detailed evacuation
scenarios are necessary to prepare the optimal strategies and scenarios.
In planning mitigation of consequences by the emergency countermeasures the
corresponding dose calculations are possible and they show us the directions to
optimization of evacuation scenarios and/or other countermeasures. An important group
of "independent - out of plant parameters" which influence the accident consequences
magnitude are the wind speed and direction, atmosphere stability, weather, population
distribution, daily population migration, time of day, season of year, etc. There is
another group of several "dependant" parameters we can influence: the area, the angle
width and the distance from the damaged NPP to the complete population evacuation,
the evacuation speed, the time delay before starting the evacuation after the evacuation
alarm has been announced, i.e. the in advance prepared evacuation procedures.
The situation in the region of the 632 MW PWR Nuclear Power Plant Krsko in
Slovenia was considered. We analyzed the relation of the countermeasures selection and
their effect on the magnitude and extent of the accident consequences. We had to limit
our present study to a particular potential meteorological conditions. For the
meteorology, we assumed the Pasquill C stability category and constant wind to the
WNW (sector 14) direction of speed 5ms"1, i.e. approximately upwards the Sava river.
To optimize the evacuation, very detailed studies have to be performed in advance.
First evacuation scenarios evaluations were performed with the help of the CRAC2 code
[1, 2]. Since 1993 we are also evaluating accident consequences and performing risk
calculations by the PC COSYMA code package [3]. For the population distribution file
the KrSko FSAR data for 1991 were used [4]. Here we report on some results of our
study of late health effects using the PC-COSYMA code.

2. ACCIDENT SCENARIO
The previously analyzed accident scenarios [1, 2, 3] assumed the worst PWR-1A type
WASH-1400 accident with several fatalities due to irradiation in the acute phase. The
resulted early health effects showed, [3], that up to 211 injuries and up to 36 fatalities
are to be expected. Within these numbers, several cases are due to skin burns: up to
133 injuries and up to 8 fatalities.
In present analyses we intentionally avoided analysing the worst scenarios and assumed
the category 2 German Risk Study release [5], and a hole in the containment at 2 hours
after the accident start and reactor shut down. Radioactive release was assumed to be
joined by the heat release of 4 to 8 MWt. For such release scenarios there are no early
fatalities and in a few early morbidity cases in most cases. Relations between the
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emergency coutermeasures and the late health effects were studied. The emergency
response assumptions, i.e. the countermeasures in the presented calculations are given
in Table 1.
Options and criteria for countermeasures
Several countermeasures after certain nuclear accidents are possible. The scenario with
no countermeasures at all is one of them. Different measures can be activated on
different areas. Among the countermeasures let us mention first the population
evacuation from the immediate neighbourhood of the nuclear power plant from the area
within different size circle diameter with a center at the reactor containment site. In the
wind direction the evacuation area can be prolonged.
Some of the immediate countermeasures are directed against short term irradiation, the
other permanent or long term measures are directed against long term irradiation for
longer time periods. The PC COSYMA code takes into account that certain measures
cannot be introduced fast enough to prevent the early effects of population irradiation.
On the other hand, certain countermeasures are efficient only against long term delayed
irradiation effects. Countermeasures include evacuation and relocation. Evacuation is
carried out during the first few hours after the accident and prevents population
irradiation during its absence from home, so it lowers the risk for the occurrence of late
health effects. The model assumes that relocation or resettlement carried out within a
few days after the accident, shields the population only against late health effects. Both
actions are activated when different criteria are fulfilled, whereas the same criterion
stays for the return from both of them.
Calculation of health effects
We were in particular interested in the following long term effects: the integrated
population dose (in man * sieverts) which would be received during the 50-year
postaccidental interval, the expected morbidity number, and the expected number of
fatalities. The contaminated food contribution was included in several cases identified
by the letter i (ingestion).
Source term. The CRAC2 code provided the source term values for the 632MWe W
PWR NPP Kr§ko, 1876 MWt fission power, 1/2 of the 1300 MWe NPP Biblis B, [5].
The release was assumed to be ground release and started with a 2 hours delay.
Population distribution file
In the previous study, [5], the PC COSYMA European data file was used and the
analyzed area was divided into 16 (22.5 degree) sectors and 11 resp. 15 radial rings (11
up to the 80km distance, 15 to the 160km distance). In the present analysis as already
mentioned, we used the site specific data ([4], Tables 2.1-10 and -15). Further we
transformed the inner circle of 1.6km radius, using the detailed site map, into two
parts: the inner of 0.6km radius without inhabitants and the outer belt having inhabitants
only in the sectors 2 and 3.
3. RESULTS
We briefly reported on the first results of our study of late health effects during the
meeting of the COSYMA Users' Group [6]. Here the summary of results are collected
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in Table 1. The analyzed cases were selected in a way to be able to get an insight into
the individual and the combined countermeasures influence on the magnitude of the late
health effects.
The relocation and resettlement countermeasure option was included in cases denoted
by Mr" at the end. They are collected in the lower part of the Table 1, where we were
interested in the effect of the evacuation on dose delay due to sheltering.
Mean individual delayed mortality risk rapidly decreases with distance, Figure 1.
For several cases the 50 years collective effective dose is comparable to the 10 years
natural irradiation dose for a population of 1 million (1E+6), which is approximately
LlmSvyeaf* * IE+6 persons * 10 years = 2.3E+4 manSv.
Analysing relations between countermeasures and late health effects, several connections
were found. Let us mention some of them.
Ingestion path contribution. Ingestion of contaminated food is included in cases
denoted by "i". From the results it is apparent that a contribution of the contaminated
food ingestion to the 50 years effective collective dose is approximately 0.52 E+4
man*Sv.
(2.150 - 1.628)E+4 man*Sv = 0.522 E+4 man*Sv.
The worst cases. Catastrophic is the hypothetical Ai case, without any
countermeasure, and where in addition all locally produced food is consumed at the
place of its production, and where no uncontaminated food is brought into the region
from outside. The A case, which also assumes no countermeasure, assumes no food
ingestion. So it is equivalent to the no early countermeasure case, but where all food,
including water, would be brought to the people on contaminated teritory from the
outside and thus not be contaminated.
The countermeasure: evacuation of a small number of endangered people does not
add substantially to the overall magnitude of the late health effects. On the other side,
in the sum of man*sieverts the highest contributions come from numerous
population at distant places, though their mean effective individual dose is smaller.
(Figures 2 and 3).
Stable iodine tablets ingestion effect. Cases t42j and t42/l (not included in the Table
1) gave the same results, though in case t42/l the tablets were not ingested (as there is
no population in the wind passed sectors up to the distance of 1.6 km) and in case t42j
they were ingested up to 4.8 km. So we concluded that the intake of stable iodine
tablets does not observably reduce the collective effective dose (man sieverts), because
the population group that intakes them is small.
The most efficient countermeasures. The lowest collective dose values were obtained
in those "r" cases, where the action: evacuation on dose level after initial delay is fast,
i.e. in cases where the initial sheltering time (before evacuation on dose) is short,
between 1 and 3 hours. It is seen that a lot can be achieved by optimization of the
relocation and resettlement countermeasure. The relocation and resettlement cases R4r,
R2r, show that this countermeasure is large scale and complex, Table 2.
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Table 1: Grouping of countermeasure cases studied and some
corresponding LATE HEALTH EFFECTS.
COUNTERMEASURES
EVACUATION
Case

Automatic

Conditional

SHELTERING
On
dose
level

LATE HEALTH
EFFECTS

Against
late
effects
without
evacuation

Mortality

Mean
collective
dose to
50 years

Incidence

1O4 manSv

26930

202800

49.81

No

1736

87080

1.655

No

No

1913

86870

2.150

No

No

No

1718

86590

1.628

after
initial
sheltering

on dose
level

Ai

No

No

No

No

A

No

No

No

Ci

Yes 2

No

2

C

Yes

Ei

No

No

No

Yes

1855

82010

2.134

E

No

No

No

Yes

1660

81740

1.612

T39ir

Yes 1

Yes 4h

Yes

No

1280

13220

2.327

Uir

Yes 3

Yes 4h

Yes

No

1280

13190

2.327

Ur

Yes 3

Yes 4h

Yes

No

1086

12920

1.809

Yes

4h

Yes

No

1089

13180

1.809

3h

Yes

No

667.2

7485

1.138

R4r

No

R3r

No

Yes

Rlr

No

Yes lh

Yes

No

567.5

5725

0.9911

R2r

No

Yes 2h

Yes

No

552

5717

0.9589

R2ir

No

Yes 2h

Yes

No

747

5989

1.480

Legend and comments:
No stable iodine tablets. Countermeasures accompany 2 hrs initial delay.
Conditional evacuation on dose level: sheltering duration as stated.
Sheltering on dose level: 24 hrs.
**i cases:
**r cases:

ingestion included.
relocation and resettlement option included.

i.2,3 Evacuation size area: ' r = 1.6 km, R = 4.8 km, a = 60°;
2
r = 3.2 km, R = 8.0 km, a = 60°;
3
r = 3.2km,R = 8.0 km, a = 90°.
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Figure 1: Mean individual total risk of late effects.
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Figure 2: Radius dependent mean long term collective dose.
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Table 2: Relocation and resettlement actions in R4r and R2r cases.

Relocation time

30 days

90 days

2 years

5 years

10 years

Number of
relocated
persons

157 700

2 346

471

347

45

Total number
of relocated
persons
160 900

Relocation time integral /person.years/

1.667 E+4

The results include contributions of cloud, ground, inhalation, ingestion, resuspension
pathway to the mean collective organ doses, Table 3. The importance of the blocking
the inhalation pathways by timely introduction of countermeasures is obvious. The
summary of the late health effects for the case C provides the information on the 50
years collective dose consequences. The main contributions to 1718 fatalities are: skin
836, thyroid 334, lung 243, hereditaries 72.
Table 3: The contribution of exposure pathway to mean collective organ doses.
Dose to 50 years. Case C.
Cloudshine
Effective dose
Contribution
%

Groundshine

Inhalation

Resuspension

36.18

59.39

3.31

1.11

Mean collective dose /104 man Svl

Ingestion
0.00
1.628

4. CONCLUSIONS
- In the present study the PC COSYMA code was applied in a much broader spectrum
of its options than before. We concentrated on the study of late health effects.
The analysis, though incomplete, allows to set several preliminary conclusions:
* permanent emergency preparedness is required;
* the expected delayed health effects are important.
* the number of late health effects strongly depends on the undertaken
countermeasures: on the population sheltering and relocation;
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* the timely introduction of countermeasures is necessary;
* all available countermeasures have to be introduced, not only the evacuation of the
nearby inhabitants;
* the automatic evacuation after initial sheltering is of little effect if we compare it
to the evacuation on dose countermeasure;
* of little total effect is also the iodine tablets ingestion;
* the minimal late health effects were found in cases of rapid evacuation on exceeding
a preset dose level criterion (i.e. after short sheltering time)
in connection with the relocation and resettlement option.
* important and worthwhile are adequate attention and efforts to reduce the long time
effective dose to population in distant areas;
* fast response, together with the already introduced evacuation and sheltering,
additionally lowers the consequences (approximal for a factor of 2 in the cases R2r
and R4r).
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WESTINGHOUSE SEVERE ACCIDENT MANAGEMENT
GUIDANCE:
OVERVIEW AND CURRENT STATUS
R. P. Prior
Westinghouse Energy Systems Europe
R. J. Lutz
D. K. Ohkawa
Westinghouse Electric Corporation
ABSTRACT
The Westinghouse Owners Group has completed a major development program
in Severe Accident Management. This program draws on all presently available
sources of information in the field, including NRC, NUMARC and EPRI
programs, plant specific Individual Plant Examinations and Probabilistic Safety
Assessments, and on other international activities. The program has developed
a full set of "Severe Accident Management Guidance" ("SAMG") applicable to
Westinghouse and Westinghouse licensee PWR plant. The SAMG enhances the
capabilities of the plant emergency response team for accident sequences that
progress to fuel damage, and therefore beyond the range of applicability of
present guidance in the form of Emergency Operating Porcedures.
Since the first draft ofSAMGs was transmitted officially to the WOG members
and the NRC in July 1993, many activities have been carried out by the
different organizations involved, and although no significant changes to the
SAMG structure have resulted from these activities, several enhancements have
been included, mainly from the comments recorded during the generic SAMG
validation exercise at the Point Beach plant. With the issue in June 1994 of the
revision 0 SAMG, some plants in the U.S. and abroad are already implementing
plant specific guidelines. This paper provides an overview of the SAMG
package, and also describe the most important comments and feedback from the
validation and review efforts.
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1.

Accident Management

The term accident management refers to the overall range of capabilites of the
plant to both PREVENT and MITIGATE accident situations. Thus accident
management has always been practiced by the industry, and regulated by the
national regulatory bodies. It has gone through many phases in which the scope
and depth of formal programs are enhanced. For example, a significant effort
was undertaken following the Three Mile Island Accident (Emergency
procedures, control room reviews and upgrades, equipment and emergency plan
enhancements). However, these past in-plant enhancements have been limited
to conditions up to limited core damage. The focus is on preventing an accident
from progressing to core damage; not enough was known about post-core
damage conditions to develop enhancements in this area. The goal of Severe
Accident Management is to extend formal accident management considerations
to the post-core damage phase of an accident. This can be thought of as filling
a gap between the emergency operating procedures, and the site emergency
plan.
2.

Severe Accident Management Guidelines - SAMGs

The purpose of SAMGs is to provide a structured guidance to identify the
actions needed to stabilize the plant and return it to a controlled condition
following an incident involving significant core damage.
If an incident occurs at the plant which causes an automatic safeguards
actuation (reactor trip or safety injection actuation), current guidance is
provided by the Emergency Operating Procedures (EOPs). The EOPs are used
by the operating shift in the control room, and they provide proceduralized
instructions which define the actions to be taken by the operators in order to
recover the plant from the incident. The entire purpose of EOPs is to recover
the plant before core damage occurs. They put top priority on preventing or
delaying the onset of core damage. Under most circumstances, the operators
will be successful in recovering the plant, using the EOP guidance, without the
occurrence of core damage. If, however, they are not successful, and core
damage does occur, then at most plants there is currently no structured
guidance provided to select appropriate mitigative strategies. EOPs, with their
emphasis on prevention of core damage, may not be appropriate once core
damage has occurred. Whilst some of the actions defined in the procedures may
still apply, others may not, and the EOP does not address the priority of
maintaining the fission product boundaries intact once fuel damage has begun.
The purpose of SAMGs is to provide this guidance.

254

Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995

3.

The Westinghouse Owners Group SAMGs

The Westinghouse Owners Group ("WOG") has implemented a major
development program in Severe Accident Management. This program draws on
all presently available sources of information in the field. These sources include
NRC, NUMARC and EPRI programs, plant specific Individual Plant
Examinations (IPEs) or Probabilistic Safety Assessments (PSAs), and
international activities (such as the development of the "beyond ERGs" or
"BERG" in Sweden) [l]-[7]. The program has developed a full set of "Severe
Accident Management Guidance" ("SAMG") for generic Westinghouse PWR
plant.
The SAMG enhances the capabilities of the plant emergency response team for
accident sequences that progress to the point where the present guidance may
not be fully applicable. Present formalized guidance consists primarily of
Emergency Operating Procedures (EOPs) for the control room staff and the Site
Emergency Plan (E-Plan) for the technical support staff and utility management
response to the accident. The control room guidance provides detailed specific
instructions for response to accident conditions up to, and including, some
overheating of the core due to inadequate core cooling. The E-plan provides
information concerning technical support staff and utility management
responsibilities and duties in the event of an accident. Many PWRs use EOPs
which are based on generic Emergency Response Guidelines (ERGs) developed
by the WOG in response to the NUREG-0737 post-TMI requirements for
symptom based procedures. The remainder of the guidance is plant specific
and in some respects varies considerably from plant to plant. Thus, the WOG
SAMG is designed to fill the void between the EOPs and the E-Plan with
respect to formalized guidance.
The WOG SAMG contains SEVERE Accident Management Guidelines that are
designed to interface with both the ERGs and the various features of utility EPlans. The SAMG is designed for use by the plant technical support staff
(primarily located in the Technical Support Center).
4.

SAMG Overview

Once conditions indicating a severe accident is in progress have been detected,
use of the EOPs is terminated, and a transition to the SAMG is made. Once
transition to the SAMGs is made, the EOPs are no longer used and there is no
return to the EOPs. The SAMG package is fully self contained.
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Although two control room guidelines are provided, the main part of guidance
is for use in the Technical Support Center (TSC), and includes TSC SAMG
Diagnostics, TSC Severe Accident Management Guidelines and TSC SAMG
Exit Guidance. The TSC diagnostics consist of two parts: a flow chart for
diagnosis of plant status in relation to a controlled stable condition and a status
tree for diagnosis of ongoing fission product releases and challenges to fission
product boundaries. The diagnostic flow chart specifies the key parameters to
be monitored and controlled during a severe accident. It provides for continual
periodic monitoring of each key parameter until all parameters are at a point
where the plant can be declared to be in a controlled stable state. The
diagnostic flow chart considers all severe accident phenomena which may
challenge fission product boundaries. If the value of a particular parameter is
above that defined for a controlled stable state, the TSC is directed to evaluate
the need to implement strategies to bring the parameter to a controlled stable
condition. The Severe Challenge Status Tree diagnostic contains 5 key plant
parameters which must be monitored on a regular basis to determine if their
value exceeds a setpoint which indicates that a more serious condition exists.
The severe challenge status tree is monitored in conjunction with the diagnostic
flow chart and the evaluation of strategies identified by the flow chart
diagnostics. If a setpoint value in the severe challenge status tree is exceeded,
all other actions are terminated and a severe accident management strategy must
be implemented immediately to deal with the more serious condition. As in the
case of the diagnostic flow chart, a priority amongst the severe challenges in
the status tree has been established.
Both the diagnostic flow chart and the status tree identify specific Severe
Accident Management Guidelines which are appropriate for a given key
parameter. Each of these Guidelines contains one or more strategies which
might be used to respond to that parameter. The guidelines present a method
for the systematic, logical evaluation of the possible strategies that might be
used to respond to a given challenge. Each of the guidelines helps the TSC
staff answer four important questions:
*
*
*
*
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Is implementation of a strategy possible with the current plant
configuration?
What is the balance between the potential positive and negative impacts
associated with implementing a strategy?
How does one determine if the strategy has been successfully
implemented?
What are the long term concerns associated with implementation of a
strategy?
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"Computational aids" are also provided to aid the TSC staff in performing both
the diagnostics and in answering certain aspects of the questions posed in each
of the guidelines. These computational aids are generally in the form of plots
of two or three variables. They have been designed to be efficient and simple
to use, requiring no computer capabilities.
5.

Program Status, Implementation and Applicability

The draft WOG SAMG was completed and submitted to the NRC for review
in mid-1993. NRC review was completed by February 1994 and in January
1994 a SAMG validation program was performed at the Point Beach plant in
the U.S. The lessons learned from the validation exercise and the feedback and
inputs from the various review cycles have been incorporated into the generic
"rev. 0" SAMG which were issued in June 1994, and will form the basis for the
plant specific SAMG implementation. In November 1994, the Nuclear Energy
Institute (NEI) issued a that U.S. plants will implement plant specific SAMG
based on this material during 1994 and 1995. Some plants are already in the
process of implementation.
The implementation of the generic SAMGs at a plant is performed in two steps.
Phase 1 involves the setting up of a plant specific data base. This activity is
ideally performed towards the end of the plant's PSA or EPE study, since it
draws heavily on the findings of the PSA. In addition to documenting plant
specific insights from the PSA, this phase includes the review of the generic
Westinghouse accident management database for applicability to the specific
plant. The result of phase 1 is a fully computerized and structured database,
which takes maximum benefit from the plant specific PSA, and from other
plants' experience; this forms a key input for the implementation in phase 2.
Phase 2 involves the implementation of the plant specific accident management
program, based on the generic Westinghouse SAMGs, and on the plant specific
database. The plant specific implementation of the generic WOG SAMGs
involves writing the control room and TSC guidance, including the
development of graphical computation aids, based on plant specific
considerations. However, in addition to these key tasks, additional effort is
needed in the following areas:
•
•
•
•

instrumentation and diagnostics
equipment capabilities and limitations
setpoints
EOP and E-Plan interface
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Also, once the plant specific Severe Accident Management Guidance is written,
several additional tasks are required to complete the severe accident
management program, which may be very plant specific in nature:

•
•

Validation of the SAMG
Revision to the E-Plan for the SAMG
SAMG training

The WOG SAMGs can be made plant specific for any Westinghouse PWR, and
also other similar designs. An implementation program at the Koeberg plant in
South Africa is currently nearing completion and it is expected that plant
specific SAMG will be in place at this plant before the end of 1995.
6.
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Abstract
In this paper, the problem of predicting excessive leak rates through the through wall cracks in tubes at the
tube - tube support plate intersections is discussed in some detail. Basically, we are able to define the leak rate
through an individual defect. On the steam generator level, which actually means the sum of all individual leak rates,
a new approach is introduced.
The main characteristic of the new approach is seeking for a probability of exceeding the allowable leak
rate rather than estimating more or less conservative highest expected leak rate value. This however introduces
extensive computational effort which practically prevents the use of direct Monte Carlo simulations. Some
possibilities to reduce the computational effort are discussed and their preliminary results compared. Also, some
exact solutions were found and compared with numerical solutions achieved with the first order reliability method.
Directions for future work in this important topic are given.

1

Introduction

Common design principles of NPP demand extremely low probability of abnormal
leak rate, of rapidly propagating failures, and of gross ruptures [1]. According to this
principles steam generator tubes are one of the essential subcomponents of PWRs. Aging of
tubes made of Inconel 600 has implications on both plant operation and safety. Two potential
failure modes of the tubes are of special concern for the plant safety:
•
bursting of tubes;
•
excessive leak rate of reactor coolant from primary to secondary side.
The last failure mode (excessive leak rate of reactor coolant from primary to secondary side)
is investigated in this paper. The main goal of the investigation is to estimate probability of
exceeding allowable leak rate. The results can be used for example to compare efficiency of
different plugging criteria. Preliminary results of the investigation are given in this paper.
The leak rate through defect can be described with mathematical models. Presently
known models are rather unreliable. One of the reasons of unreliability is rather complex
modelling of two phase flow [2].
The second reason of unreliability is the morphology of intergranular cracks [3].
Those cracks follow the grain boundaries and therefore have random shapes. The leak rate
through a labyrinth of intergranular cracks is not easily predictable. It however depends on
pressure difference between primary and secondary coolant. Consequently the models used
for simulation of leak rates exhibit large scatter. Using probabilistic methods is an
appropriate way of addressing scatter.
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Our final goal is to estimate a probability of the sum of individual leak rates
exceeding allowable leak rate for an arbitrary distribution of individual leak rates. First of
all we derive the closed form solution for some analytical distributions: exponentially and
uniformly distributed individual leak rates. Those distributions are not very realistic.
However because of the existing closed form solutions they can be accepted as reference
cases in further development. Working with other arbitrary distributions is the main scope
of our future work.
2

Leak rates through SG tubes

Individual leak rate through a single defect is a random variable, denoted by Qt. We
assume that its probability density function (p.d.f.) is known and denoted by f((Q). A
probability that the total leak rate QM exceeds the allowable leak rate Q^^, can be written
in the form:
CfflftX

(1)

where n is the number of individual leak rates through defects.
•

Further assumptions:
all individual leak rates are from the same population:

•

individual leak rates are statistically independent:

This further implies that the usual solution in the form of Failure integral [4] is feasible:

Pr

f

^(fiQtdQi)

(4)

P/ indicates the probability of exceeding allowable leak rate as defined in eq. (1). Failure
function g is defined here as:

3

Exact solutions

We can make the first examination with exponentially distributed individual leak rates. In
this case the probability density function can be written as:

1

"T

(6)

where parameter p represents the average value of all individual leak rates. Considering the
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failure function defined in eq.(5), Pf in a case of an individual leak rate through a single
defect is obtained from:

For two independent, equally distributed individual leak rates, similar reasoning gives:
1

"T

(8)

8

2

o
o P
Soon, the following pattern is obtained:

Q£
2!p

2

(9)

3!P

which can be written as:

Qlmix
hn

ft

(10)

iip'

This is in fact the cumulative Poisson distribution with parameter k = Q^ / p . The relation
between Pf and n for parameters Qtaa = 40 l/h and p = 0.032 l(h is shown in Fig. 1.
Detailed description of the data used in calculations is given in Section 5.
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Figure 1

Probability of Exceeding Allowable Leak Rate for Exponentially Distributed
Individual Leak Rates

For large n this expression becomes independent of distribution of individual leak rates and
allowable leak rate Q ^ :

=1

(11)

This makes sense, as a sum of a large number of small individual leak rates can easily
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exceed any limit. The exponential distribution has the form [5]:
"4
F(x) = 1 - e
Therefore we can write the eq. (10) as:

(12)

p

It is obvious, that the probability of exceeding allowable leak rate Py depends on distribution
of individual leak rates and the number of them n.
The second examination was made with uniformly distributed individual leak rates
with probability density function in that form [5]:

AQ.) =

—
b-a
0

if a i Q. & b
'
otherwise

(14)

where a is the lower- and b the upper limit of the uniform distribution. To simplify the
calculation we investigate only the case with Q^^ z b. Similarly as in the exponential case
and recalling the failure function defined in eq.(5), Pf of an individual leak rate through a
single defect is obtained from:

J>

J

b-a

b-a

a

For two independent, equally distributed (i.e.d.) individual leak rates we have:

To get the general formula it is necessary to look after Pf for three i.e.d. individual leak
rates:
= i - v °"»

P
/>B=3

6-a

w

w

-»

™'

(17)

6(fc-a)2

For « i.e.d. individual leak rates it follows:
P

=l -

M

b-a

""
n\ (b - a)"'1

(18)

A useful further simplification is setting a = 0. Then eq. (18) reduces to:
P
fn

'

=i _^ 1
n\ bn

(19)

It is easy to show, that Pf again depends on distribution function and number n of individual
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leak rates through defects:
F"(O

(20)

In Fig. (2) the relation between Pf and n for parameters a = 0 l/h, b = 40 l/h with average
value of 20 l/h and Q = 40 l/h can be seen. (For description of data see Section 5.)

Figure 2

No. of individual leak rates
Probability of Exceeding Allowable Leak Rate for Uniformly Distributed
Individual Leak Rates

Also in the case with the uniformly distributed individual leak rates we can prove, that
for large n this expression becomes independent of distribution and allowable leak rate Q^^:
(21)
There are possible cases, where b z QmMX s 2b. In this case one individual leak rate at a time
can never exceed the allowable leak rate (Pf Hml = 0). However, two or more together can.
With assumption of a = 0 and according to eq. (16) for the two i.e.d. individual leak rates
it follows:

.

p
f n=2

-QL * **<?.« - 2b2

(22)

2

'

2~b

and similar for three i.e.d. individual leak rates according to eq. (17):

-2<?

(23)

7.«=3

which leads to the general formula:
(24)

n\b
This is sufficient for our purpose although the cases with
solution.
264

> 2b are not included in this
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The uniform distribution does not represent real conditions. This limits its
applicability to the reference case for numerical calculations.
4

Numerical solutions with First Order Reliability Method

The First Order Reliability Method (FORM) [6] can estimate arbitrary failure
integrals through linearization of failure function and transformation of basic variables into
standard normal variables [7].
For standard normal basic variables and linear failure function the failure integral (eq.
(4)) can be solved by [4]:

Pf = *(-pp

(25)

where $ is the standard normal distribution and P* the reliability index.
The above assumptions about distribution of individual leak rate lead to the following
simplified state of the FORM:
•
symmetry in distributions tend to yield a symmetrical solution
•
in this case, the design point (the point in standard normal space on failure
function g(Q) = 0 with minimal distance to the origin) in the physical space
is given as:

Qt-Q2 = - = <? = ^ f

(26)

indicating that analysis of individual leak rates define the whole family of solutions for n
leak rates. The coordinates of the design point are then transformed to the standard normal
space via:

„

-A-I[JP(<W|1

(27)

This defines reliability index in the form of:
hn"u\A^
The failure probability is therefore given by:

(28)

The numerical solution obtained is equal to the exact solution for n = 1. For n > 1 FORM
tends to underestimate the exact solution. This is consistent with the generally known
tendency that the error of FORM increases with increased dimension of the problem n.
5

Numerical example

A typical Westinghouse D-4 steam generator as installed in the Kr§ko nuclear power
plant is considered in the numerical example.
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As a first approximation, the distributions of individual leak rates are assumed to be
exponential and uniform. Both exponential and uniform distribution of individual leak rates
are considered to be a poor approximation of real conditions. They were only used here
because of existing closed form solutions for comparison with numerical results.
Parameters used for calculations for exponentially distributed individual leak rates are
calculated from bobbin coil voltage distribution during inspection of SGI tubes in 1993 NPP
KrSko by procedure described in [8]. The calculated average value of individual leak rates
is P = 0.032 l/h. Allowable leak rate is assumed to be Q^ = 40 l/h [9], For uniformly
distributed individual leak rates we take the same value for allowable leak rate. According
to the behaviour of this distribution (see Section 3) we selected a = 0 and b = 40 l/h with
average value of 20 l/h.
Figures (1) and (2) show exact and numerical solutions for the previously defined
parameters of exponentially and uniformly distributed individual leak rates. It is clearly
shown that the numerical solution with FORM always underestimates the exact solution.
The probability of exceeding the allowable leak rate Pf can be estimated by the
known number of individual leak rates. It can be seen that larger number of individual leak
rates cause higher probability of exceeding the allowable leak rate.
1
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Figure 3

Influence of Parameter X for Exponentially Distributed Individual Leak Rates

For exponentially distributed individual leak rates a straightforward relation between Q ^
and p exists (X = Qmial P). Parameter X simply represents the number of average
individual leak rates through defects which exceed the allowable leak rate. Plotting a
probability of failure for different parameters X (Fig. 3) confirmed this observation.
Increasing the value of X also increases the difference between numerical and exact solution.
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6

Conclusions

First of all we can conclude that the sum of individual leak rates can be estimated
from distribution of individual leak rates. Closed form solutions for uniformly and
exponentially distributed individual leak rates are derived in the paper. Sum of exponentially
distributed individual leak rates follows the Poisson distribution (eq. 10). It should be
mentioned that analyzed distributions do not fit the real conditions very well. They can only
be accepted as reference cases in further development.
In the second part of the paper a numerical solution using First Order Reliability
Method is presented. From the comparison of exact results with FORM results we can
conclude, that FORM consistently underestimates the exact solutions. It is shown, that larger
number of individual leak rates causes higher probability of exceeding allowable leak rate.
With increasing the number of individual leak rates the difference between numerical and
exact solution also increases.
Although with relatively low computational effort, the numerical method implemented
(FORM) leads to results which are not accurate enough. Therefore, better numerical methods
to assess probability of exceeding allowable leak rate will be addressed in the future. Also,
the arbitrary distributions of individual leak rates which better represent the real conditions
will be applied.
7
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T. DvorSek, L. Cizelj
"Joief Stefan" Institute, Reactor Engineering Division
Jamova 39, Ljubljana, Slovenia

ABSTRACT
Outside diameter stress corrosion cracking at the tube to tube support plate intersections is assessed
in the paper. The impact of defect specific maintenance on steam generator operation safety and
reliability was investigated. This was performed by comparing efficiencies of defect specific and
traditional maintenance strategy. The efficiency was studied through expected primary-to-secondary
leak rate and tube rupture probability in a case of postulated accidental operating conditions, and
number of tubes which shall be plugged using both maintenance strategies. In general, the
efficiency of specific maintenance is function of particular steam generator and operating cycle.

1.

INTRODUCTION

Tubes in steam generators (SG) represent more than half of reactor coolant pressure
boundary in PWR nuclear power plants (NPP). They are exposed to tough loading and
environmental conditions. This results in degradation of tubes which could decrease the
tube load carrying capabilities. Decrease in structural reliability of degraded tubes may
imply reduced plant availability and safety.
To control the effect of degradation of tubes on NPP operation, tubes are periodically
inspected and maintained. Tubes with degradations exceeding certain predefined size are
repaired or removed from service. Tube plugging is the most common way of tube repair,
therefore this predefined size is also called plugging criterion. Technically speaking,
plugging criterion defines the largest permissible defect size which still enable safe
operation of NPP. This has to be achieved for the last minute before inspection in a case
of a postulated accident (the worst expected accidental conditions).
Recently, Outside Diameter Stress Corrosion Cracking (ODSCC) has been found as one
of the major causes for tube plugging in SG with tubes made of Inconel 600. ODSCC is
a degradation mechanism which includes intergranular stress corrosion cracking and
intergranular attack on the outside surface of the tubing. This degradation takes place in
the tube to tubesheet and tube to tube support plate (TSP) crevice.
With increased number of defects at TSP a comprehensive investigation has been
performed in USA to define an alternate repair criterion specific to ODSCC degradation
type. In this approach Eddy Current Testing (ECT) signal amplitude (voltage) was used
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to define repair limit instead of traditional minimum tube wail thickness. Some of western
countries, e.g. Belgium, France, and USA have already adopted voltage based alternate
criterion [1].
The alternate criterion is limited to ODSCC defects which can be found at tube to tube
support intersections. Cracks may be through-wall and the main direction of the crack
pattern is axially oriented. In analysis no credit was taken to reinforcement effect of TSP.
It was conservatively assumed that affected region of the tube is not covered by the
support plate during postulated accident conditions.
The aim of this paper is to evaluate the impact of ODSCC specific maintenance on steam
generator operational safety. This has been done by comparison of efficiency of defect
specific maintenance with the efficiency of traditional (generic) maintenance. This
comparison answered the question postulated in the title of the paper: How safe is defect
specific maintenance? Defect specific maintenance strategy for ODSCC defect type is
briefly introduced bellow.
2.

DEFECT SPECIFIC PLUGGING CRITERION

To define defect specific plugging criterion for ODSCC at TSP a procedure was
introduced which defines maximum allowable defect size in two steps. First step includes
deterministic analysis limiting the flaw to a size which is not expected to burst during
normal operation and postulated accident conditions. Safety factors of 3 for normal
operation and 1.43 for postulated accidents have been taken into account satisfy the RG
1.121 [2] requirements.
In addition to satisfying adequate margins against tube burst for normal operation and
limiting accidental conditions as a second step a predicted accident leak rate is calculated.
If the predicted leak rates for any one steam generator exceeds the plant allowable accident
leak rate plugging limit has to be further reduced. Both steps are shortly described in
following sections.
Voltage repair limit
Tube burst test results are evaluated to define a conservative correlation between bobbin
coil voltage and burst pressure. This correlation was adjusted to account for operating
temperature and minimum material properties. To establish the voltage structural limit
(VSL) that satisfies the RG 1.121 guidelines for margin against tube burst, the burst
correlation must be evaluated at the higher of 1.43 faulted pressure and three times the
normal operating pressure differential.
The voltage limit VVL for repair is then calculated following eq. (1).
V

= V - V

- V

(1)

where WmE represents measurement error and V co voltage growth associated with the
expected crack growth during next operating cycle. VNDE and V ca can be defined either
from generic or plant specific data.
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Maximum expected leak rate
Maximum expected leak rate at the end of operating cycle (EOC) under accidental
conditions can be estimated using Monte Carlo (MC) simulation outlined in [3]. The
method is based on correlation of individual tube leak rate vs. eddy current bobbin coil
voltage. The correlation was established for 3/4" Inconel 600 MA tubes using test data
obtained for pulled tubes and model boiler specimens which exhibited ODSCC.
The following entities are explicitly accounted for in the calculation of leak rates:
•
•
•

uncertainties inherent to ECT measurement variability,
voltage growth by EOC, and
individual tube leak rate.

To estimate total leak rate bobbin coil voltages observed during tube inspections are
classified into classes of 0.1 volt. For each of the class an expected leak rate has to be
determined using MC simulation. Expected leak rate specific for certain class multiplied
by number of observations in this class represents contribution of the class to the total leak
rate. Total leak rate itself can be than determined as a sum of contributions of all classes.
3.

PROCEDURE UPGRADING

Appropriate margins against burst at normal and postulated accidental conditions could be
satisfied by defining voltage repair limit outlined above. In addition an analysis of tube
rupture probability was performed.
Tube rupture probability
The probabilistic analysis strictly follows the steps which have to be done in a
deterministic analysis. The major difference is however in the treatment of uncertainties.
Thus, the uncertainties are addressed explicitly instead of assuming safety factors as in
deterministic analysis. The following uncertainties were taken into account:
•
•
•
•

distribution of beginning of cycle (BOC) bobbin coil voltages,
uncertainties in voltage growth,
ECT measurement variability, and
uncertainties in the burst pressure correlation.

It's rather straightforward to implement Monte Carlo procedure to determine the tube
rupture probability. But reliable estimates of failure probabilities in the order of lfr4 and
less could be prohibitive in the sense of computing time. In such cases approximate
methods such as First and Second Order Reliability Methods (FORM and SORM) could
be implemented. FORM and SORM have already been implemented in safety assessment
of degraded steam generator tubing [4] and were shown to give reasonably accurate
results compared to "exact" Monte Carlo methods [5].
Tubes with ODSCC in a given SG represent a sample of size N0DSCC from the population
of all tubes. Further, Pf represents the tube failure probability of tubes for this population.
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A probability of having i tubes ruptured in a given SG is estimated using Poisson
distribution:
m

N
p
__ { opscc' f)

"

-Tn/_»r

T\

'

"ODSCC

,P \

(2)

V)

Number of tubes with reported ODSCC defects was used as NODSCC in the calculations
performed by ZERBERUS code [6].
4.

KRSKO NPP SPECIFIC ANALYSIS

In 1994 an analysis was performed with KrSko NPP specific data as a potential support
for plant specific implementation of the degradation specific SG maintenance [3]. The
approach used in the analysis presented bellow is in compliance with EPRI methodology,
which is based on experience and data from US, French and Belgian plants.
The comparison of the efficiency of both different maintenance strategies (defect specific
and generic) will be presented as a function of voltage plugging limit. The efficiency was
evaluated through expected leak rate and tube rupture probability estimation at the EOC
during accidental conditions, and number of tubes which shall be plugged using one or
another maintenance strategy.
Maximum expected leak rate
An evaluation of cumulative leak rate for different maintenance strategies was performed.
Leak rate prediction was performed for each SG separately and for operating under
postulated SLB accidental conditions and under normal operating conditions.
The pressure difference between primary and secondary coolant during a postulated SLB
accident was assumed to be 182.7 bar (2650 psi). This is consistent with conservative
assumptions used by Westinghouse tube wall thickness plugging criterion for KrSko NPP
[7].
The voltage growth population was fitted by the lognormal distribution. Plugging strategies
are reflected through different BOC voltage distributions. Only defects on tubes which
shall remain in operation after implementing particular maintenance are used in defining
BOC voltage distributions. Bobbin voltage data was taken from ISI'92 and '93 inspection
results [8].
ECT uncertainties are assumed to be normally distributed with zero mean. Standard
deviation of uncertainties has been given in [8] as a percentage of bobbin voltage. No
upper limit was imposed on the ECT uncertainties in the calculation.
The efficiency of specific maintenance was estimated based on comparison between leak
rates obtained by implementing specific and generic maintenance. Attribute generic denotes
actually applied 45% tube wall thickness plugging criterion. Therefore, index 45% is used
bellow to denote generic maintenance.
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A ratio between leak rates obtained following specific (LRoDSCC) and generic maintenance
(LR^s) was used as a criterion for the efficiency. Better efficiency of specific against
generic maintenance is obtained when the ratio is less then 1 (LRoDSCC < LR45,).

1
Figure 1

1.5
2
2.5
Plugging limit [V]

The efficiency of ODSCC specific maintenance strategy from a leak rate
point of view

The plugging limit where specific maintenance becomes less effective compared to generic
differs for each steam generator and operating cycle (BOC voltage distribution). Two
plugging limit margins can be observed from Figure 1: approx. 1 volt (SG2, 1992) bellow
which in all cases specific maintenance exhibits lower efficiency, and approx. 2.1 volts
(SGI, 1993) above which better efficiency could be observed. In between the efficiency
of specific maintenance depends on particular steam generator and operating cycle.
Tube rupture probability
To estimate tube rupture probability a postulated Feed Line Break (FLB) accident was
assumed with predefined accidental differential pressure of 195.6 bar (2850 psi) [9].
The distributions of bobbin coil voltages have been estimated from the ISI results.
Lognormal distributions were fitted to the frequency distributions of observed bobbin coil
voltage.
At least two orders of magnitude lower multiple tube rupture probability than for single
ones was obtained in the analysis. Thus, for operational periods 1992-93 and 1993-94,
multiple tube rupture probability is not a concern. Therefore, only single tube rupture
probabilities during postulated SLB accident were used in further investigation.
The efficiency of specific maintenance may be further -i mated based on comparison
between tube rupture probabilities obtained by impiuanting specific and generic
maintenance. A ratio between tube rupture probabilities obtained following specific
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(TRPODSCC) and generic maintenance (TRP4556) was used as a criterion for the efficiency.
Better efficiency of specific against generic maintenance is obtained when the ratio is less
than 1 (TRP0DSCC < TRP45se, Figure 2, bellow approx. 1.3 volts).
Also, number of tubes which shall be plugged by implementing one or another
maintenance can be used to define the efficiency of specific maintenance. A ratio between
number of tubes which shall be plugged following specific (PLGODSCC) and generic
maintenance (PLG45%) was used as a criterion for the efficiency. Better efficiency of
specific against generic maintenance is obtained when the ratio is lower than 1 (PLGODscc
< PLG45%, Figure 2, above approx. 0.9 volt).
On Figure 2 all three criteria which can be used to define maintenance efficiency are
presented for data observed during ISI'93 inspection of SG #1.
Ratio

0.01

0.001

1

1.5

2

Plugging limit [V]
Figure 2

The efficiency of ODSCC specific maintenance (Kr§ko NPP, SGI, 1993)

TRP
PLG
LR
ODSCC
45%

tube rupture probability
number of plugged tubes
leak rate
index for specific maintenance
index for generic maintenance

Plugging limit domain can be divided into two areas from a safety point of view: 1) an
area where tube rupture probability and leak rate obtained for specific management are
lower than was obtained by using generic maintenance (enhanced safety, include I and II),
and 2) an area where at least one of safety parameters (tube rupture probability or leak
rate) exceeds values obtained by generic maintenance (reduced safety, III and IV).
If number of tubes which shall be plugged following ore or another maintenance is also
taken into account than area of enhanced safety can be subdivided in further two smaller
areas. For the first one (area I) it can be said that enhanced safety could be obtained by
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plugging of larger number of tubes following specific maintenance compared to generic.
In the second one (area II) larger level of safety was obtained at lower number of plugged
tubes.
How safe is ODSCC specific maintenance depends on in which area lies plugging limit.
If plugging limit lies in area of enhanced safety than contribution of new approach using
specific maintenance can be estimated as positive.
Optimum efficiency of specific maintenance can be achieved when plugging limit is in area
II where higher safety level can be obtained with less plugged tubes compared to generic
maintenance. Thus, better efficiency of new approach can be obtained due to better
description of degradation phenomena.
The efficiency of specific maintenance is in general function of particular steam generator
and operating cycle.
5.

CONCLUSIONS

Defect specific maintenance strategy was presented for outside diameter stress corrosion
cracking type of defects in the tube to tube support plate intersections. A specific analysis
of KrSko NPP data has been performed following procedure for defining defect specific
plugging criterion. The procedure was implemented also in order to compare the efficiency
of specific maintenance against the generic. The criteria of efficiency were: number of
plugged tubes, maximum expected leak rate through all defects in SG, and probability of
tube rupture.
To compare the efficiency of specific against generic maintenance ratios between all three
criteria were estimated. For each criterion a plugging limit exists bellow or above which
specific maintenance exhibits better efficiency. However, the efficiency is in general
function of particular steam generator and operating cycle.
The criteria divide plugging limit domain into two areas which are important from a safety
point of view: 1) tube rupture probability and leak rate obtained for specific management
are lower than those using generic maintenance (enhanced safety) and 2) at least one of
safety parameters (tube rupture probability or leak rate) exceeds values obtained by generic
maintenance (reduced safety).
The safety of specific maintenance therefore depends on the plugging limit. It is improved
if plugging limit lies in the area where lower tube rupture probability and leak rate is
obtained by implementing specific maintenance than by using generic maintenance.
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Ljubljana, Slovenia

ABSTRACT
This analysis was initiated to examine the temperature fields in the steam generator tube
in the vicinity of the tube support plates. It is assumed that the flow of the secondary coolant is
severely disturbed there, which causes local heating of the tube surface. Different designs of tube
support plates (a drilled hole - NE Krsko, broached trefoil and broached quatrefoil designs) were
assessed and compared. Inside the drilled hole tube support plate, the temperature of the outer
tube surface approaches the temperature of the reactor coolant. Inside broached trefoil and
quatrefoil support plates, the tube surface temperature reaches about 10K less than reactor
coolant temperature. The most important result concerning the Krsko specific conditions is that
the frequency of the detected defects can be correlated with the temperature of the tube outer
surface and void fraction of the secondary coolant.

INTRODUCTION
Stress corrosion cracking in the steam generator tubes is the main cause of excessive tube
plugging and early steam generator retirement. It is caused by combined effects of stresses and
aggressive environment, which include chemical and thermal effects [1],
Recently, the indications detected at the intersections with tube support plates (TSP) seem
to be the main cause of tube plugging for the steam generators with drilled hole tube support
plates (TSP, see Ref. [2]). The flaws are initiated at the outer surface of the tube, inside the
crevice between tubes and TSP. Beside the aggressive impurities which tend to reside in the
crevices, the local tube temperature rises as the secondary coolant is not able to efficiently cool
the tube. This is caused by local disturbances in the flow of secondary coolant [3, 4].
However, no published data on the measurements or analysis of tube temperatures in this
region appears to be available. A need for such analysis is further supported by the fact that stress
corrosion cracking is a thermally activated process. The temperature of the affected material is
therefore, besides the aggressive coolant and stresses, one of the most important parameters
determining the remaining lifetime of the steam generators [1].
An analysis of the distributions of temperatures in the tubes at the intersection with the
support plates is therefore the main goal of this paper. A parametric analysis was performed,
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accounting for the specific features of drilled hole support plates (as built in Krsko NPP), trefoil
and quatrefoil support plate desig (the most frequent designs for replacement steam generators).
Additionally, the frequency of observed defects in Krsico steam generators [5] is correlated with
the tube surface temperature and the estimated void fracture at different support plates.
The comparison of different support plate designs aimed at supporting the decision about
design of replacement steam generators. The results may be also used to support the decisions
related to steam generator maintenance.

Drilled Hole

Figure 1

Broached Trefoil

Broached Quatrefoil

Designs of tube support plates

ASSUMPTIONS AND MODELING
Different designs of the tube support plates which were accounted for in the present
analysis are depicted in Figure 1. The broached trefoil and broached quatrefoil designs are
standard TSP designs in the replacement steam generators [1].
The distributions of the temperatures in the drilled hole design were parametrically
analyzed by Dvorgek [6] using axisymmetric model and PAFEC-FE software [7]. The modeling
assumptions and simplifications are essentially based on the results of this analysis [6].

2.1

Finite element model

The analysis was performed using ABAQUS software [8]. Full 3-D modeling was
necessary to account for the non-axisymmetric effects of the broached TSP designs. The
ABAQUS model of the broached quatrefoil is depicted in Figure 2. Two symmetric planes were
assumed to minimize the computational effort. The model was developed using FAM software
[9]. The thermohydraulic conditions in reactor coolant and secondary coolant are given in some
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Figure 2

Model of tube inside the the broached quatrefoil TSP

detail in [6] and references therein. Temperature distributions were evaluated for different local
thermohydraulic (cooling of reactor coolant, increase in a void fraction in the secondary coolant)
conditions at different TSP locations (hot leg only).
The main assumption of the model is the distribution of the film coefficient (sometimes
also called heat transfer coefficient) which is governing the convective heat transfer from tube to
the secondary coolant. Because of a rather complicated flow regime (two phase turbulent flow
[3]) in the region analyzed, a parametric analysis comparing different distributions of the film
coefficient was performed [6]. The results showed that the maximum tube surface temperature
does not significantly depend on the distribution of film coefficient.
Consequently, a simple linear interpolation was used to develop the film coefficient from
essentially zero inside the TSP to the full value far from the disturbance in the axial direction. A
transition length of about 35 mm was assumed in the axial direction. A similar procedure was used
to describe the circumferential variations of film coefficient, which is caused by the shape of
broached TSP designs (see Figure 1). A user defined subroutine FILM was used within
ABAQUS code to describe those variations.

DISCUSSION OF RESULTS
A set of analyses was performed to assess different local thermohydraulic conditions at
different tube support plate locations on the hot leg side of the steam generators. Examples of
temperature distributions on the outer tube surface are shown on Figure 3 for broached trefoil
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TSP and Figure 4 for drilled tube support plate. In both cases, the thermohydraulic conditions
were assumed to be equivalent to the 5* TSP in Krsko steam generators.
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A large overheated region is clearly shown for the drilled TSP (Figure 4). Essentially, the
outer surface temperature approaches the temperature of the reactor coolant along the entire
circumference and within the full thickness of the TSP.
The situation is quite different for both broached designs. Rather localized overheating
is shown in Figure 3. The locations of overheated regions in circumferential direction are
governed by the shape of TSP. The main difference observed between a broached trefoil and
broached quatrefoil designs is actually in the circumferential distributions of overheated regions.
The maximum surface temperature is however not significantly different (see Figure 5).
The size of the overheated regions in the tube axial direction is nevertheless approaching
the full thickness of the TSP.
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Comparison of temperatures (different TSP designs, different TSP levels)

A comparison of temperatures at different locations is given in Figure 5. The highest
temperature is the temperature of the reactor coolant. It is closely followed by the maximum outer
surface temperature of a tube inside the drilled hole TSP. The difference between those two
temperatures is estimated to be about 1-2K.
Maximum tube surface temperatures inside broached TSP followed the same trend.
However, they were significantly lower (about 10-15K) than those observed in drilled hole TSP.
This is important because it may significantly reduce the progression of the thermally activated
corrosion processes.
Additionally, the number of defects detected by bobbin coil and confirmed by MRPC coil
at tube-TSP intersections of both Krsko steam generators [5] is given in Figure 5. With the
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exception of TSP # 3, lower tube surface temperature obviously contributes to the lower number
of defects.
The exception of TSP #3 can be explained by studying the relationship between number
of defects and void fraction at different TSP levels (Figure 6). Namely, a relatively low void
fraction as compared to other TSP locations is to be expected at the level of TSP # 3. Lower void
fraction may cause less frequent flooding and dry-out of the crevice, which in turn means a lower
sedimentation rate and consequently less chemically aggressive environment.

CONCLUSIONS
The analysis focused on the temperature fields in the steam generators in the vicinity of
tube support plates. The severe disturbances of the flow of the secondary coolant were assumed
to cause local overheating of the tubes. Different designs of tube support plates were considered
in the analysis, including drilled hole TSP (Krsko), broached trefoil and broached quatrefoil
designs. The latest two designs are used in the replacement steam generators.
The maximum temperature on the outer tube surface inside the drilled support plate was
found to be essentially the same as the temperature of the reactor coolant. This promotes the
development of stress corrosion defects in the tubes and is confirmed by the inspection data from
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Slovenian nuclear power plant at Krsko. Also, the void fraction seems to have an important
contribution to the extent of corrosion damage.
For both broached TSP designs, the maximum tube outer surface temperature is estimated
to be about 10-15K lower than temperature of the reactor coolant. This is an obvious
improvement, as high tube temperatures promote the development of stress corrosion flaws. Also,
both designs show virtually the same temperature.
The non-axisymmetric thermal distributions obtained for both broached designs are
causing additional circumferential thermal stresses (tensile on the outer surface). Those stresses
and their potential impact on the development of flaws will be scope of our future work.
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ABSTRACT
The steam generator replacements performed over the last decade (about 25 replacements until
now), indicate trends towards improved techniques, shorter schedules and reduced total exposure
and total costs.
The goal of this paper is to give a worldwide review of SG replacement experience with accent on
the economic aspect of the SG replacement.
The main information about carried out replacements will be presented: cost, schedules, exposures,
SG supplier and type, date of replacement, etc.
Furthermore, the paper will contain the list of planned steam generator replacements in Europe,
Japan and US future replacement plans. Finally, some of NPPs will be described whose initial
nominal power has been increased along with SG replacement.

1.

INTRODUCTION

Almost 35 years of operating experience in pressurized light-water reactor (PWR)
nuclear power plants have shown that the corrosion and wear of the steam
generator (SG) have considerable influence on the output and availability of the
entire plant.
The consequence of few mistakes made in material selection and construction
solutions 20 years ago, is that many nuclear power plants (NPPs) have performed
or will perform SG replacements in next ten years.
Out of 245 PWR reactors in operation at the end of 1994, there are about 140
plants with total of 440 SG containing Inconel 600 tubing. These units are at the
risk of primary water stress corrosion cracking, secondary side corrosion, fretting
and some other SG tubes degradation mechanisms, and must be considered as
potentional candidates for replacement.
In terms of outage time attributable to inspections, repaires and ultimately
replacements, the costs of steam generators reclamation have made a significant
dent in the budgets of even the most resilent utilities.
So, why does then a growing number of utilities consider replacement options?
There are three reasons for this decesion. At first, the replacement was justified
economically. Increased availability and reduced inspection costs justify the
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replacements. With shorter outages a utility can schedule outages more precisely
and has more plants available during the winter or the summer consumption peak.
Secondly, replacement will be beneficial for public relations because it will remove
any anxieties the local residents may have about defective tubes and possible tube
ruptures.
And finally, SG replacement technology is now proven. Further improvements will be
also possible due to improved techniques, better planning and training based on the
experience of past replacements.
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2.

WORLDWIDE REVIEW OF SG REPLACEMENT

Three tables on the following pages give a worldwide review of SG replacement
experience. In some NPP-s, the whole SG-s were replaced (table 1) and somewhere
were replaced only lower sections with or without primary heads (table 2). Only
those replacements which were finished until the spring of 1995 were mentioned.
The last table contains a list of planed SG replacements in Europe, Japan and US
future replacement plans. Some of them were carried out this year (Tihange 1,
Ringhals 3, Asco 1, St Laurent B1) and most of them will be performed in next 5
years.

3.

POWER UPRATING WITH SG REPLACEMENT

Replacement of steam generators provides unique opportunity to uprate the plant.
This opportunity may prove to be a determining factor in the decision making
process. It can also influence the design and cost of the steam generator
replacement. Some of NPPs have already used or will use this chance.
INDIAN POINT 3 is now operating at 2% higher power level than the one before
replacement;
RINGHALS 2 - this NPP today produces a gross electrical output about 9.5% higher
than the original rating, i.e. 920 MW against 840 MW;
RINGHALS 3 - the replacement of the original Westinghouse steam generator will
enable power uprating of about 12%;
DOEL 3 - installation of new steam generators will also enable the plant with
current output 936 MW to be uprated by 10%;
NE KRSKO - preliminary studies and safety analyses have indicated that power
uprating of 6.3% should be possible without major modifications.

H Original 0 Uprated I

BOO1

PI 3

Ringhals 2

Ringhals 3

Doe! 3
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Table 1.

Plant

Obrigheim

j?

Country

D

Net
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capacity,

operation

(MWe)

date

340

03/69

No. Of
loops

Original
SG type

Replacement
year

Replacement
by (11

Replacement

Total cost,

Total

SG tube

(million $)

exposure,

Shutdown

Shutdown to

(Man-Sv)

to hydro

start-up
103

material [2]

Outage duration, day

2

KWU

1983

KWU

800

?

6.90

74

Indian Pt 3

USA

965

08/76

4

W-44

1989

W+B

690TT

110

5.41

105

139

Ringhals 2

S

800

05/75

3

51 C

1989

KWU

690TT

130

2.90

72

100

Dampierre 1

F

890

09/80

3

Fra-51 B

1990

Fra

690TT

104

2.12

70

196

USA

805

12/71

3

C-E 67

1990

B+KWU

600

100

4.86

?

630

B

900

10/82

3

51 M

1993

Sim-KWU

800

98

1.96

44

96

CH

350

12/69

2

W-33

1993

Sim-Sulzer

690TT

1.10

44

98

?

?

Palisades
Doe) 3
Beznau 1
&

TOTAL STEAM GENERATOR REPLACEMENTS - completed

Bugey 5

F

900

01/80

3

51 A

1993

Fra

100 (3)

690TT

105

1.52

Gravelines 1

F

910

12/80

3

51 M

1994

Fra

690TT

?

1.40

37

101

Mihama 2

J

470

07/72

2

W-44

1993/94

MHI

690TT

180

7

360

?

Genl< :• 1

J

529

10/75

2

MHI

1994

MHI

690TT

?

?

?

?

Takahama 2

J

780

11/75

3

MM

1994

MHI

690TT

220 131

?

?

7

USA

895

01/84

3

W-D3

1994

B-W

690TT

140

3.27

38

97

J

1120

03/79

4

51 A

1995

MHI

690TT

270 |3]

?

?

?

V. C. Summer
Ohi 1

[1]

B=Bechtel (USA), Fra=Framatom (F), KWU=Kraftwerk Union (D), MHI = Mitsubishi Heavy Industries (J), Sim = Siemens (D), W=Westinghouse (USA)

[2]

800=lncoloy 800, 600=lnconel 600, 690TT= Inconel 690 Thermally Treated

[3]

Estimated cost before replacement
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PARTIAL STEAM GENERATOR REPLACEMENT - completed
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Net
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No. of
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Replacement

Replacement

Replacement

Total cost,

Total
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loops

SG type
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(million $)
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Shutdown

Shutdown

(MWe)

date

(Man-Sv)

to hydro

to start-up

material [z\

Outage duration, day

Surry 2

USA

788

05/73

3

W-51

1979/80

Utility

600TT

94

21.41

303

560

Surry 1

USA

788

12/72

3

W-51

1980/81

Utility

600TT

94

17.59

209

295

Turkey Pt 3

USA

666

12/72

3

W-44

1982

Utility

600TT

90

13.05

210

291

Turkey Pt 4

USA

666

09/73

3

W-44

1983

Utility

600TT

90

21.51

183

220

Point Beach 1

USA

485

12/70

2

W-44

1984

W

600TT

77

5.76

117

210

HB Robinson 2

USA

700

03/71

3

W-44

1984

Utility

690TT

85

12.06

225

349

DC Cook 2

USA

1060

07/78

4

W-51

1988/89

U/MKF

690TT

112

5.61

202

330

Millstone 2

12/75

2

Ce-Sys 67

1992

U/FD

690TT

198

6.97

135

228

1993

B

690TT

130

2.40

51

96

1995

B

690TT

114

1.42

?

68

USA

858

North Anna 1

USA

907

06/78

3

W-51

North Anna 2

USA

907

12/80

3

W-51

[1]

U/FD= Utility/Flour Daniels (USA), U/MKF=Utility/MK Ferguson (USA), W=Westinghouse (USA), B=Bechtel (USA)

[2]

600=lnconel 600, 690TT=!nconel 690 Thermally Treated

Table 3.

PLANNED STEAM GENERATOR REPLACEMENTS
(orders placed)

Plant

Country

Net

Comm'l

No. of

Replacement

Supplier (1]

Replacement

capacity,

operation

loops

year

original/

SG tube

(MWe)

date

(estimated)

replacement

material

Tihange 1

B

870

10/75

3

1995

Fra/MHI

Inconel 690TT

Tihange 3

B

1006

09/85

3

1997

Fra/Sim-Fra

Inconel 690TT

Doel 4

B

1010

07/85

3

1996

W/Sim-Fra

Inconel 690TT

Asco 1

E

887

09/84

3

1995

W/Sim-Fra

Incoloy 800

Asco 2

E

887

03/86

3

1996

W/Sim-Fra

Incoloy 800

Almaraz 1

E

900

10/81

3

1996

W/Sim-Fra

Incoloy 800

Almaraz 2

E

900

02/84

3

1997

W/Sim-Fra

Incoloy 800

Dampierre 3

F

890

05/81

3

1995

Fra/Fra

Inconel 690TT

St Laurent B1

F

880

08/83

3

1995

Fra/Fra

Inconel 690TT

Tricastine 2

F

945

12/80

3

1996

Fra/Fra

Inconel 690TT

Mihama 1

J

320

11/70

2

1995

CE/MHI

Inconel 690TT

Mihama 3

J

780

12/76

3

1996/7

MHI/MHI

Inconel 690TT

Ohi 2

J

1120

12/79

4

1997

MHI/MHI

Inconel 690TT

Takahama 1

J

780

11/74

3

1996

W/MHI

Inconel 690TT

Ringhals 3

S

915

09/81

3

1995

W/Sim-Fra

Inconel 690TT

Catawba 1

USA

1129

06/85

4

1995/6

W/BWI

Inconel 690TT

Farley 2

USA

829

07/81

3

1997

W/W

Inconel 690TT

Farley 1

USA

829

12/77

3

2002

W/W

Inconel 690TT

Kewaunee

USA

540

06/74

2

1996

W/W

Inconell 690TT

Ginna

USA

470

03/70

2

1996

W/BWI

Inconel 690TT

McGuire 1

USA

1129

12/81

4

1995/6

W/BWI

Inconel 690TT

McGuire 2

USA

1129

03/84

4

1996/7

W/BWI

Inconel 690TT

Pt Beach 2

USA

485

10/72

2

1996/7

W/W

Inconel 690TT

St Lucie 1

USA

839

12/76

2

1997

CE/BWI

Inconel 690TT

Zion 1

USA

1040

12/73

4

1996

W/BWI

Inconel 690TT

Zion 2

USA

09/74

4

2001

W/BWI

Inconel 690TT

(1]

1040

BWI=Babcock & Wilcox International (CDN), B=Bechtel (USA), CE=Combustion Engineering (USA),
Fra=Framatom (F), KWU=Kraftwerk Union (0), MHI=>Mitsubishi Heavy Industries (J), Sim=Siemens (D),
W=Westinghouse (USA)

288

Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995

4.

CONCLUSION

SG replacements have matured from an exotic plant modification to an almost
routine maintenance activity, especially if it is carried out by well-versed company,
such as Siemens, Framatom or Bechtel.
Dramatic improvements in the time required to replace steam generators and similar
improvements with total exposures speak in favor of this fact.
Economic assessments revealed that SG the replacement might be attractive if it
could be combined with the uprating of the plant.
Furthermore, taking into account increased availability and reduced inspection costs,
we get more than enough reasons for making decesion on the replacement of our
damaged steam generator.
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SI9900039
THE NUCLEAR POWER PROGRAM IN CIS-COUNTRIES.
STATUS AND TRENDS
A.Yu. Gagarinski
Russian Research Center "Kurchatov Institute"
Nuclear Society (Moscow)
Russia, Moscow
Kurchatov Sq., 1
ABSTRACT - The status and prospects of nuclear power development in the
newly-independent states in the territory of the former Soviet Union are considered.
The prerequisites as well as the scientific - technical and industrial basis for the
implementation of the national nuclear programs are discussed. The tendencies in
development of a new generation of advanced reactors are described.
The Soviet Union undoubtedly pertained to the industrially developed countries
and was legitimately considered one of the world leaders in such fields as nuclear power
and new power technologies. The Soviet nuclear power programme adopted in the early
1980s had an adequate scientific and industrial base and every prospect of success.
It included the following items:
- very rapid growth of the nuclear electricity-generating capacities;
-expansion of the sphere of nuclear energy utilization by its introduction into
industrial and residential district heating;
-rapid development of the fast breeders aimed at long-term fuel supply of nuclear
power;
- development of low-power nuclear power installations for remote areas as well
as development of civil nuclear shipbuilding.
The rate of expansion being achieved by the Soviet nuclear industry in the mid1980s comparable with that found in countries regarded as engaged in "rapid deployment"
of the technology (USA, France, Japan). There was an annual 4-5 GWe increase of
nuclear generating capacity, nuclear units as large as 1,5 GWe were successfully put
into operation, while 35- 40% of total electricity in some regions was generated by NPP's.
The program of nuclear power development in the USSR was based on the
developed infrastructure of the nuclear fuel cycle. The nuclear-industrial complex
developed for military purposes includes all the productions essential for functioning
of the nuclear power industry. It should be noted that about 80% of the nuclear-industrial
complex was concentrated in Russia. The industrial and raw-materials potential of this
complex enables even now the operation of NNPs with an installed capacity of about 100
GW. Moreover, there is the potential for using tens of tons of plutonium and hundreds of
tons of highly-enriched uranium from nuclear weapons.
The technological crisis of 1986 entailing very hard consequence stopped the
program of forced development of nuclear power in the USSR. On the whole, research
292
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works, construction and extension of NPP were interrupted on 39 sites of total
capacity 109 GW. But Chernobyl did not eliminate Soviet nuclear power. No nuclear
power units on the former Union territory (with exception of the Armenian NPP) were
put out of operation after 1986 in the direct connection with the accident.
The subsequent political crisis, which divided the Soviet Union into fifteen
independent states, could not immediately liquidate the common fuel- energy complex with
common electricity, gas and oil supply systems, nuclear power complex whose key
productions proved to be on the territories of several ex-USSR countries (Russia,
Ukraine, Kazakhstan etc.). This situation as well as the evidence of growing reintegration
processes in the CIS permit us to go beyond the limits of Russia in the consideration of
nuclear power program and to make an attempt to estimate the prospects of the whole
region which had been a single country not long ago.
With the establishment of their new borders many of the politically independent
countries of the former Soviet Union have found themselves in the economic dependence
on their neighbors and, first of all, on Russia. It is reasonable that in elaborating the
energy policy of the new independent states all the above circumstances played an
essential role and led, in some cases, to serious intentions of developing the nuclear sector
of the energy economy not only on Russia (Ukraine, Armenia, Kazakhstan, and
probably Belarus).
Following are the comments to the current status and the prospects of nuclear
power in the individual countries of the former Soviet Union.
Russia. The part of nuclear energy production has increased from 11% in 1990 to
12,4% in 1993 and fell to 11,2 in 1994. It should be noted, that this rate is considerably
higher in industrially developed regions of the European part of the country (24% - in the
Central region, 48% - in the North-Western region). The stable nuclear energy production
continued up to 1994.
With the all commercial production recession of 20,9% in 1994 comparing
with the 1993 level, production of the energy resources reduced by 6,3%. The electricity
generation dropped by 92% of the 1993 level. The fall in the nuclear electricity
output was the most significant one: by 18%. It should be emphasized that the crisis in
the Russian nuclear power was caused by purely economic rather than by technological
factors and is associated with the growth in nonpayments for the electricity supplied to
the consumers. Overcoming this crisis, in order to reach the level of 1990, may by
forecasted, using the most optimistic scenario, in the year of 2007 the lowest scenario after 2020). Proceeding from these assessments, as well as from some economic factors
and technical preconditions, the scenarios of evolution of nuclear power facilities in
Russia up to 2015 were prepared.
Ukraine. Ukraine's nuclear power originated in starting up the first Chernobyl
NPP unit of 1000-MWe capacity. At present fourteen units are in operation at five
NPPs. The total installed (gross) capacity of the NPPs is 12,8 million kW. The nuclear
share in Ukraine's electricity output varies from 30 to 40% (amounting to 44% in the
1994 winter peak-load period). After the Ukraine's Supreme Council abolished the
moratorium on putting new NPP capacities into operation, works on restoration and
reconstruction of the unfinished units were begun. Three units are in the stage of
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completion (80- 95%). Three more power units can be put into operation for 7-10
years.
Armenia. Formerly country received 96% energy resources consumed in the
Republic from Russia, transported then through the territories of Azerbaidzan and Georgia.
Today it has become an extremely hard problem. Under the conditions of the most
severe blockade of the communications of the Republic, which has no fuel resources of its
own, and shutdown of the NPP in 1989, the electric power production in Armenia reduced
by 2,5 times and the electricity deficit in 1993 amounted to more than 50%. In accordance
with the foregoing the Armenia Parliament and Government made a decision to
resume the NPP operation, with Unit-2 being started up in the 1995.
Kazakhstan. The installed capacities of Kazakhstan's power plants total above 18
GW to meet about 90% of national electricity needs. Most of the capacities fall on
coal-fired thermal plants. The industry of the republic is characterized by a great share
of energy-intensive,
ecologically
harmful metallurgical and chemical productions.
Combined with the expansion of the coal-fired power engineering this creates a tense
ecological situation in many industrial cities.
The analysis of the dynamics of energy production and consumption,
the
ecological situation and the projections of the economic development in Kazakhstan
allows a conclusion about the expediency of the creation and development of the
national nuclear power.
During the period of 2005-2015 several NPP with Russian 640-MW (e) reactor
units is planned to be build. In addition, the construction of NDHPs is targeted for the
same period.
Republic of Belarus. With total need of national economy of 53,3 million, tons
of conventional fuel per year, annual production in this country makes just about 15% of
this amount.
In 1992 the Council of Ministers of the Republic of Belarus approved the Power
and Power Saving Development Program up to 2010. According to the program the
main type of organic fuel for electric power stations and district heating will be
natural gas. But this program is envisaged to put into operation a nuclear power unit
with the capacity of not less than 500 MW till 2005, and till 2010 another one with the
capacity of not less than 1000 MW. At present the works connected with the preparedness
for NPP construction in the Republic are being carried out.
There are also prerequisites for some other countries (Georgia, Moldova) to enter
the "nuclear club", however today their discussion is somewhat untimely.
Table 1. Status of Nuclear power (April 1995)
Others
Number Total
Number of RBMK VVER
Number of
(BN, EGR)
units in final
of NNP power
power
stage of
GW
units
construction

Armenia
Kazakchstan
Lithuania
Russia
Ukraine
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1
1

1
9
5

0.8
0.1
2.5
21.2
12.8

2

2
1

2
29
14

1

2
11

2

13
12

5

4
3
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The current status of nuclear power in the post-Soviet countries is illustrated by
Table 1.
The choice of the advanced reactor concepts for accomplishment of the next in
turn stage of nuclear power development in the CIS countries with developed nuclear
industry, has been practically completed. The dominant world and domestic
experience with operation of the pressurized water reactors, obvious discredit of the
water- cooled graphite reactor concept after the Chernobyl accident, made the PWR
concept the basic of nuclear power development in Russia, Ukraine and, possibly, other
CIS countries at least till the year 2010.
As it usually happens in development of a new generation of advanced reactors
two tendencies interacts and are realized. On the one hand, this is the maximum
utilization of tested and proven designs with some backfitling ensuring evolutionary
increase in safety and economy so that the need in construction of pilot plants would
be ruled out. On the other hand, this is the search for innovative technical solutions
promising a cardinal improvement of the safety parameters and possibilities of
extension of application sphere.
The first trend reflects the intense development of the designs based on the next
generation of the VVER reactors, which is under way in Russia. These designs will have a
higher level of safety, better power indices and fuel utilization than the existing
designs. It should be noticed that in the Program of nuclear power development in the
Soviet Union, adopted in the early 80s and in the first post-Chernobyl years the main
designers efforts were directed to designing the large power (1000-1100 MWe) VVERs,
namely the VVER-88, VVER-91, VVER-92, basing on the experience with the most used
Soviet reactor VVER-1000 (design 320). However soon the center of designers attention
returned to development of the medium power reactors but at a new technology level.
These are the reactors with which in the 60s the Soviet nuclear power began, having
demonstrated once more the truth of the spiral law of evolution. Among the arguments in
favor of development of the advanced medium power reactors such as reduced
construction time, lower financial risk, potential extension of market, the most
important is undauntedly the possibility to increase the reliability and safety of NPP
operation at the expense of simplified design and reduced reactor unit power. In this class
of reactor designs the VVER line is realized by the VVER-640 (640 MWe).
The common feature of the advanced medium power VVER developments is the
increased use of passive safety systems for preventing severe accidents and avoiding
radioactive release above the permissible levels. Naturally, reduction in the core power
density and the possibility of using additional passive protection systems are the main
advantages of the VVER-640 design.
An innovative trend in PWR development, permitting the number of events
resulting in accidental situations to be reduced is designs of the water reactors with
integral arrangement of reactor equipment. In Russia this trend is represented by the
VPBER-640 design. The design is supported by many technical solutions tested during the
long Soviet experience with nuclear shipbuilding.
It should be pointed out that the line of the advanced VVER reactors is currently
the most prepared for construction, and most Russian sites for erection of the new
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NPPs and extension of the operating ones are oriented for 640 or 1000 MW VVER
reactors.
To make the picture complete it should be noted that the supporters of the
channels-type uranium-graphite reactors propose the design of an advanced reactor of
enhanced safety -a multiloop boiling power reactor (MKER-800) with natural coolant
convection. They also hope to create at least a pilot plant.
The review of the innovative ideas in the field of light water reactors (LWR), to
be realized in Russia, should be added with a far advanced development of a
reactor unit for single-purpose nuclear district heating plants with the highest
currently available level of self-protection. Development of nuclear district heating
plants for regions which need heating for most months (Russia, Kazakhstan) promises and
essential improvement of the ecological situation in large cities. There are enough
grounds
to hope that the first district heating plant (ready by 80%) would be
commissioned in the next few years.
Another promising application of the light water (as well as other types) reactors,
specific for Russia and some other countries, should be mentioned here. Enormous thinlypopulated regions with settlements concentrated, as a rule, around valuable raw material
(rare and non-ferrous metals etc.) mining enterprises makes development of power supply
systems based on power networks unpromising even in the long-term perspective. Small
nuclear power (from a few MWt to 100-150 MWe) is being considered as an effective
solution for mastering, for example, the northern Russian territories which make up about
half of the country.
Thus, the light-water reactors, which have enormous practical experience, proven
technologies of equipment and material production, necessary industrial infrastructure, will
undoubtedly create the basis of the nearest phase in development of nuclear power in CIS
countries. Even in those countries which are planning their own way in nuclear power
(Kazakhstan, Belarus) any other way of development (e.g., basing on heavy-water
reactors) is unlikely as it is quite natural for them to orientate to Russia's powerful
potential.
At the same time, LWR has some disadvantages difficult to overcome. These
disadvantages involve potential hazards (large reactivity margin, high water pressure, large
chemical energy stored) which do not give ground to exclude a credible accident, low
temperature potential, inefficient uranium utilization, large amount of long-lived nuclides
generated in the fuel cycle. All these factors stimulate great efforts to look for a other
reactor type.
One of the ways to overcome a low temperature potential and bring the nuclear
reactors into the extending region of high-temperature technologies (commercial heat
supply, metallurgy, chemical production, oil refining, etc.) was known long ago and has
began to be developed in Russia since the 60s. In the 80s developments of the hightemperature gas-cooled reactors came to the stage of completed designs. Among them the
most advanced one was the design of the pilot commercial•. installation VG-400 (400 Mwe)
for supply chemical industry processes with up to 950°C neat. It should be emphasized
that development of HTGR in Russia was based not only on accumulation of the world
experience (USA, Germany, Grear Britain, etc.) but also on the high technologies proven
during creation of domestic nuclear propulsion prototypes where, in particular, the world
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record on using the temperature in the nuclear gas-cooled reactor up to 3000 K was set
up. It appears that the high temperature gas-cooled reactors are ahead of their time, and
therefore the programs of their implementation were suspended both in the USA and
Germany and in Russia. However the HTGR concept with its capabilities of reaching
unique temperatures, use of high reliable ceramic fuel, low heat release into the
environment seems to have every reason to be included into the long-term program of
power development.
From the very beginning of nuclear power development it was clear that nuclear
power cannot be the technology of the future without the fast breeders. In the USSR
from the beginning of the fast reactors development a high attention was paid to the
doubling time. It was considered that fuel breeding rate must be not less than the rate of
the energy development (doubling time: 8-10 years). In the 70-s the opinion existed that
the doubling time for the fast reactors must be 5-6 years.
Due to the slowing down of the power development rate the outlook on the future
of the fast reactors has changed significantly. Now, the main attention should be paid to
solving the economical ecological and safety problems of this reactors type.
In the time when the preferences were given to the reactors with the short
doubling time, the sodium-cooled fast reactors (SCFR) had large advantages in comparison
with the fast reactors with other types of coolants. The SCFR development strategy in
Russia is based on experience gained in operating this reactor type for 85 reactoryears in the CIS countries (BN-350, BN-600).
The next step on the way of construction advanced FBR is the project of a smallseries NPPs based on the BN-800 reactor. The BN-800 reactor will be fueled with
uranium-plutonium oxide. This stage is of fundamental importance for further FBR
development. It should precede FBR large-scale introduction to the nuclear power
structure. If FBR power units are comparable with those of LWRs in terms of specific
capital and generated electric power costs, the real way will be opened up for constructing
a two- component nuclear power production system on the basis of FBR and LWRs. In
this case, FBRs will provide a necessary fuel production, a weapon-grade plutonium
utilization, and an actinide transmutation at a minimized thermal and radiological impact
on the environment.
So, for creating the reliable and safe large-scale nuclear power system for long
future we should have redundancy and diversity of reactor designs and scientific and
technological decisions.
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Abstract
The main goal of TACIS 3.6, a project funded by the Commission of the European
Communities (CEC), was the front-end engineering for upgrading the Fire Protection
System (FPS) of the safety-related equipment of Novovoronezh, Units 3 and 4, and
Kola, Units 1 and 2, VVER 440/230 nuclear power plants. As a first step, all the safetyrelated equipment had to be identified, evaluation criteria had to be established and the
existing FPS reviewed against the criteria. In the second step, the selection of the
upgrading measures, depending on feasibility and cost estimate, has been
accomplished, room by room. The third step, carried out on schedule and completed end
July '95, has been essentially the preparation of the Technical Specifications for
procurement of the needed equipment including remaining detail engineering. The
Russian sub-contractor AtomEnergoProekt (AEP), who have been the designers of these
older NPP's, have done the work with the Italian Ansaldo as the consultants of their
Russian colleagues.
Practical aspects of the engineering work are discussed and examples of improvements
selected for retrofitting described.

1. INTRODUCTION
The Fire Protection System installed in old WER nuclear power plants, in particular
the older type WER-230, is a major source of concern because lacking the required
technology and, perhaps, because in the past Soviet designers did underestimate
the fire risks. It is therefore understandable that the Commission of the European
Communities (CEC) has set up a project, TACIS 3.6 Fire Protection Technology, and
provides funding for the fire protection upgrading of two WER 440/230 NPP's, i.e.
Novovoronezh Units 3 and 4, and Kola Units 1 and 2, aimed at improving their
nuclear safety against fire. Though these Units are subject of extensive Russian and
TACIS programmes for safety upgrading and therefore TACIS 3.6 originally was not
intended by the CEC as an isolated project, difficulties arisen in the co-ordination
with the other projects suggest that TACIS 3.6 be extended to cover the analysis, by
a deterministic approach, of the consequences of fire on the nuclear safety.
Note: This article reflects the progress of the TACIS 3.6 project and updates
the relevant information already provided at the Fire&Safety '94 Barcelona
conference.
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2. THE TACIS 3.6 PROJECT
In the frame of the TACIS 3.6 project, the Italian engineering company
Finmeccanica/Ansaldo-Nuclear Division had the responsibility of the overall
engineering and management. In turn, Ansaldo has chosen the Russian engineering
company Atomenergoproekt (AEP), assisted by the Russian Utility Rosenergatom,
as the Sub-Contractor for doing the work with Ansaldo as a consultant. With this
structure and staffing, three major conditions for an effective performance of the
project have been met:
- assurance of identification of all safety-related equipment to be protected, because
AEP have engineered the relevant Units,
- comments-in-time by Rosenergatom on the project documents and hence
reasonable expectation of prospective rapid approval by Russian regulatory
institutions of the proposed implementations,
- information on modem fire protection rules and on available state-of-the-art fire
protection technology, provided by the western Consultant.
The project has started mid '93 and been completed mid '95 on schedule. The
issued documentation provides the front end engineering, carried out room-by-room,
of the fire protection system upgrading, but does not include any system analysis of
the consequences of fire on the nuclear safety nor a budget cost estimate of the
successive steps, which are to be funded and therefore are outside the scope of the
project, i.e. remaining detail engineering, procurement of equipment, erection and
commissioning.
3. THE PROJECT RULES
The selected evaluation criteria for the background information (i.e. the actual plant
FPS configuration) and design rules have been issued by the Consultant as Design
Guides, that, after having been examined for possible conflicts with Russian rules,
have been accepted as the binding Project Design Guides (PDG).
The PDGs cover, but are not limited to, the following fire protection topics:
1
2
3
4
5
6
7
8
9
10
11
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FIRE LOAD ASSESSMENT
FIRE RESISTANCE OF THE ROOM BOUNDARY
FIRE SUPPRESSION SYSTEM
FIRE DETECTION SYSTEM
FLOOR DRAINAGE SYSTEM
VENTILATION SYSTEM
ESCAPE ROUTES
FIRE PUMPING STATION
FIRE WATER SUPPLY
OUTSIDE HYDRANTS
FIRE DOORS
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EMERGENCY LIGHTING

The PDGs are based mainly on the US Code of Federal Regulations, Part 50,
Appendix R, Fire protection program for NPP's operating prior to Jan. 1979, and, to a
lesser extent, on the recent IAEA Safety Guide nr 50-SG-D2, Rev. 1, Fire protection
in nuclear power plants. The adoption of the IAEA Guide as the only project rule
would have not be practical, because this Guide is intended for new NPP's and does
not allow alternative solutions, as Appendix R does, which are needed to cope with
the existing plant configurations, and with considerations of residual life time of the
Units and budget constraints.
Russian design practices have been accepted to a limited extent on a case by case
basis, whenever they have been judged equivalent to the correspondent western
practices.
4. GATHERING BACKGROUND INFORMATION
A programme has been established, entailing Quality Assurance, and a PC
relational electronic database used to process, as far as practicable, the predicted
huge amount of information on all topics of the FPS.
The relational database ( MS ACCESS ) has been tailored to the project needs and
those data entered, that could be retrieved from the AEP files. Information shortfalls
have been cleared or superseded by means of information gathered at each site
(Novovoronezh and Kola) from interviews with the plant operators and from visual
inspection.
The main information has been as follows:
- Location of each safety-related equipment and its redundant counterpart. The list of
the safety-related systems (i.e. the systems performing at least one of the three
safety functions of hot and cold shutdown and activity confinement after Design
Basis Accidents) has been therefore the first background information provided by
AEP,
- Information related to each room enclosure of interest (rooms containing safety
equipment and adjacent rooms) such as boundary fire resistance, fire load, existing
fire protection system,
- plant fire water system,
- internal and external fire brigades.
The information relevant to the Novovoronezh NPP has been collected first and is in
general valid also for the Kola NPP, because the two NPPs are similar. Noticeable
differences have been found out in the Diesel Bldg ( no partitions between the
diesel-gen sets of Kola) and the active fire protection of the cable trays (foam water
for N W and halon gas for Kola).
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5. MAIN NON-COMPLIANCES AND UPGRADES
The required fire resistance of each room boundary has been determined using an
internationally recognized specific-fire-load vs time curve, as a practical means to
avoid to carry out engineering calculations. By comparison of the required with the
actual fire resistance of the room boundary, non-compliances of this major issue
have been highlighted.
Similarily, other non-compliances have been discovered by comparison of the
existing fire protection system with the criteria of the project rules, that rest largely on
the defence-in-depth principle.
A written report of any findings on each topic accompanied by the mention of
possible corresponding upgrading measures has been prepared and the upgrading
measures examined for feasibility and cost. Eventually, measures have been
selected and engineered to the extent needed for preparation of the preliminary
Technical Specifications (TS). Because of budget constraints, some TS are limited to
the general description of the upgrade, the scope of which involves therefore the
detail engineering still to be done to specify equipment items or packages.In several
cases, however, the TS may be directly used for the preparation of the procurement
documentation for enquiry of equipment (Material Requisitions).
A basic aspect of quality of the Material Requisitions is the identification of the
standards the equipment or package must comply with. It has been agreed to define
applicable only internationally recognized western standards. Russian standards (or
any other relevant national standard) will be accepted as well, but they have to be
proven equivalent to the relevant applicable standard. This practical decision has
freed the designers from the heavy burden of a preventive comprehensive
comparison between western and Russian standards and avoids the risk of limiting
procurement to western equipment.
5.1 FIRE RESISTANCE OF THE ROOM BOUNDARY
Comparison of the actual fire resistance of the room boundaries with the required
fire resistance, with consideration of the fire load in adjacent room enclosures, has
provided evidence that the actual fire resistance of many room enclosures was not
adequate The actual fire resistance has been defined as the resistance of the
weakest component part of the barrier, mostly fire doors, cable penetrations and
ventilation dampers.
5.2 FIRE SUPPRESSION SYSTEM
The applicable fire protection design guide requiring that:
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a. Manual fire suppression be installed everywhere there is fire hazard to safetyrelated components
b. fire detectors and automatic fire suppression be provided everywhere no
adequate prevention equipment protects safety-related components against fire
herd.
Evidence of deficiencies of both manual and automatic fire suppression has been
discovered. Whereas the deficiency of manual fire suppression has been
consistently eliminated, the case of automatic fire suppression has required
consideration of the involved fire load. In case of low distributed fire load in the
examined room enclosure and adjacent rooms, the automatic fire suppression
system has been dispensed of. In any case the installation of the fire detectors has
been provided.
5.3 FIRE DETECTION SYSTEM
Fire detectors have been provided in each room enclosure with safety related
components. See also the conclusion of para 5.2.
5.4 FLOOR DRAINAGE SYSTEM
The collected background information has given evidence of generalized not
adequate drainage capability that would bring about accumulation of fire water or its
spreading around and falling into the lower stores.
In most room enclosures and the whole upper stores of the turbine building there is
no water drainage at all, so that provisions have been recommended to drain the
water, whenever required by the potential risks of failure of safety-related
components.
5.5 VENTILATION SYSTEM
Fire dampers have been provided at the ventilation duct penetrations to avoid the
risk of fire spreading into adjacent room enclosures.
5.6 ESCAPE ROUTES
The analysis of the background information on the escape routes has been limited to
the turbine building and to the room enclosures not belonging to the Accident
Limitation Compartment (ALC). For the rooms belonging to ALC less stringent rules
apply, being ALC a restricted access area.
In general, the basic requirements of distance to exit, exit number and dimensions
are met.
A spot check during the visits to N W and Kola NPP's has given evidence of
generalized poor marking and lighting of the existing escape routes.
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5.7 MISCELLANEOUS
The following non-compliances relevant to each of the following fire protection topics
are based on the examination of the background information and/or on the visual
inspection at the NW NPP and answers of the plant operators.
5.7.1 Pumping station
Only one high-pressure fire pump (a jockey pump) is fed by the diesel generator
sets.
All fire pumps are of normal industrial construction. The flat characteristic curve
required over the flow rate range is approximated, however, by means of the
sequencial operation of several pumps installed in parallel.
5.7.2 Foam-water system
-All foam-water pumps are located underground and are subjected to the risk of
water flooding.
-The foam-water main loop is normally under hydrostatic pressure only.
The pumps start on fire signal instead of on low fire water pressure.
-The foam/water inventory will last over about 1 hour, instead of the required 2
hours.
-The re-filling time of the foam/water inventory is 24 hours instead of the required 8
hours.
5.7.3 Fire detection system
-The electric power supply of the fire detection system is not backed up by batteries.
-The fire detectors located inside the ALC are not suited to radiactive ambient
conditions.
5.7.4 Outside Hydrants
- Outside hydrants are generally not provided with isolation valve.
5.7.5 Emergency lighting
- In most cases emergency lighting is supplied over less than 8 hours.

304

Nuclear Energy in Central Europe, Portorol, Slovenia, 11.-14. September 1995

5.7.6 Fire doors
- The fire doors maintained normally open appear, once closed, not to provide the
required smoke- tightness .
- Many fire doors appear degradated with time.
5.7.7 Lube oil tanks in the Turbine Building
- The lube oil tanks under the turbine, and those near the feed pumps are not
provided with oil containment basin. In case of fire, hot oil could spread around
beyond the reach of the manual suppression system with consequent fire risk of
even far-located safety components.
5.7.8 Fire suppression system of the lube oil tanks.
- The available local manual fixed water fire suppression system, though capable of
keeping cool the turbine oil tanks in case of fire exposure, is not adequate to
suppress fire, because the installed sprinkler nozzles would not produce oil-water
emulsion (required are spray nozzles).
- The manual valve of the above mentioned fire suppression system would be
exposed to fire of the nearby lube oil tanks and could become soon inaccessible to
operators.
5.7.9 Internal and external fire brigades.
Manual fire fighting is generally adequate at both plants, owing to the good
organization and training of the fire brigades. Their fire fighting equipment is well
maintained, but suffers of some identified shortfalls, that could not be eliminated
because of funding shortage.

5.8 Technical Specifications
The technical specifications have been assembled into three main documents with
generic common headings as follows:
1- Passive fire protection materials and components
This document includes the specifications for fire doors; cable penetrations;
ventilation dampers; fire barriers; fire-retardant cable coating; floor finishing; fireresistant painting for the structural steel of the turbine hall; a containment basin
around the lube oil tanks in the turbine hall; fire resistant coating of the ventilation
ducts.
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2- Active fire protection materials and components
This document includes the specifications for isolation valves for the external highpressure fire water main; fire hose stations and piping; fire extinguishers (portable
and wheeled); a fixed spray-water system for the turbine lube-oil tanks; automatic
sprinkler systems for the cable trays in the turbine hall; automatic fire detection
systems; emergency batteries for the existing fire detection system; fire detectors;
escape routes marking- and emergency lighting; portable drain pumps; the
emergency electrical power supply for the high-pressure fire pumps; a foam water
system.
3- Plant fire brigade equipment
This document includes specifications for miscellaneous equipment such as fire
engines; breathing apparatuses complete of radio sets; fire hoses and branchpipes;
portable smoke removal fans; fire clothing; portable diesel gensets; personal
computers.
7. CONCLUSION
The Technical Specifications available since the end of TACIS 3.6 would allow the
start of the procurement of equipment and packages for upgrading the Fire
Protection System of both Novovoronezh, Units 3 and 4, and Kola, Units 1 and 2,
NPP's.
There is no doubt that the implementation of the fire protection system upgrades
identified with TACIS 3.6 would also significantly improve the nuclear safety against
fire of both N W and Kola NPP's.
The ultimate goal of achieving nuclear safety against fire would require, however, as
additional step in the frame of a contract extension, the deterministic analysis of the
consequences of fire on safety-related systems and facilities. This would involve the
interaction and co-ordination with other on-going projects on the same NPP's, in
order to ensure that upgrades other than those proper to the FPS, such as e.g.
equipment relocation or cable re-routing, are identified and implemented.
Once this additional step accomplished, the methodology adopted, the findings and
upgrades of TACIS 3.6 would become a useful tool and guide also for the fire
protection upgrading of the remaining WER 440/230 NPP's.
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ABSTRACT
The activity in the field of safety improvement of the older units of Bohunice NPP (WER-440/V230) is briefly
described. The improved systems are required to cope with an upgraded design basis accident, which is LOCA
with the break equivalent diameter 200 mm and sustain without major damage full break of a reactor coolant
system loop with diameter 500 mm. Results of the large-break LOCA analysis with a proposed modification in
the emergency core-cooling system and the system for accident localization with a condensation pool are
presented.

1. Introduction
Several groups of experts visited Bohunice V-l Nuclear Power Plant (operating two VVER
440, V-230 type units) in recent years with the aim to assess operational safety of the units.
The main conclusions of the missions at Bohunice V-l NPP were implemented into the Slovak
Nuclear Regulatory Authority (NRA) Decision 1/94 as imperative conditions for further
operation of the units. To enhance the safety level of the units, new criteria were set forth,
including the upgraded design basis accident. The emergency core cooling system (ECCS) is
required to be able to cope with a double-ended rupture of a pressurizer surge line with the
diameter 200 mm, or a partial rupture of the reactor coolant system (RCS) piping with the
equivalent diameter of 200 mm under the most unfavorable conditions without violating
acceptance criteria specified in the Decision 1/94.
The containment should be upgraded in such a way that the limiting values of overpressure
and subpressure or the authorized dose equivalents at the boundary of exclusion area would
not be exceeded, using conservative methods of evaluation for the following initiating events:
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a double-ended rupture of a pressurizer surge line with the equivalent diameter of
200 mm,
•
a partial rupture of RCS piping with the equivalent diameter of 200 mm,
•
a double-ended rupture of a main steam line or feedwater line with the
discharge into steam generator (SG) compartment.
Moreover, for both systems a demonstration of maintaining the safety function of "cooling the
core under LOCA conditions" and compliance with the specified conditions for a beyond
design basis accident with a double-ended rupture of the RCS piping with the diameter of 500
mm, using best estimate methods, is required.
Slovak Nuclear Regulatory Authority requires compliance with the criteria set forth for both,
an RCS pipe break with the equivalent diameter of 200 mm analyzed under strictly
conservative conditions as are common for safety analyses, and full double-ended break of an
RCS loop, analyzed under less conservative assumptions, using a realistic approach. The
realistic approach means that real operational parameters or nominal values are to be used and
no safety system failure is assumed. However, one ECCS train can be disabled due to its
connection to the broken loop. As preliminary analyses showed, more limiting from the point
of view of compliance with the cited criteria is the case of 200 mm break with the conservative
assumptions, such as the worst single failure (a failure of one ECCS train for the case), adverse
deviations of parameters, safety systems' setpoints, I&C uncertainties, etc.

2. Upgrade of the units' ECCS
Companies from Slovakia and from abroad participated on the safety upgrade of V-1 units.
Nuclear Power Plants Research Institute (VUJE), Trnava is taking part in the reconstruction
of V-l NPP, besides others, also by analyzing of proposed variants for the ECCS and Accident
Localization System upgrading. The aim of analyses was to support selection of the optimum
configuration of the ECCS, sufficient to meet all safety requirements stated in the Decision
1/94. A number of proposals of the ECCS have been considered. The proposals differed by
the number of high-head safety injection (SI) pumps, low-head SI pumps, number and volume
of accumulators and connection of the components to RCS.
The key parameter for comparison of the proposed ECCS configurations is maximum fuel
clad temperature. The temperature course depends, besides other factors, on the model of the
core (total core power, core power distribution, maximum linear fuel rod power, feedback
coefficients, fuel-clad gap conductivity, etc.). Therefore, close attention was paid to the core
model. Comparative analyses of units' reduced cores with dummy assemblies on the core
circumference were carried out for the one-, two- and three-year old fuel in the reduced core.
As for the analyses of the ECCS with accumulators and both, high- and low-head SI pumps
connected to the same nozzles in cold legs of three RCS loops, results were presented in [1],
For large break LOCA (2x500 mm on a RCS loop cold leg), as a minimum, water supply form
two accumulators, one high-head injection pump and half flow of one low-head injection
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pump, besides the pumps invalidated by their connection to the broken loop is needed to meet
requirements of the Decision 1/94 in terms of core coolability. Nonetheless, only variants
without accumulators were chosen for further consideration.
The other set of analyses was performed for the proposal of the upgraded ECCS consisting of
two high-head pumps connected to a cold leg and one low-head pump connected to a cold or
hot leg, respectively. Eventually, the ECCS with high-head injection pumps accomplished with
ejectors, enabling the operation of the pumps in wide range of pressures, has been analyzed.
No low-head injection pumps have been considered in the latter case. The ECCS has been
varied in its connection to the RCP discharge and suction and in number of pumps. Though
analyses have not yet been accomplished, the preliminary results of the realistic- approach
thermal-hydraulic analyses have confirmed that in the case of large break LOCA neither the
maximum fuel temperature, nor the maximum clad temperature does exceed maximum
allowed values. The main results of the case with four high-head injection pumps with ejectors
are presented in attached figures 1 to 5, comparison of various numbers of pumps is shown in
figs.7 and 8.
Results suggest that connecting the proposed ECCS to the cold legs is more effective from the
core cooling standpoint since in the case of hot-leg connection, loop seals are created in RCS
loops, blocking steam flow from the core and by that suppressing water level in the core and
deteriorating core-cooling conditions.

3. Upgrade of the Accident Localization System
Proposals for upgrading of the accident localization system, varied from connecting of the
current "containment" to external pressure tanks or vacuum bubbler condenser, to internal or
external jet condensers and ice condensers. After analyzing of the proposals and testing jet
condensers on experimental facility, the proposal of VUEZ Tlmace with the internal bubbler
condenser seems to be a prospective option. The proposal consists of a condensation pool
located in the room where relief flaps have been installed. Steam generator (SG) compartment
is connected with the pool via 60 plus pipes for siphoning the air-steam mixture to the
condensation pool. Steam will condense in the pool, potential aerosols and fission products
will be scrubbed in some extent and non-condensible gases will be released to the atmosphere.
Independent to the system, a passive spray system can be added. Disadvantage of the proposal
is a relatively small heat capacity of the pool.
Another proposal suggests siphoning the steam-air mixture to the emergency water supply
tank, requiring to strengthen tank walls, which can turn out to be a difficult task. Finally,
neither the solution with accommodated safety vents has yet been ruled out. However,
siphoning the steam through a condensation pool or the emergency water supply tank scrubs a
substantial share of radioactive aerosols and fission products, which would be otherwise
released through the safety vents into the environment.
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For the time being, thermal-hydraulic analyses of the VUEZ's condense pool system response
to a double-ended rupture of a pressurizer surge line with the diameter 200 mm under
conservative conditions and to the double-ended rupture of main RCS piping with the
diameter 500 mm, using best estimate approach have been carried out in VTJJE [2]. The
confinement analyses were performed by TRACO-5 code, while discharge of mass and energy
from the RCS was calculated by the code RELAP5/Mod3 for upgraded ECCS with high-head
injection pumps combined with ejectors. In either case, the limiting values of overpressure and
subpressure were not exceeded (see Fig. 6) and the proposed internal condensation pool is
efficient enough to maintain the confinement integrity even in the case of the beyond-design
basis accident of double-ended rupture of main RCS piping.

4. Conclusions
The carried out analyses showed that limiting, from the core coolability point of view, are the
NRA's criteria for LOCA 200 mm, using the conservative approach.
Analyses confirmed, that connecting the ECCS to the cold legs is more effective from the core
cooling standpoint since in the case of hot-leg connection, loop seals are created in RCS
loops, blocking steam flow from the core and by that suppressing water level in the core and
deteriorating core-cooling conditions. The ECCS connection to the RCP's discharge is
desirable, as cold water supply to RCP's suction side results into creation of the cold-leg seal
and consequently, slugs of cold water can recurrently enter the reactor with an adverse impact
on the reactor vessel wall and the core reactivity balance.
Although the effort to modernize Bohunice NPP's V-230 type reactors has not been
accomplished yet, results of the analyses carried out up to now suggest that by upgrading of
safety systems and the accident localization system, the level of safety of VVER-440 V-230
type reactors can be enhanced so that the units will meet all requirements cited in Decision
1/94 of Slovak NRA.
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W E R FUEL CYCLE DEVELOPMENT AT SLOVAKIA
P.Darilek, V.Chrapciak, J. Majercik
VUJE, Okruzna 5, 91864 Trnava, SLOVAKIA

ABSTRACT
Four

WER-44 0

units

Bohunice-site

in Slovakia.

No3

(type

and

No4

213)

are

now

under

Fuel cycle
is

exploatation at

development of Unit

discussed

and compared with

equilibrium cycles in this paper.

1. Equilibrium cycles
Gradual

burnup

characteristic
different

can

equilibrium fuel

amount of

length about 290

growth

4-year fuel

be

described

cycles. Three

also

by

cycles with

and with

effective cycle

full power days (FPD) are

of interest for

comparison with actual Bohunice cycles (Fig. 1 + 12) :
a) 3-year

fuel cycle

- older, connected with W E R - 4 4 0
reactor project
- odd and even loading patterns
- standard fuel
- no

burned

fuel

assemblies

(FA's) on the periphery
- no 4-year fuel
b) 3.5-year fuel cycle - one loading pattern
- standard fuel
- 42 burned

FA's

on

the

core

periphery
- 42 4-year FA's

(6 of

them in

the core center)
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c) 4-year

fuel cycle

- equilibrium cycle
with the
lowest radial leakage
- one loading pattern
- advanced fuel
- 3 0 burned FA's on the core
periphery
- 78 4-year FA's (all fresh fuel
except
control
assemblies
(CA's), 54 of them in the core
center)

Three enrichments - 3.6, 2.4, 1.6 - are used in all
cycles (Bohunice included). CA's are used 3 years maximally
in the core. Growing of 4-year FA's number is compensated by
increasing initial enrichment. Gradual falling of power
peaking with growing amount of 4-year fuel is caused mainly
by improvement of in-core optimisation methods and by
periphery structure (Fig.9).
Some parameters of the oldest 3-year cycle are not in
agreement with advanced safety requests (low CA group No6
efficiency, high CA shot reactivity release,...). All safety
important parameters of 3.5 and 4-year cycles are in safety
acceptable ranges (examples - see Fig.9+12).

2. Fuel cycle of Bohunice Unit 3 and 4
Development of WER-44 0 fuel cycle in Slovakia is
characterised by gradual
growing of discharged burnup
(Fig.5) i.e.
by moving from 3-year
(design) to the
four-year cycle (Fig.6). This process is described by
parameters of 8 cycles of Nuclear Power Plant Bohunice Unit
3 and 4
in comparison with
three equilibrium cycles
(Fig.1+12)
All cycle parameters are influenced mainly by desired
cycle lengths that are in agreement with grid demands and

316

Nuclear Energy in Central Europe, Portoroi, Slovenia, 11.-14. September 1995

are very short for last cycles. Actual values vary in the
range of 245*330 FPD. First successful attempts with 4-year
fuel were made at cycles 4 and 6. Number of 4-year assemblies increases gradually starting from cycle 9 and 7 of
Unit 3 and 4. Target value 78 four-year FA is reached at
cycles 11 and 10. Maximal discharged burnup of 4-year fuel
batch 38.9 MWd/kgU was reached at Unit 4. Burnup growth is
connected with decreasing of temperature reactivity coefficients (Fig.12) .
There is no negative influence on safety related
parameters and failure rate caused by growing of the core
burnup. Values of all mentioned parameters are found in
safety acceptable ranges.

3. Economy
Economical effect of 4-year fuel is as follows:
Fuel cycle

Specific fuel cost [%]

3-year

112

3.5-year

100

4-year
Unit 3 cycles 4*8
Unit 4 cycles 3*7
3-year cycle
Unit 3 cycles 9*11
Unit 4 cycles 8*10
moving to 4-year cycle

95.1
108.9

94.9

First 5 cycles of Units 3 and 4 are without or only
with small amount of 4-year fuel. Last 3 analysed cycles of
it are characterised by rapid growth of 4-year fuel to
target value 78 4-year FA 1 s. Specific fuel cost of first 5
cycles is relatively close to 3-year cycle. Difference is
caused by small number of 4-year fuel an by stretch-outs.
Cost of last 3 cycles is close to 4-year cycle. Difference
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is caused by stretch-outs. Economy estimate connected with
establishing of 4-year cycle is higher than 10% of specific
fuel cost.

4. Conclusion
Movement from 3 to 4-year fuel cycle at Slovak reactors
WER-440 causes no safety problems and brings significant
fuel economy.
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S19900043
WER1000-NPP TEMELIN SAFETY UPGRADING
Jifi Fleischhans, Olga Ubra
§KODA Praha, a. s.
Prague, Czech Republic

A modernisation program upgrading Temelin plant to meet internationally adopted
standard has been implemented during plant design and construction phases. The initial
Czech-Russian design (primary system was of Russian design, secondary system was of
Czech design) has been extensively modified and adapted to present western safety criteria
and operational requirements. The goals are to achieve a high level of safety, reliability,
availability and load- following ability. The load-following ability and response to grid
frequency changes are very important for the Czech Republic,, since the nuclear capacity
represents a high proportion of the overall electrical system there.
On the basis of IAEA OSART missions and Halliburton NUS audit results and in
compliance with recommendations of The State Office for Nuclear Safety, Czech Power
Company and Czech scientists and researchers a modernisation program project for TemeKn
has been carried out. It includes three main groups of VVER1000 MW unit innovations:
- Modernization and upgrading of the safety and control systems.
- Fuel replacement and modification of the reactor core.
- Innovation of some components of the primary and secondary systems.
The tenders for instrumentation and control system, nuclear fuel, diagnostic system
and radiation monitoring system were issued to the world-well known suppliers. The US
company Westinhouse Electric Corporation (WEC) was selected to submit contract for the
delivery of instrumentation and control system, primary side diagnostic system and for the
delivery of nuclear fuel. The contract was signed in 1993.
1. Modernization and upgrading of the safety and control systems.
Initially designed Czech instrumentation and control system is replaced by the
modern, reliable and proven Westinghouse Integrated Instrumentation and Control
System. Two Temelfn units VVER 1000 are being upgraded with the following
instrumentation and control technology:
- Primary Reactor Protection System.
- Diverse Protection System.
- Reactor Control and Limitation System.
- Plant Control System including Turbine Control System.
- Post Accident Monitoring System.
- Incore Instrumentation System.
- Unit Information System.
- Main Control Room, Emergency Control Room and Technical Support Center.
Primary Reactor Protection System
The Primary Reactor Protection System performs the following functions:
- Provides an automatic reactor trip when plan conditions reach safety limits.
- Provides for automatic actuation of engineered safety features to prevent or limit the
consequences of any accident condition.
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- Provides information to the Information System and Post Accident Monitoring
System so that these systems are able to alert the plant operators to any abnormal
plant conditions.
The Primary Reactor Protection System is divided into three safety trains physically
and electrically separated from each other.
The system is environmentally and seismically qualified to operate before, during
and after a seismic event. It is testible at power and its design is a subject of
independent verification and validation.
Diverse Protection System
The Diverse Protection System reduces the probability of the Reactor Protection
System failure. Like the Reactor Protection System the Diverse System performs
reactor trip and engineered safety actuation functions. The hardware and software
used for Diverse Protection System is different from Primary Reactor Protection
System.
The architecture of this system consists of:
- Diverse Reactor Trip System.
- Diverse Engineered Safetyguards Features.
- Main Control Room and Emergency Control Room Diverse Monitoring System and
Diverse Manual Controls.
Diverse Protection System as well as Primary Reactor Protection System is
environmentally and seismically qualified to operate during seismic event.
Reactor Control and Limitation System
The Reactor Control maintains key process within a range about nominal value and a
Limitation System prevents reactor trip for specified initiating events such as:
- Certain disturbances and component failures.
- Drift of selected process parameters outside specified limits.
In response to these events the limitation system provides the following actions:
- Control rod bank withdrawal block.
- Control rod bank insertion.
- Partial reactor trip (a drop of pre-determined number of control rod banks).
The reactor control functions have a direct influence on the primary system. Under
normal conditions preference is given to the turbine follow-reactor mode of
operation. Reactor control functions must also be able to support the grid
requirements, mainly weekly and daily load follow operation.
The Reactor Control System provides the following functions:
- Reactor power control.
- Pressurizer pressure and level control.
- Feedwater control (steam generator water level control).
- Steam dump control.
- Control Coordinator functions.
The Function groups are interconnected by a redundant, fibre optic data highway.
Communication over this highway is done in a deterministic way to guarantee that the
exchange of vital data is timely and consistent.
The Reactor Control and Limitation System is manufactured from the same main
quality hardware modules that are used in the Primary Reactor Protection System.
Plant Control and Turbine Control System
The Plant Control System including Turbine Control System provides the primary
and secondary non-safety data acquisition and control functions as well as various
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start up and shut down sequential controls. The system is integrated by a common
communication data highway.
The overall Temelfn system architecture is based on a redundant highway with a
capacity of approximately 200000 points transmitted at one second intervals to all
drops on the ring highway. The system can also transmit data at 0,1 second intervals
as required.
Operating, control and monitoring will be perform through the Main Control Room,
Emergency Control Room and Technical support Center.
The application of the above described microprocessor based digital technology and
a high speed distributed data highway results in an upgrade state which meets
international safety and design standards.
The part of the WEC deliveries is also Diagnostics and Monitoring System
for the NPP primary system. The Temelin monitoring and diagnostic system has two
parts - on-line and off-line.
The main on-line system consists of:
- The monitoring and diagnostic system of the primary side delivered by WEC, which
includes reactor vibration monitoring system, digital impact monitoring system,
material fatigue monitoring system, rotating equipment monitoring system for the
main coolant pumps, control rod drive system and leak monitoring of pipe system.
- The monitoring and diagnostic system of the secondary side which covers up
diagnostics of secondary system equipment (turbine, generator, feed pumps and feed
water heaters).
- Seismic monitoring system.
The main off-line monitoring and diagnostic system consists of portable modules of
rotating equipment monitoring and valves monitoring.
2. Fuel replacement and modification of the reactor core
The basis for the modifications to the fuel and core design of the Temelin NPP is the
demand of improvement of safety, cycle cost and overall economy, and of operational
flexibility.
- Each of the WANTAGE 6 fuel assembly consists of 312 fuel rods, 18 guide
thimbles, and 1 central instrumentation tube arranged in a hexagonal array 235 mm
across the flat of the hexagon.
- The central tube provides a channel for insertion INCORE neutron detectors. The
guide thimbles provide channels for insertion of either a rod cluster assembly
(RCCA), a neutron source assembly, or a discrete burnable absorber assembly.
- The fuel rod design may include axial blankets. The axial blankets consist of fuel
pellets of a reduced enrichment at each end of the fuel rod pellets stack. Axial
blankets reduce neutron leakage axially and improve fuel utilization.
- The fuel rod may include an integral fuel burnable absorber (IFBA). The IFBA
fuel pellets are identical to the enriched uranium pellets except of the addition of a
thin coating (0,25 mm) of ZrB 2 on the pellet cylindrical surface.
- The bottom nozzle serves as the bottom structural element of the fuel assembly.
The removable top nozzle functions as the upper structural component of the fuel
assembly. With the top assembly nozzle removed, direct access is provided for fuel
rod examination or replacement.
- The guide thimbles are the structural members that provide channels for the control
rods, burnable absorbers, and neutron source rods. Each guide thimble rod is
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fabricated of Zircaloy 4 tubing having two different diameters. The large tube
diameter at the top section provides a relative large annular area necessary to permit
rapid control rod insertion during reactor trip. The lower part of the guide thimble is
swaged to a smaller diameter, which results in a dashpot action near the end of the
control rod travel during trip.
- The fuel rods are supported at intervals along their length by grid assemblies which
maintain the lateral spacing between the rods throughout the design life of the
assembly. The structural grid assemblies provide both lateral and vertical supports for
the fuel rods. There are 4 different types of grid assemblies:
1 The inconel top grid (without mixing vanes)
2 The inconel bottom grid (without mixing vanes)
3 The zircaloy midgrid with mixing vanes
4 The zircaloy midgrid without mixing vanes
The location of the grids is shown in the Fig. Mixing vanes are used on six of the
zircaloy mixgrids to provide additional flow turbulence and Departure from Nucleate
Boiling (DNB) margin.
- Incore components. Reactivity control is provided by neutron absorbing rods,
burnable absorbing rods, and a soluble chemical neutron absorber (boric acid). The
boric acid concentration is varied to control long-term reactivity changes.
- Two types of burnable absorbers are used. The first is the IFBA. The second design
is a burnable absorber, in which the absorption material is contained in separate
rodlets that are inserted into the guide thimbles. The stack lengths of the burnable
absorbers are reduced to provide a favourable axial power distribution. By
eliminating the absorber material from the top and the bottom of the core, the axial
power distribution is flattened and total peaking factors are reduced.
- The inner grids, guide thimbles, central guide tubes and fuel rod cladding are made
from Zircaloy 4. The use of Zircaloy instead of the stainless steel sufficiently reduces
the neutron absorption and improves the neutron economy.
3. Innovation of some components of the primary and secondary systems
Excluding described innovation of basic character there exists the whole range of
improvement of technological subsystems and systems:
- The Czech equipment on processing of low-active waste is replaced by perationally
approved one from the western countries.
- Main condenser original tubes were replaced by titanium ones to enable using
higher pH value of the feedwater. This change increases the lifetime of steam
generators, condensers and feedwater pipeline systems.
- The selected valves were replaced to achieve higher reliability and better flow
characteristics.
- Some of the electrical auxiliary equipment were replaced to achieve higher
reliability and operational properties.
- One of the project changes is also the replacement of the original Russian designed
radiation monitoring system. The consortium of Westinghouse Energy System
Europe and Sorento Electronics was selected as a supplier for NPP Temelin for
remote radiation monitoring system. The system provides continuous remote
measurement of liquid and gaseous media throughout the facility. The various types
of the process monitors provide radiation assessment of liquid, steam and exhaust
streams. Area monitors and continuous air monitors provide remote measurement of
conditions in working areas.
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Following Halliburton NUS recommendation and licensee requirements, a special
attention is devoted to the quality of technical documentation, mainly to safety
documentation. Preliminary Safety Analyses Reports is prepared in accordance with State
Office for Nuclear Safety regulatory guides that are issued from IAEA recommendation and
from international (mainly USA) standards.
The chapters of the Safety Analysis Report concerning control system, fuel and
accident analyses will be prepared by WEC.
The list of accidents analysed in Safety Analysis Report has been determined and for
each category of accidents the acceptance criteria have been defined. The results of the
analysis of complete spectrum of plan conditions and accident scenarios demonstrate, that
reactor protection system keeps the plant safe. On the basis of safety analyses the limiting
conditions for operating requirements and the protection system setpoints are determined.
Following IAEA mission recommendation PSA Level 1 and 2 are prepared.
Halliburton NUS has been chosen to perform this work. The project should be finished by
October 1995 with the completion of the NPP Temelin living PSA model.
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CZECH NPP TEMELIN
PRESSURIZED WATER REACTOR VVER 1000

REACTOR THERMAL POWER

3000 MWt

NUMBER OF COOLING LOOPS

4

COOLANT PRESSURE

15.7 MPa

REACTOR OUTLET TEMPERATURE

321 °C

REACTOR INLET TEMPERATURE

290 °C

STEAM GENERATOR
STEAM PRESSURE

6.3 MPa

STEAM TEMPERATURE

278.5 °C

STEAM TURBINE
POWER

994.5 MWe

STEAM FLOW RATE

1478 kg/s

VVER 1000-NPP TEMELIN SAFETY UPGRADING
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COMPARISON OF ORIGINAL AND CURRENT
FUEL ASSEMBLY DESIGN
FEATURE OR PARAMETER

ORIGINAL
DESIGN

CURRENT
DESIGN

FUEL ASSEMBLY
4 570
4 583
OVERALL LENGHT
mm
681
764
OVERALL WEIGHT
kg
MAX. BURNUP
MWdA
47 000
50 000
CENTRAL TUBE MATERIAL
Zrl%Nb
ZIRCALOY 4
GUIDE TUBE
MATERIAL
STAINLESS ST. ZIRCALOY4
NO
DASH POT
YES
15/STAINLESS 7 /ZIRCALOY 4
GRIDS
2/INCONEL718
NO/MATERIAL
STEEL
FUEL ROD
CLADDING MATERIAL
Zrl%Nb
ZIRCALOY 4
CLADDING THICKNESS mm
0,69
0,5715
LENGHT
mm
3 837
3 889
ACTIVE LENGTH
mm
3 530
3630
AXIAL BLANKET
NOT AVAIL.
YES
TOP NOZZLE
STAINLESS ST. STAINLESS ST.
MATERIAL
DESIGN
FIXED
REMOVABLE
BURNABLE ABSORB. MAT.
DISCRETE
CrB2 IN A12O3
B4C IN A12O3
INTEGRATED
NOT AVAIL.
AVAILABLE
IFBA TYPE
ZrB2
CORE COMPONENTS
RCCA
B4C POWDER
B4C PELLETS
MATERIAL
Ag In Cd TIPS
10
LIFETIME
years
1TO5
Cf2Pd
PRIM. NEUTRON SOURCES
NONE
Sb-Be
SEC. NEUTRON SOURCES
NONE
INCORE DETECTORS
ORIGIN AL/Rh
WEC/Rh
DESIGN/MATERIAL
THERMOCOUPLES
USED
USED FOR
PAMS ONLY
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Present State of Radioactive Waste Management
and Treatment Technology at the Research Centre Seibersdorf
Josef TAUBER
Austrian Research Centre Seibersdorf
Department of Waste Management
Seibersdorf, Austria

ABSTRACT - INTRODUCTION - Since 1976 the Austrian Research Centre Seibersdorf
has the task to collect, treat and store radioactive waste (Radwaste) arising in Austria. Within
the Department of Waste Management a variety of appropriate treatment systems are installed.
For storing unconditioned and conditioned waste proper storage-halls are available. The
collection of Radwaste is carried out using 100 1 drums, for the conditioned waste the 200 1
drum concept is used. Since Austria has no final repository for radioactive waste, the interim
storage of conditioned waste is done at Seibersdorf until such a repository is built The present
plan foresees one to be in operation at the year 2012.

1. Radioactive Waste Management
In Austria there are in total about 600 producers of such waste. Sources of Radwaste in
Austria are medicine, research and industry. Only low level and intermediate level waste arise
from those sources. Spent fuel elements from research reactors are returned to the country of
origin. No other high level waste is produced, therefore this part needs not to be considered.
The department of Waste Management serves as centralised facility to treat all types of
low level and intermediate level Radwaste arising in Austria. These are solid burnable, solid
non burnable, liquid burnable and liquid non burnable waste. The task of the Waste Management department is to collect, to control the documents on the incoming waste, to reduce its
volume if possible, to condition and to store.

2. Treatment Systems
Various types of waste require different methods of treatment The following treatment
systems are established at Seibersdorf.

332

Nuclear Energy in Central Europe, Portoroi, Slovenia, 11.-14. September 1995

Excess air incinerator: With a total height of about 5 m, an outer-diameter of 2 m and
an inner diameter of 1 m an incinerator is installed in a three-floor-building. A simplified
diagram of this incinerator including the off-gas cleaning system is shown in Fig.l. The
incinerator is a shaft type which can be fed either batchwise at a capacity of 40 kg/h for solid
burnable waste or continuously at a capacity of 70 kg/h for powdery burnable waste (for
instance ion exchange resins). The combustion chamber is heated up by a gas burner and
operates between 800 °C and 1100°C. The gas burner is supplied with an installation to inject
organic liquid waste at a capacity of up to 180 I/h, dependent on viscosity and calorific
content. The off gas cleaning system installed includes hot gas filters, wet scrubber and HEPAfilters. One of the important part of the off gas cleaning system is the quench placed in front of
the wet scrubber. 20 m3/h of water circulate continuously by 4 nozzles to cool down the offgas from 700 °C to 70 °C before entering the wet scrubber. There are an acid - and an alkaline
stage where sodium hydroxide is injected. This stage is also supplied with a demister on the
top. At the end of the filter system four HEPA-filters are arranged. A low-pressure of 10 m
bar in the combustion chamber is maintained by a fan at a rate of about 600 m3/h. Before
leaving the stack the off-gas is mixed with 30.000 m3/h of building exhaust air.
Water treatment facility: Laboratories of the Research Centre, wet scrubber, thin film
evaporator, conical dryer, heated drum vacuum chamber and some other sources produce
contaminated water, which has to be treated. Chemical precipitation is applied and a filter
apparatus for dewatering is used to separate water and sludge. Four tanks having a capacity of
80 m3 each are installed for that purpose.
Thin film evaporator: This equipment was part of a bituminization system which was in
use for research during 1975 - 1980. This possibility for conditioning was not selected at
Seibersdorf, so the project was abandoned. The equipment was later on used for treating
contaminated liquids i.e. drying of liquids. It has a capacity of 40 1/h. At the moment it is out of
operation, since higher drying capacity was needed for a special project.
Heated conical dryer: This special project is the treatment of contaminated ion
exchange resins. These resins have to be dried before incineration. The water content of ion
exchange slurry is up to 80 %. As usual for that technique, all surfaces of the equipment in
contact with the product are heated so the water evaporates into a cooler supported by
vacuum. The capacity of this equipment is about 1000 kg/8 hours resulting into about 500 kg
of dried resins.
100 t compactor: It is used to press waste into 100 litre drums. A lot of contaminated
glass in the form of vials, bottles and similar waste is separated out and pressed in such drums.
The bottles are empty but not dry. So a quantity of remenant liquids sums up with the volume
in the drum which has to be removed. For this procedure a heated vacuum chamber is used.
In combination with the 100 t compactor a device has been constructed which allows to
reduce the size of filters in such a way, that they fit into a 100 1 drums. This Cs-137
contaminated filters where collected all over the country after Tschernobyl-accident. Due to
the quantity of about 1000 m3 of these air filters, we are still working on them. For this waste
volume reduction factor of 13:1 is reached using this compactor.
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1200 t high force compactor: At the beginning of 1995 a high force compactor was
installed in a newly erected multi purpose hall for treating Radwaste. After licensing according
to the radiation protection regulation by the regarding authority a test run with precompacted
air filters was performed. The waste is pressed in a sheet metal cartouche. A very satisfactory
additional volume reduction of better then 2,5:1 could be reached. In September 1995
experiments with ash, scrap material and dried slurry will follow.
Cementation equipment: An In-drum-mixer is used to mix ash/cement and water
inside a 2001 drum. A gear-box is driving two eccentrically positioned mixers which fit tightly
into the drum.
To improve the quality of cemented ash or cemented slurry a mix-dryer was supplied in
May 1995. This equipment can be used either for cementation of batches up to 1000 litre or
homogenisation and drying. A horizontal cylinder of a volume of 2 m3 with a rotating mixer
inside ensures a homogeneous batch. There is no practical experience up to now but we hope
to have tests in September 1995.
Intermediate storage facilities: Depending on the type of waste, i.e. burnable, not
burnable or liquid different halls are available for storage. Most of the segregation work is
already done by the producers of waste. Strict incoming controls (transparent bags) and if
necessary penalty prices have led to a good discipline regarding separation. All incoming waste
has to be stored before treatment.
For the conditioned waste, most of it in 200 1 drums, two engineered storage halls are in
use for interim storage.
Conditioning method: At Seibersdorf only cementation is applied for conditioning.
Most of the conditioned waste is stored in 200 1 drums, which contain cemented waste in two
ways: either ash is mixed up in a homogeneous cement matrix, or a 100 1 drum containing
waste is placed within a 200 1 drum and surrounded by cement mortar. A comprehensive
quality assurance program ensures and maintains constant quality of the product (Fig. 2).
A special case of treatment is the conditioning of Radium sources. They are kept
retrievable for the next future. For safety they were encapsulated in stainless steel tubes using
appropriate shielding for the acting person during this work. Additional lead shielding is used
for a specially precemented 200 1 drum were the sources are placed during interim storage. Up
to 500 mg of Radium is stored in one package.

3. Documentation
A detailed recording process was developed in order to include all informations available on
the radioactive waste to be recorded. During the incoming inspection the regarding documents
are checked and completed if necessary. Each incoming drum receives a number which
together with all other information is fed into a computer. From that point all movements of
the content of such a drum can be followed through the regarding treatment stages until the
preliminary last step of interim storage in conditioned form.
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4. Transportation
The transportation of radioactive waste is carried out on road or rail according to the
international regulation ADR/RID [1] which are implemented into the Austrian national regulations [2]. Producers of Radwaste have the possibility to send their waste directly to
Seibersdorf or they take advantage of a service and have their waste to becollected by vehicles
of Seibersdorf on demand.
The normal routine work of collecting including incoming control is under permanent
consideration with respect to sorting. On one hand the producer of waste will be supported for
his task by providing proper drums, transport forms, informations and advises on radiation
protection problems, regulations and laws in particular on latest developments. On the other
hand, however, he is being reminded on increasing discipline in sorting the waste into the
appropriate categories and quantities so that reselection and requantifying into suitable batches
(for combustion) is avoided.

5. Disposal
At present there is no final repository available for the Radwaste in Austria. There are
plans to define a suitable site where the repository should be installed and operated. Investigations covering this topic are still going on. Main problem for a solution is the lack of public
acceptance.
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ABSTRACT
The low-level and intermediate-level (LL/IL) radioactive waste repository siting and
construction project is one of the activities related to establishing the radwaste management
system in the Republic of Croatia. The repository project design is one in an array of
project activities which also include the site selection procedure and public attitude issues.
The prepared design documentation gives technical, safety and financial background
relevant for making a final decision on the waste disposal type, and it includes the
technological, mechanical, civil and financial documentation on the preliminary/basic
design level.
During the last few years, the preliminary design has been prepared and safety assessment
conducted for the tunnel-type LL/IL radwaste repository. As the surface-type repository
is one of alternatives for final disposal the design documentation for that repository type
was prepared during 1994.

1.

INTRODUCTION

The Republic of Croatia is one of the KrSko Nuclear Power Plant co-owners, and
has a commitment of active participation in the search for a solution for safe and
environmentally suitable final disposal of the LL/IL radwaste produced in the power plant,
and the waste expected to be generated during the power plant decommissioning. The
decision on which country, Croatia or Slovenia, shall house the radwaste has not been
brought yet but both countries are under obligation to run concurrent preparations and
actions preceding construction of a LL/IL radwaste repository. The preparatory activities
include a series of steps from site selection, repository type proposal, disposal technology,
to preparation of repository design documentation. Such documentation shall be a quality
technical and investment background once the final decision on the repository site and type
is brought.
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So far, two options have been considered for permanent disposal of the LL/IL
radwaste in the Republic of Croatia, i.e. (a) final disposal in deep geological formations,
i.e. in horizontal tunnels and (b) surface disposal in specially built facilities. The
Preliminary Design [1] for the tunnel-type repository was generated in 1988, and updated
[2] for to the new design parameters during 1992.
Since the design documentation of the same level of completeness was requested
for the surface-type repository, the Preliminary Design was developed for this type of
repository in the Republic of Croatia, as well. The new solution included process, technical
and investment documentation required for comparison of the two types of disposal
facilities.
The present paper describes the concept, technical and process philosophy and cost
estimate for this type of repository.

2.

PROJECT INPUT DATA

The design process requests defining the input design parameters, primarily the
quantity, type and form of radwaste, and making some assumptions due to a number of
unknowns related to this project.
Radwaste disposal - quantities and form
The repository is designed to receive the total quantity of the LL/IL radwaste generated
in the Republic of Croatia and the Republic of Slovenia by the year 2050. In addition
to the LL/IL radwaste generated during the Kr§ko NPP [3] operation and decommissioning,
the facility should also receive the LL/IL radwaste from industry, medicine and research
institutes [4].
Quantity:
approx. 18,000 m3 of LL/IL radwaste from the Kreko NPP,
and approx. 500 m3 from other sources
Form:
205 1 drums with solid or conditioned waste
Contact dose rater 10% of all drums shall request additional protection during
transportation and handling
Basic design criteria and project constraints
All the requirements, criteria and recommendations of the International Atomic
Energy Agency for design and construction of this type of projects [5],[6] were respected
in the design, along with the local regulations [7], [8]. The essential request is the principle
of maximum public and repository staff safety, the principle of minimum personnel
exposure in all the LL/IL radwaste handling procedures, from receipt to final disposal
(repository lifetime 300 years), and design flexibility namely application of modular
approach.
Since the design was developed for an unknown site, the below assumptions were
made:
the site was selected respecting all the site suitability criteria set for the repository
of this type, from physical and chemical, to hydrological and geological, including
availability of a geological formation sufficiently large to receive the integrated
LL/IL radwaste disposal system along with other factors such as population density,
natural resources, possible environmental impact,
access road of category which permits the LL/IL radwaste transportation,
infrastructure available at the site - water and power supply, sewerage.
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3.

PROJECT OVERVIEW

3.1
REPOSITORY PROCESS DESIGN
The LL/IL radwaste final disposal process includes the following process units:
waste input and receival procedures,
LL/IL radwaste treatment,
LL/EL radwaste disposal in concrete containers, container filling and closing,
final disposal of LL/IL radwaste containers and the disposal unit closing.
The repository is conceived to be a complex process plant for receival, treatment
and final disposal of LL/IL radwaste, including all the main and auxiliary systems, facilities
and areas providing for safe and independent operation of the repository. Therefore, it is
planned that, in addition to the LL/IL radwaste final disposal unit and the so called main
building for receival, treatment ?.nd intermediate storage, the repository site shall house a
number of auxiliary and safety facilities such as the reinforced-concrete (RC) containers
fabrication and storage plant, workshops, boiler house and switchgear, infrastructural
facilities - roads, water supply, sewerage system, office building, water tank, fire
protection building, etc. The auxiliary facilities are separated from the main building in
which the LL/TL radwaste is handled, and the final disposal units are separated from other
facilities. The repository layout is shown in Fig. 1.
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The main building accommodates all the waste-related activities, from receival and
unloading, to preparation of the concrete containers for transportation to the final disposal
units. These activities include receival, unloading, record taking, radiological and
radiochemical control of waste, LL/IL radwaste treatment, intermediate storage, disposal
of drums in containers, filling up and closing of containers. Additionally, the main building
is planned to include the Main Process Control Room, and a number of necessary auxiliary
premises - entrance, toilet facilities, locker rooms, fork lift area, hot workshop, laboratory,
laundry for contaminated protective clothing, radiological protection room.
Environmental protection - radiological control, contamination control, long-term
monitoring
Although the designed project prevents any release of radioactive substances into
the environment from the repository site, special attention is paid to the repository
monitoring and its possible environmental impact, along with the long-term monitoring
after the repository is closed down.
The radiation level within and outside the repository fence shall be permanently
monitored using the radiological protection and control of personnel and radiological
control of the area.
The radiological monitoring of the facility premises and the surrounding area shall
be realized using the integrated radiation and contamination monitoring and measurement
system. The system consists of the radiation and contamination continuous monitoring
screens and procedures for sampling and sample analysis in the radiochemical laboratory.
The system alarms the operators in case of increased or excessive radiation dose.
A mobile radiological and weather station is set up on the repository site for
acquiring the best possible input data.
Systematic supervision during the repository operation stage shall provide for the
data necessary for a decision on the final repository close down. When the repository is
closed down, the supervision shall be continued for a certain period of time, in compliance
with the regulatory stipulations.
3.2

SURFACE-TYPE REPOSITORY AS THE FINAL DISPOSAL SYSTEM

32.1

CONCEPT
The disposal principle consists in setting up the successive barriers, natural and
engineered, preventing migration of radionuclides from the LL/IL radwaste into the
environment. The LL/IL radwaste isolation degree depends on a disposal system which
consists of reinforced concrete (RC) containers for LL/IL radwaste, above-ground units for
final disposal of containers, and geology of the surrounding area (Fig. 2).
The disposal units are the above-ground RC structures. When filled with LL/IL
radwaste containers, they are closed with RC slab and covered with layers of natural
material (gravel, sand, and similar).
The system of successive barriers includes three different cement-based materials
used in the LL/IL radwaste preparation for the final disposal, i.e. material for the waste
drum sealing and waste immobilization, concrete for filling in the space between the drums
and the RC container walls, and concrete for containers.
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These three sorts of material with entirely different composition and function
constitute, together with the LL/IL radwaste, a technological entity.

Fig.2.
Successive
barriers
in
the
surface-type
final
disposal system

3.2.2

ELEMENTS OF THE SURFACE-TYPE FINAL LL/IL RADWASTE
DISPOSAL REPOSITORY

RC containers for LL/IL radwaste drums
The radwaste is transported to the repository in the form of solid/conditioned waste in 205
I drums. After control and recording, the LL/IL radwaste drums are placed in special RC
containers housed within the main building. The container capacity is 18 drums. The space
between the drums and the container walls is additionally filled with the concrete of
specific mix ratio. In this way the container assumes the form of a compact 2.44 m x 2.44
m x 2.13 m block.
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Units for final disposal of RC containers
The units for final disposal of LL/IL radwaste are the above-ground RC 25 m x 18 m x
10 m structures. One unit can receive 280 containers (7x10x4), namely 5,040 drums of
LL/IL radwaste.
According to the evaluated LL/IL radwaste quantities 18 such units arranged in three rows
are required. The modular concept enables simple increase in capacity, when necessary,
with no interruption in the LL/IL radwaste disposal process.
When the unit is filled with the LL/IL radwaste containers, they are covered with the RC
slab so that the unit assumes a shape of a large parallelopiped RC block. Prior to final
covering with earth, the plastic-based protective coating is applied.
The disposal unit concrete is of the same characteristics as the concrete for
containers, i.e. it includes all the necessary additives, mostly those for increase in
impermeability.
Disposal of LL/IL radwaste containers into the final disposal units
To prevent ingress of water (rain, snow) during "filling" of the unit with LL/IL
radwaste, the units shall have a sliding roof structure on rails protecting the disposal unit
while the planned number of containers is being placed (Fig. 3). When the unit is full, the
protective roof structure is moved to the next unit.
The LL/IL radwaste container is brought in by a special vehicle and lifted and
unloaded on an earlier set area within the unit for final disposal, using the bridge crane
which is a part of the protective roof structure.
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Fig. 4.

2

Final disposal units with sliding roof structure

Drainage system
Although the LL/IL radwaste containers and the disposal units are made of special
impermeable concrete, drainage system is planned as the additional protective measure. It
runs under all final disposal units. The drainage system is planned to collect any leakage
under the units prior to and after the final coverage of all the units with additional
protective layers.
The drain piping is routed within galleries, under the disposal units, and connected
to the 100 m3 leakage collecting tank.
The collected water shall be treated on the repository during its operation. Once the
repository is closed down, during the institutional control, any collected leakage shall be
tested and, if necessary, treated.
The container disposal unit with its drainage system is the forth level protection.
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Unit covering and fitting into the geological environment
The basic characteristic of the surface-type repository is that, once the disposal unit
is filled in, it is covered with the natural material, commonly gravel, sand and clay. This
forms an additional engineered barrier and enables better adaptation of the repository to
the natural environment. The LL/IL radwaste disposal unit cover type shall be decided on
with respect to the repository site characteristics.
The site characteristics affect the increase or deceleration of the migration of any
released radionuclides, and protection of the repository against the external impacts.
Therefore, the siting procedure has to evaluate an array of geological characteristics
including lithostratigraphy, hydrogeology, geochemistry, and seismotectonic conditions.
The geological environment, along with the LL/IL radwaste disposal unit cover
material, are the fifth level protection.

4.

SURFACE-TYPE REPOSITORY CONSTRUCTION COST

The repository construction cost is evaluated on the basis of estimated costs of civil
works and equipment. The civil works quantity estimate includes all the stages of project
realization, from excavation and backfilling, to concrete and masonry works, and glazing
and finishing works. The unit prices are determined on the basis of different
documentation, primarily on the data from the Bulletin on Standard Calculation of Building
Construction Works.
The equipment costs are estimated on the basis of data obtained from the equipment
suppliers and designer information.
Since the repository site is unknown, the land acquisition costs are not taken into
account. The civii costs are broken down per facilities, and equipment costs per systems.
The basic cost breakdown is given in Table 1.
Table 1.

COST ESTIMATE, DEM

1.

Civil costs estimate

2.

Main systems equipment cost estimate

3.

Auxiliary systems equipment cost estimate

TOTAL

25,750,000
6,720,000
12,670,000
45,140,000

With respect to the waste quantity, the price is approx. 2,500 DEM/m3 of disposed
LL/IL radwaste, not including the land acquisition costs.

5.

CONCLUSION

The presented design includes a possible comprehensive solution for final LL/IL
radwaste disposal. Similar facilities have been in operations in countries with extensive
nuclear energy programs for several decades, which proves they are confirmed and reliable
solution for the final LL/IL radwaste disposal.
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The basic characteristics of the surface-type LL/IL radwaste repository are:
simple disposal procedure,
flexibility regarding the possible change in LL/IL radwaste quantity,
comparatively low investment costs (compared to the tunnel-type repository) and
subsequent operation costs.
The described technical and technological solution respected all the
requirements, criteria and recommendations of the International Atomic
Energy Agency and documentation and information obtained from the
countries with rich experience in radwaste management, and it meets all the
global criteria and standards.
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Abstract
In Slovenia, three of four steps of surface low and intermediate level radioactive wastes (LILW)
repository site selection have already been completed. Since the fourth step is stopped due to the strong
public opposition, an option of underground disposal is now being considered.
In 1994, Agency for Radwaste Management started with preparation of basic guidelines for site selection
of an underground LILW repository in Slovenia. The guidelines consist of general and geological
criteria.
General criteria are similar to those used for surface repository site selection, while geological criteria,
based strongly on International Atomic Energy Agency (IAEA) recommendations, include some changes.
Mainly they are less rigorous and more qualitative.
A set of basic geological recommendations and guidelines for an underground disposal of radioactive
wastes is presented in this paper. A comparison between proposed geological criteria for underground
repository site selection and geological criteria usedfor surface repository site selection is given as well

1.

Introduction

According to the Guidelines for the Low and Intermediate Level Radwaste Repository Site
Selection in Slovenia [1] the siting process was divided into four steps. Following these
guidelines the first three steps of surface repository site selection have been completed in
1993 [5].
In the first step the unsuitable areas were excluded applying exclusion criteria. In the second
step, the remaining suitable areas were screened and the potential sites with respect to
preference criteria were identified. In the third step five candidate sites, one suitable for
surface type disposal, two for tunnel and two for both types of disposal, have been proposed
and selected among the potential sites of the second step. The results were presented to the
public. This has provoked strong public opposition of local communities at the candidate
sites and it was impossible to proceed with the fourth step in which the most suitable
locations should be verified and approved by the experts.
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Since the surface repository site selection process was stopped an option of an underground
disposal in suitable geological formations is now being considered.
According to this option, in 1994 the Agency for Radwaste Management started with
preparation of basic guidelines for site selection of an underground disposal for low and
intermediate level radioactive wastes in Slovenia. The guidelines consist of general criteria
and geological criteria [4], IAEA recommendations were adopted [6][7].
In this paper the most important geological criteria and guidelines for underground
repository site selection and the differences between geological criteria for surface and
underground repository site selection will be described.

2.

Underground Disposal of Radioactive Wastes

An underground disposal option considered is based on the combined performance of
natural and engineered barriers. For this reason the suitable geological formations should be
identified.
At present underground disposal of radioactive wastes seems to be well accepted approach
for final disposal of radioactive wastes in different countries. During last decades several
designs of an underground repository have been developed worldwide (GermanyMorsleben, Konrad, Sweden-Forsmark, Finland-Olkiluoto, Switzerland-Wellenberg,...).In
applied concepts underground repositories should be placed up to few hundred meters
under the surface.
The primary difference of an underground concept as compared to surface disposal is very
small possibility of intrusions by plants, animals and humans. Various solutions of an
underground repository concept are applicable. Different cavity types, natural or man-made
cavities (specially excavated cavities, abandoned mines) located at various depths in
different geologic environments (salt, anhydrite, granite, limestone beds and clays) can be
used as a suitable places for disposal of radioactive wastes.
IAEA recommends that short lived low and intermediate radioactive wastes and long lived
low and intermediate radioactive wastes captured in Categories II, III, IV and V [6] can be
considered for this kind of disposal.
An underground disposal system consists of three major barriers:
• waste form itself,
• repository construction (engineered barriers) and
• geological environment or "geosphere" (natural barriers),
where each barrier is embedded inside the previous one.
The waste package includes the waste form itself, its container and backfilling material. It
provides:
• physical containment of the waste form,
• low leachability and low dispersability of the waste.
348
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The repository includes the underground structures in which the waste packages are
emplaced, together with the engineered barriers. It consists of:
• linings, walls and backfills,
• sealing of the entrances to the emplacement areas (shafts, tunnels).
The geological environment represents the host rock in which the repository is built and the
geological media of the surrounding region. It provides:
• hydrogeological barrier,
• radionuclide migration barrier,
• barrier against external factors and events, i.e. erosion, human intrusion.
Natural barriers are defined by the characteristics of the geological formations in which a
repository is to be constructed. Many of geological formations have been investigated
regarding their suitability for a radioactive waste repository, including crystalline rocks
(granite, basalt), sedimentary formations (mudstone, shale, schist) and evaporites (salt
domes, bedded salt formations).

3.

Geological guidelines for site selection

The natural site characteristics are playing very important role in the underground disposal
concept. Selection of repository site within an appropriate geological environment is to a
great extent based on geological conditions.

3.1 IAEA recommendations
'The general geological guidelines for an underground repository site selection,
recommended by IAEA [6] [7], that can be used as basis, consider site configuration,
geology, hydrogeology, radionuclide migration characteristics, tectonics and seismicity,
structural instability, presence of natural resources and land surface considerations.

3.2 Criteria used for surface repository site selection
In surface repository site selection process the objective was to find a location with
geological properties (natural geological barrier) where engineered barriers will not be
necessarily used to achieve the safety standards. This is certainly the most economic way
for repository construction but on the other hand the site selection is exceptionally difficult.
According to the [1] and [2] during the first three steps of surface repository site selection
the geological criteria presented in Table 1 were used.
•••••:•.-,• i ,
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Table 1:

Applied geological criteria in surface repository site selection
Known active faults *
Unsuitable: areas located in a vicinity of a known active fault at a distance up to 3 km.
Lithology *
Unsuitable: thickness of lithological layers < 20 m, hydraulic conductivity > 1.10"8 m/s.
Thickness of the rock **
Unsuitable: thickness of the lithological layers < 20 m.
Areal extent of soil **
Unsuitable: areas < 300 x 300 m.
Site seismicity *
Unsuitable: expected earthquake accelerations > 0,3 g with the return period of
1.000 years.
Presence of ores/minerals, oil and gas *
Unsuitable: natural resource presence.
Groundwater - Presence **
Unsuitable: groundwater table on or above the elevation of the repository.
Geothermal areas (Presence and proximity of geothermal areas)*
Unsuitable: site located within 3 km from the geothermal area.
Surface waters - dcstructivcncss **
Unsuitable: sites where destructive effects of surface waters are expected.
Soil unstabiKty**
Unsuitable: unstable larger formations
Erodibility**
Unsuitable: active and expected surface and deep erosion.

Exclusion criteria of the first step are marked with *. Preference criteria used in the other two steps are marked with **.
Criteria are ranged (starting from the top of the Table) according to the their importance in the surface site selection process [5].

Many of applied geological criteria were stated quantitative i.e. with numerical values of
geological parameters.
For instance the results of the surface repository site selection process have shown that
criterion distance from active faults as a single tectonic exclusion criterion has eliminated
97 % of Slovene area from further siting consideration. The similar problem occured with
the criterion generic rock permeability where rocks with hydraulic conductivity greater than
10'8 m/s were recognised as unsuitable.

3.2 Preliminary geological criteria for underground repository site
selection
Based strongly on IAEA recommendations they present qualitative evaluation of geological
properties. In such a way geological properties are present in nature as well.
Since some criteria are more important and can be more applicable to underground than to
surface repository site selection (or vice versa) in many aspects proposed criteria differ from
those for surface repository site selection. Regarding the seismicity for instance,
underground structures are less susceptible to seismic disturbance than surface structures
due to the fact that earthquake's effects decreasing with depth. Different transport pathways
for radionuclide migration by underground water to the biosphere in both site selection
processes should be considered as well.
Preliminary geological criteria for underground repository siting are presented in Table-2.
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Table 2;

Preliminary geological criteria for underground disposal

Lithology
Suitable: in Slovenia argillaceous and crystalline rocks.
Hydrogeology
Suitable: hydraulic conductivity and hydraulic gradient as low as possible.
Natural resources -value
Unsuitable: sites declared as national reserves or potential national
reserves.
Types of natural resources
Unsuitable: sites located in similar geological structures to those where
resources are present and are susceptible to have same composition.
Technology of natural resources exploitation
Unsuitable: areas where influences of natural resource exploitation are
present.
Anthropologic (Man-made) causes for rock instability
Unsuitable: sites where remediation is impossible due to the man-made
causes.
Volume of the geologic formation
Suitable: volume of the geological formation extensive enough to contain
the repository.
Simplicity of the geological structure
Unsuitable: sites where the modeling is difficult due to the complexity of
geological structure.
Geochemical characteristics of soils and rocks
Suitable: geochemical effects and biological processes are considered to be
as small as possible.
Gcochemical characteristics of ground water
Suitable: areas where underground water does not increase or accelerate
migration of radionuclides.
Recent surface movements along the faults
Unsuitable: areas where recent surface movements along the faults are
proved. Activity of recent faults must be confirmed by field investigations.
Seismic activity
Suitable: areas located within earthquake zone with intensify lower than
VIII. degree by MSK Scale and return period of 500 years.
Geomechanical aspects of construction in geological formation
Suitable: rocks with higher strength.
Surface instability of soils and rocks
Unsuitable: sites where repository entrance can not be stable due to surface
instability.
Destructive action of surface waters
Unsuitable: sites located on flooding areas.
Volcanic activity
Unsuitable: sites located on areas with intensive volcanic activity.
Extreme climatic conditions
Less favourable: sites with higher possibility of occurrence of extreme
events.

Comparison between the most important geological criteria of both site selection processes
is presented in Table 3.
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Table 3:

Comparison between applied surface geological siting criteria-and
preliminary geological criteria for underground disposal

surface criteria

underground criteria

Recent surface movements along the faults
Known active faults
Criterion was quantitatively stated by limits Unsuitable are areas where recent surface movements
suitable/unsuitable for areas located in a vicinily of along the faults are proved.
a known active fault at a distance up to 3 km.
There were no preliminary detailed site Activity of recent faults must be first confirmed by
investigations to prove the existence of active faults field investigations.
on excluded areas in Slovenia.
Lithology
Criterion was quantitatively stated by lithological
layer thickness of 20m and hydraulic conductivity
ofl.lO^m/s.

Lithology
In Slovenia argillaceous and crystalline rocks are
suitable.

Without detailed site investigations of the specific
site is hard to select right location.

Hydrogeology
Values of the hydraulic conductivity and hydraulic
gradient should be as low as possible.

Groundwater - Presence
Construction of suitable engineered barriers in a
Criterion was stated qualitatively by groundwater rather permeable geological formation (i.e.
table level. Unsuitable were sites located under or unsaturated zone) is possible as well (e.g. near-surface
on the elevation of the groundwater table.
repository Centre de'l Aube in France).
There are repositories worldwide that are operating
under the groundwater table (i.e. in saturated zone)
e.g. Rokkasho - Japan, Loviisa -Finland.
Areal extent of soil
Unsuitable: areas smaller than 300 x 300 m.

Volume of the geological formation
Volume of the geological formation should be
extensive enough to contain the disposal system.
Simplicity of the geological structure
Unsuitable are sites for which modeling is difficult due
to geological structure complexity.

Both, applying qualitative siting criteria and the implementation of new technologies for
construction of engineered barriers, can assure that safety standards for construction and
operation of the repository will be met.
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4.0

Conclusions

The most important geological consideration in repository site selection is the geological
predictability. It is very important that site selection process is flexible and without
constraint of quantitative criteria. The application of highly quantitative exclusion or site
comparative criteria, specially in early stage of the site selection process, is not
recommended
..,, .,
; .
Without detailed site investigations it is difficult to select suitable locations. Geological
properties of specific sites must be confirmed by field investigations.
When considering the environment in which a repository will be placed it is important not
to limit considerations only to the geological environment but to consider the geological
properties and engineered barriers together. Development and implementation of new
disposal technologies should be considered as well.
Geological criteria used for surface repository site selection and proposed geological criteria
for underground repository site selection are both based on IAEA recommendations.
Certainly they are adjusted to the specific characteristics of geological environment in
Slovenia.
Proposed geological criteria for underground repository site selection are including all
important geological features but they are not too prescriptive. Proposed criteria are mainly
different and less rigorous than surface siting geological criteria were.
Taking into account:
• the results of surface site selection process, where in third step four of five candidate sites
were suitable for tunnel type disposal as well
• facts that some criteria can be more applicable for underground than for surface
repository site selection (or vice versa) and
• consideration of development and implementation of existing and new disposal
technologies
it can be concluded, that appropriate solution for LILW repository site selection process in
Slovenia could be found in promoting common guidelines for surface and underground
repository site selection, where single specifics for each type of disposal should be
considered.

5.0

Description of used terms

Argillaceous rocks - rocks composed of clay or having a notable proportion of clay in their
composition e.g. marls, schists,..
Crystalline rocks - rocks consisting of minerals in an crystalline state e.g. granites.
Saturated zone - zone saturated with water.
Unsaturated zone - zone in which at least some pores contain gas or water vapour, rather
than liquid. It is separated from the saturated zone by groundwater table.
MSK Scale - seismic intensity scale
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CALCULATION OF SPENT FUEL STORAGE CASK
PARAMETERS
M. Bace, D. Grgic, D. Pevec
Faculty of Electrical Engineering and Computing, Zagreb, Croatia

ABSTRACT
Results of calculation of the main parameters of a heavy concrete cask with 10
fuel assemblies, designed for dry storage of spent fuel in NPP Krsko are
presented. Thermal load and heat conduction trough the concrete walls of a cask
were calculated. The overall dimension an the thickness of the walls of the storage
facility were determined by calculating the dose rate inside and outside the
storage building.

1. INTRODUCTORY CONSIDERATION
In the paper "Conceptual Study of an Intermediate Spent Fuel Storage at the NPP Krsko
Site", presented at the First Meeting of the Nuclear Society of Slovenia, 1992 11 I, we
assumed that such a storage would consist of steel lined concrete cylinders containing
21 PWR fuel assemblies placed upright on concrete pads in a restricted access area.
Calculations of dose rates at the boundary site showed that such "open storage" would
require a rather large exclusion zone of at least 500x500 m area. Furthermore, thermal
power of 21 spent fuel assemblies is too big to be taken away by natural conduction
through thick concrete casks walls without damaging the inner concrete layer. It seemed
appropriate to take into consideration a different approach: less spent fuel assemblies in
one concrete cask, thinner concrete walls and the accommodation of the casks in a
storage facility i.e. concrete building whose walls would provide additional shielding. We
consider that an on site spent fuel storage must satisfy the following conditions:
- dose rate level to general public at the fence below 0.25 mSv/y,
- maximum dose rate level at the outside wall surface of the storage facility around 1
mSv/y,
- 2 mSv/h as the maximum surface dose rate of single cask.
As the starting point of our calculations we agreed to choose steel lined heavy
concrete cask, 4 . 1 % initial enrichment of the fuel, burnup of 45 GWd/tU and 10 years
cooling time.
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2. SPENT FUEL STORAGE CASK PARAMETERS
We assumed 10 fuel assemblies from NPP Krsko as the cask capacity. They are placed
inside inner cavity in a "basket" - a boron doped steel structure. Heavy concrete ( 25%
Fe ), doped with boron ( 1 % B ) is enclosed in a carbon steel shell. There is also
stainless steel (SS 304) lining of storage cavity. The cross section of the cask is depicted
on Fig. 1.
OUTER SHELL Fe (2 cm)
HEAVY CONCRETE (25% Fe - 40 cm)
BASKET FOR POSITIONING
OF THE FUEL ASSEMBLIES
( boron doped steel)
INNER SHELL
(stainless steel - 2 cm)

Figure 1. Cross section of the concrete cask.
Using functional module SAS2 of SCALE 4 modular code package 12 I, isotope
inventory of the spent fuel, single fuel assembly thermal power, neutron and gamma
angular fluxes and dose rates at two points outside the concrete shield (wall) were
calculated. The SAS2 module performs both depletion (to generate source terms) and
an one dimensional radial transport shielding calculations of a cask (cylindrical) type
geometry.
The reference points are on the half height of the cask, at the contact and 2 m from
the surface. Neutron and gamma angular fluxes and dose rates vs. energy at the contact
of the cask are presented on Fig. 2 and 3. There are 27 neutron and 18 gamma energy
groups. Flux - dose rate conversion is based on the standard ANSI conversion factors.
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The results of the calculation of total gamma and neutron dose rate vs. the thickness
of the heavy concrete shell of the cask are presented on Fig. 4 and 5. It can be seen that
the gamma dose rate is approximately two order of magnitude higher than the neutron
dose rate. The required maximum surface dose rate of 2 mSv/h was obtained with 40 cm
of heavy (boron doped) concrete shield (p = 3.77 g/cm 3 ,1 % boron). Therefore, in all our
further calculations we were dealing with this thickness. The inner cavity diameter of the
assumed cask was 92 cm, the diameter of the outside steel liner was 180 cm. The
approximate mass of a loaded cask would be 40 tons.

3. THERMAL CALCULATIONS
The calculation of the residual thermal power generated in a single fuel assembly
immediately after shutdown of the reactor, after 5 and 10 years of cooling time has been
performed using the ORIGEN module of SCALE 4 modular code package. The
calculation has been performed separately for the light elements, the actinides and the
fission products. The total residual thermal power generated in a single fuel assembly
vs. the cooling time is given in the Table 1.

Cooling time

0 years

5 years

10 years

Total power ( W )

913570

1139

731

Table 1. Total residual thermal power of a single fuel assembly of NPP Krgko (4,1% enrichment, 45
GWd/tU bumup).

Considering 10 fuel assemblies as the capacity of the cask, the total thermal power
generated inside it, for the spent fuel cooled 10 years, would be 7.3 kW. The calculation
of the residual thermal power conduction to the surrounding air by passive system has
been performed using EMRC NISAII/DISPLAY III code package 131.
In our a bit simplified model we have used the following assumptions:
- the cask has the form of a hollow cylinder, 5 m high, with inner radius of 46 cm,
- the wall of the cask consists of stainless steel inner shell (2 cm thick), heavy
concrete (40 cm thick) and outer carbon steel shell (2 cm thick),
- on the top of the cask there is a heavy concrete cylindrical plug with a diameter of
1.8 m and a height of 0.5 m. On the bottom there is a 50 cm thick layer of concrete
(Fig. 6),
- the cask is surrounded by air with constant temperature of 35°C. The bottom plug is
in contact with a i m high concrete pad. The temperature of the lower end of the
pad is 35°C,
- the total residual thermal power is conducted through the inner shell by a constant
thermal flux of 567 W/m2.
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CONCRETE

INNER SHELL

CONCRETE ?AD

Figure 6. Thermal calculation model of the cask.
Two different types of cask have been considered. One is without any passive
system of heat conducting, another has a simple heat pipe consisting of 2 cm thick
aluminum shell in contact with inner stainless steel shell along 3.6 m. The aluminum
shell from that point expands in a funnel shape and touches outer carbon steel along 0.5
m (Fig. 6).
DISPLAY III -

GEOMETRY M O O a i N G SYSTEM ( 9 3 . 0 )

PRE/ POST MODULE

TI-MPERATURE
VIEW : 35.0
RANGE 112.676?

112.7
104.9
87.14
68.37
81.61
73.S4
66.07
86.30
60.54
42.77
39.00
EMRC- NIS/V DISPLAY
SEP/07/ 95 11:13:09

storage oisk with Inner XI shell oukZ4f2

Figure 7. Graphical representation of the residual power conduction calculation for the cask with the
heat pipe.
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The result of the residual power conduction calculation for the cask with the heat
pipe is depicted in Fig. 7. The temperature of the hottest area of the inner cavity of the
cask without and with the passive system was 122°C and 113°C, respectively.

4. STORAGE DOSE RATE CALCULATIONS
The estimated capacity of the intermediate spent fuel storage for the NPP Krsko is 1400
fuel assemblies, i.e. 140 casks. Assuming the distance of 3m between the centres of the
casks placed inside the building of the storage facility, the overall dimensions of the
building are 42 x 30 m. The dose rates inside and outside the building were calculated
using modified QAD-CGGP code U l .
The modification of the QAD code has enabled calculation of dose rate from many
volume sources including selfshielding. The modified point kernel QAD code performs
the calculation of the total dose rate at any number of receiver ( detector) points by
adding up all the single cask dose rates. That means a series of calculations in which in
one step one cask represents the source and all the others together with the walls of the
storage facility represent shielding. In the next step the role of the source plays the next
cask and so on. We have performed only gamma dose rate calculations for two reasons:
gamma dose rate is two orders of magnitude higher than the neutron one and the point
kernel QAD code gives very approximate results in neutron calculation. In order to adapt
the results of the SAS-2 calculation of the gamma angular flux at the surface of a single
cask to the input of QAD code, we have made several approximations.
- a casks as the source of gamma radiation is represented as a source without
selfshielding in which gamma rays are born at rate which gives the SAS-2
calculated gamma flux at the surface,
- a cask when presents a shield is a homogeneous cylinder in which all the elements
are represented by their partial densities,
- the gamma energy spectrum is reduced from 18 to 5 prominent energy groups.
The dose rate was calculated at 16 detector points - depicted in Fig. 8.
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Sixteen detector positions - points of dose rate calculations.
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In our calculation we have varied the thickness of the storage facility concrete wall.
For the maximum dose rate at the contact (the outside wall) to be less than 1 mSv/y at
least 70 cm thick concrete wall of the building is demanded. The dose rates at 16
detector positions are presented in Table 2. The dose rates as the function of the
distance from the facility are shown in Fig. 9.

DETECTOR NUMBER

DOSE RATE (mSv/h)

DOSE RATE fmSv/y)

1.

8.256

7.232*10"

2.

8.167

7.154*10"

3.

8.022

7.027* 10"

4.

4.641

4.066*10"

5.

2.581

2.261*10"

6.

4.439

3.889*10"

7.

1.047*10""

0.917

8.

5

0.487

5

0.293

9.
10.

5.555* 10'
3.339*10"

5

0.131

1.491*10"

6

;

11.

33i3*W

12.

1.157*10""

1.014

13.

5

0.533

6.087* 10'

0.029

14.

s

3.157*10"

0.308

15.

1.459*10"5

0.128

16.

3.138*10^

0.028

Table 2. Dose rates at 16 detector positions for the storage building wall thickness of 70 cm.
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Figure 9.

Dose rates as the function of the distance from storage building.
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5. CONCLUSIONS
A concrete spent fuel cask capacity of 10 spent fuel assemblies of NPP Krsko (45
GWd/tU bumup, 4 . 1 % initial enrichment, 10 years cooling time) to have maximum
contact dose rate of 2 mSv/h should have 40 cm thick heavy concrete shell. The
temperature of the hottest area of the inner cavity would be around 120°C. The building
of the storage facility with the capacity of 140 fully loaded casks should have 70 cm thick
concrete walls to meet the requirement for maximum 1 mSv/y contact dose rate. In spite
of the approximations we made and the neglection of neutron contribution, we expect
that our calculations are still on the conservative side due to a gradual loading of the
storage.
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DEVELOPMENT AND IMPLEMENTATION OF PUBLIC
RELATIONS STRATEGY
Tomaz Kukovica1, Irena Mele1, Andrej Stritar2, Radko Istenic2
'Agency for Radwaste Management, Ljubljana, Parmova 53, Slovenia
2
"Jozef Stefan" Institute, Ljubljana, Jamova 39, Slovenia
Abstract
Following the strong public opposition after the announcement of the results
of possible site selections for the final low and intermediate waste repository
in Slovenia in 1993, the Agency for Radwaste Management has completely
revised its public information strategy. The information and education
programs, that should lead to greater public acceptance, are described. At
present the bulletin, leaflets, booklet, permanent exhibition and lectures in the
Nuclear Training Centre are applied.
1

Introduction: Facing NIMBY Syndrome

On May 27, 1993 the Agency for Radwaste Management has organized the press conference
to present the results of the third phase of site selection for the low and intermediate level
(L/ILW) surface radioactive waste repository. During the presentation five potential sites in
Slovenia were announced. Only few hours later reporters of the national television went to
the village Kalisevci, one of the potential repository sites, to get the first impression directly
from the inhabitants. People from the village had expressed strong negative opinion by
kidnapping the media crew. The crew was released only when the local inhabitants received
a written statement of the representative of the government that within their community there
will be no repository construction without their permission.
Reaction of the residents of Kalisevci and also appearance of NIMBY (Not In My Back Yard)
syndrome in such aggressive form has not surprised only the Agency for radwaste
management but also the politicians and representatives of the media themselves. It was
obvious that the public relations strategy of the Agency must be revised and renewed.
2

Public Relations Strategy

The first step in creating revised and renewed public relations strategy was the analysis of past
experience. The analyses have shown that the communication activities in the past were
insufficient. Since the dialogue was not established, the media and the public have little
confidence in the information coming from the institutions working in the field of peaceful
use of nuclear energy.
The Agency has also studied the strategies of foreign Agencies for radwaste management in
overcoming the NIMBY phenomenon. On the basis of this analysis the communication
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strategy of the Agency for radwaste management was prepared. Three important aspects were
included: communications, education and negotiations. In the first phase communication
activities are used to attain a higher level of quality in addressing the issue; the
communication activities are targeted at the general public. The educational activities are a
logical and more focused sequence of the informing activities. For this reason the Agency is
preparing various educational programs that consist of diverse activities. Negotiations are a
necessary part of the communication strategy as the final decision should be made by the local
community.
Communication activities concerning the issue of the waste encompass various tasks. First,
there is the need to overcome the rejection of dialogue on this sensitive issue, and second, to
seek dialogue with the general public which is of key importance in any decision making
process concerning radioactive waste.
Therefore the plan of PR (public relations) activities has the following basic objectives:
To establish a well qualified team for successful and highly professional work in the field
of communication and crisis communication management;
To prepare different written materials that can be used for information and educational
purposes;
2.1

To organize educational and information activities.
Information

At the present there is a great interest on nuclear issues in the public. The information on
radioactive waste management comes from various sources. Often the information is distorted
or misguided, many times resulting in negative atmosphere about radwaste management
activities.
In last year the Agency has given more attention to the public information through the media.
Several articles on radioactive waste management have been prepared and published in most
popular Slovenian newspapers. In one year thirteen articles, seven reports, four press releases,
three interviews and two statements have been published. It should be mentioned that before
1994 there were no such contributions. Through these activities many contacts with journalists
were made that will facilitate further communication activities.
Agency's Bulletin has been published recently. The first number of Bulletin gives answers to
the most frequently asked questions on radwaste management. Present and future Agency's
activities are also briefly described. Special care is dedicated to the clear and simple language
so that no special technical background is necessary to understand the subject.
2.2

Public Opinion Poll

The problem of radioactive waste is of concern to the general public and not only to the local
community that lives near storage facilities or radioactive waste disposal. It is essential for
Agency's future work to know what opinion the Slovenians have taken on the issue. The
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public opinion on this subject has been investigated in the year 1995 by the Agency and
Pristop communication group.
The results of public opinion poll have shown that general public is aware of the radioactive
waste disposal problem and the need to find a solution. The other results have shown that
general public is not appropriately informed on the issue. Because of this it holds a fairly
distorted opinion concerning the quantity of radioactive waste produced in Slovenia, the
present radioactive waste disposal and storage facilities, the legal framework of dealing with
radioactive waste, and especially the level of danger that various types of radioactive waste
represent to them.
As an example the results to the question regarding the responsibility for radwaste disposal
are presented on Figure 1.
It is intended to conduct such polling regularly. The results will be used for measuring the
efficiency of the Agency's work in the field of communication and education.

Slovenian Citizens on Referendum 42.0%

Don't Know 4.0%

_.

—•

No Response 1.0%
- Government 9.0%

Local Community 11.0%
Someone Else 1.0%

Figure 1:

3

Answers to the question: Who should take decision on construction of radwaste repository?

Information and Educational Activities at Nuclear Training Centre

Part of the information and education activities of the Agency for radwaste management has
been taken over by the Nuclear Training Centre, which is part of the " Jozef Stefan" Institute.
Several activities related to the Radioactive Waste have been prepared. It has been decided
to concentrate on youngsters as the main target group and to prepare an information program
consisting of lectures, radwaste exhibition, visit to die interim radwaste storage, at-a-glance
information leaflets, radwaste booklet and video tapes.
The information and education program consists of the following activities and information
materials:
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3.1

The lecture Radioactivity and Radioactive Waste

The lecture informs the students about the following subjects:
1. Radioactivity and Radiation,
2. What Is Radioactive Waste?
3. Radioactive Waste in Slovenia,
The lecture set consists of 30 viewgraphs and lasts approximately 45 minutes. There are
additional 10 slides available for more detailed explanation of typical questions. We always
encourage the discussion. Typical visiting group at the Centre consists of about 50 students,
but we can accommodate also up to 100 visitors; The lecture can be presented also elsewhere
in the country.
3.2

Radwaste exhibition

A set of 16 panels explaining radwaste is added to the existing permanent exhibition
Electricity from nuclear energy. The panels explain the origin of low, intermediate and high
level waste, technology of waste disposal and examples from different countries. There are
also a normal and compacted radwaste barrels and a mockup of the surface repository
displayed. The visit to the exhibition usually follows the lecture, therefore it represents
repeated and supplement information.
3.3

Visit to the interim low and intermediate level waste storage at the Reactor
Centre

The Nuclear Training Centre is part of the Reactor Centre in Podgorica which includes an
interim waste storage facility intended for the waste originating from research, medical and
industrial use of radioactivity in Slovenia outside the Nuclear Power Plant. During the visit
the storage is shown only from the outside. On special request of smaller groups it is possible
to see also the interior.
The lecture, the visit to the exhibition and the visit to the storage facility are typically merged
during a single visit of student groups to our training centre,
Every year about 5000 students from around 100 schools come
to the Nuclear Training Centre.
3.4

At-a-glance Information Leaflets

In the Nuclear Training Centre a set of four at-a-glance
information leaflets has been prepared for the Agency for
Radwaste Management describing the following topics:
1. Radioactivity and Radiation
2. Radioactive Waste
3. Disposal of Low Level and Intermedium Level
Radioactive Waste
4. Disposal of High Level Radioactive Waste
The purpose of the leaflets is to provide the reader with a
lasting correct information for later reference. The leaflets Fig. 2: Example of the
information leaflet
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have been designed in a style appealing to youngsters (see figure 2). They are widely
distributed to anyone interested in the subject in Slovenia.
3.5

Booklet about Radioactive Waste

The booklet is conceived as an information source to the readers who are willing to spend
more time than just glancing through the leaflets. It describes the nuclear fuel cycle,
radioactivity, sources of radioactive waste and radioactive waste disposal on about 40 pages.
It is distributed to the visitors and directly to the schools.
3.6

Video tapes

Because Slovenia is rather small country it is, for the time being, too expensive to produce
our own video tape material. Therefore we have translated three video tapes about the
Swedish radioactive waste management system to Slovene language. In the future we intend
to bring closer to our public some similar material from other countries and to produce some
own material.
3.7

Planned activities

The final objective of all public information activities is to obtain the acceptance of wider and
local public for the radioactive waste repository. Keeping that in mind we are trying to
produce material, that is easily understandable and can be easily distributed. All available
technical means should be used, especially newly emerging ones. So in the near future we
intend to prepare information about radioactive waste for the World Wide Web, a part of the
Internet system. Another media, very popular especially among the young generation, is a
hypertext computer presentation on a CD ROM.
For other "old fashioned" readers we are also preparing the booklet with the Frequently
Asked Questions about the waste. This will be a supplement to the above mentioned booklet.
4

Conclusions

The problem of acceptance of radioactive waste disposal facility by the general public is
becoming one of the key problems of nuclear energy everywhere in the democratic world.
Recent examples in different western countries (Switzerland, USA) are not encouraging. It
is also obvious there is no perfect general solution, that would work everywhere in the
world. In Slovenia we are carefully studying other experiences and trying to find our own
way to solve the problem. Next several years special care will be devoted primarily to the
information and education of the people in order to make them understand the facts about
rad waste.
Literature
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EGYPT.

ABSTRACT:
The first Egyptian research reactor, ET-RR-1 is tank type with light water as a
moderator, coolant and reflector. Its nominal power is 2MWt and the average thermal
neutron flux is 1 0 " n/cm^. sec"!. Its criticality was on the fall of 1961. The reactor
went through several modifications and updating and is still utilized for experimental
research.
A plan for decommissioning of ET-RR-1 reactor should include estimation of
radioactivity in structural materials. The inventory will help in assessing the radiological
consequences of decommissioning.
T\m paper presents a conservative calculation

to estimate the activity of the

long lived isotopes which can be produced by neutron activation. The materials which
are present in significant quantities in the reactor structural materials are aluminum, cast
iron, graphite, ordinary and iron shot concrete. The radioactivity of each component is
dependent not only upon the major elements, but also on the concentration of the trace
elements.

The main radioactive inventory are expected to be from ^ C o and ^ F e

which are present in aluminum as trace elements and in large quantities mother
construction materials.

INTRODUCTION:
The first Egyptian ;eactor ET-RR-1. has been commissioned in 1961, as a light
water tank type with nominal power 2 MWt and average thermal neutron flux
lO^n/cm^- sec"1. This reactor is near the end of its useful life. Therefore a plan is
required for its decommissioning.
The IAEA has developed a framework to classify and
decommissioning in three stages [ 1 ] :
368
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stage 1 Lock-up with surveillance
stage2 Conversion and restricted site release
stage3 Unrestricted site release
The final goal of the above framework'is to remove the radioactive arid hazardous
material, to eliminate the risk to human health and environment.
In any nuclear facility there arc two main sources of radioactive material, the
first one is radioactive materials generated in the nuclear process, e.g. fission products,
and the second is from neutron activated stationary material in and around surrounding
the reactor core [2].
This work aims to estimate the radioactive inventory which is caused only from
neutron induced activation of some stationary parts in the ET-RR-1 reactor. These
par.

namely reactor core tank, reflector tank, shielding tank, cast iron, concrete

biological shielding and the graphite surrounding the thermal column,see fig.(l). Many
of the radionuclides present in the neutron activated structures of the reactor material
have high specific radioactivity levels, but because of their particular decay half-lives or
decay processes or both , do not contribute significantly to the radiation dose rate
during decommissioning . Other radionuclides have lower specific radioactivity levels
but produce large contributions to an external dose rale because they emit high energy
gamma rays [3].
The present calculation will consider the long lived activity of the above reactor
structural materials to decide the dismantling strategy and its management. Since, the
non occurrence of in- core accidents of the ET-RR-1 reactor, the fission product or
actinide contamination within the reactor components and biological shield have not
been taken into consideration.
real

The radioactive inventory is calculated on the basis of

reactor operation over the reactor life and until present date. The activity of the

long lived isotopes is also calculated at different periods of cooling time extended to 50
years.

The quantity, dimensions and mass of the structure materials under study have

been obtained from reactor documents.
CALCULATION METHOD:

The main data required to calculate the inventories of neutron radionuclides are
the neutron flux distribution by energy group through (he material structure, material
composition of target material, exposure time and other nuclear data appropriate for
calculations.
The material used in the reactor components under study are aluminum, mild
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steel, concrete and graphite. The radioactivity of each component is dependent upon
the major elements in the components and also upon

the concentration of trace

elements.
The two

energy group

neutron cross sections of the materials in the

homogenized fuel zone, and in the structures surrounding the reactor core are
calculated by using WIMSD4 code.
distributions

Generation of the axial and radial neutron flux

throughout the fuel zone and surrounding components, a

two

dimensional multigroup diffusion code MUGDE-2 is used [4j. The duct effect as a
result of the volumes of the vertical and horizontal irradiation channels in the reactor
are taken into consideration during the neutron flux distribution calculation.
The radial and axial fast and thermal neutron flux distribution are presented in
fig. (2,3). These neutron flux values of each stracture material in the reactor is used in
the radionuclide inventories calculations of the material components. The axial flux
represents the fuel zone and there are other flux shapes for each region of the structure
material of the reactor.
RADIONUCLIDE INVENTORIES CALCULATION:

In the nuclear facility generating neutrons, the interaction of some of these
neutrons with the surrounding material causes activation of the material into different
isotopes.

These

isotopes are radioactive wish different half lives .The long lived

isotopes arc of

significance for radiation effects and must be calculated to determine

waste

volume, radiological hazards and disposal activities for the

material

decommissioning study.
In general, the activity of the material can be calculated by the following
equation.,[2]
dnj /dt • : Sj 0 - \j n{
where
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nj

is the number of atoms of isotope i

dt

is the time period for calculation

£j

is the macroscopic cross section for generation of nuclidc i

0

is the constant flux during time period dt

X\

is the decay constant for nuclide i
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The .utrvity of isotopes i at time after irradiation is given by
A; = l / k [ X Sjj I 0 n
j

(l-e-^t^e-^i^]

"

where:
Aj
Sjj
0n
k
tn
tn

is the activity of isotope i from patents, Ci
is the macroscopic cross section for generation of nuclide i from parent
isotope j
is the coa«*,Hnt flux during time period n •
3.7 x 10 1 0 disintegrations per second per curie
length of irradiation time period n
length of post irradiation time period n.

The activity of some long lived isotopes like ^ F e , 60(^o } 5 9 ^ } 63^1 }
151g m) 152gU) a n ( j 154g u a r e calculated and used to estimate the global
activity of the structural materials of the ET-RR-1 reactor after cooling time up to 50
year.
RESULT AND DISCUSSIONS:

The ET-RR-1 reactor have no reference specimen to estimate the activity of the
different radioactive isotopes included in its material structures by measurements . So,
this estimation is depend only on the theoretical calculation of the interest isotopes
which compose the structure material of the reactor.
For the Aluminum tanks, the main trace elements which contribute to the tanks
activity are 5 5 Fe, 56 Mn, 59 Ni, 6 3 Ni, 6 0 Co and ^ Z n . After 50 year cooling time, the
calculation shows, that these tanks have a small amount of activity which is dominated
by 60Co activity. The radionuclides in Al-tanks presented in fig. (4) through 50 year
cooling time. The -%',, 56]vlh, 5 9 ^ ^Ki and ^ C o radionuclides are responsible
for cast iron activity. Fig.(5) shows the activity decay of these elements .Also the
radionuclides 6^Co a n ( j 6 3 ^ have a significant contribution in the remaining activity.
Radioactive inventory of the elements composing the concrete biological shield are
calculated and presented in fig.(6). This calculation, includes 20 cm of concrete which
is in the vicinity of the biological shield which indicates that small quantities of
radionuclides are present in the concrete e.g. ^ F e , 6 0 ^ 1 5 1 g m ,152j; u and 154j?u
which are causes a low level radioactivity in the concrete. The activities of the long
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lived radionuclides exist in the graphite surrounding the thermal column are calculated.
Fig.(7) represents these activities with the above cooling time.

It is clear that, the

graphite has low level activity and the trace element isotopes in it have insignificant
effect.
CONCLUSIONS:

The decommissioning study of reactor needs a best estimate of the radioactive
inventory in the structure material of the reactor. It has been assumed that a material
is radioactive if its activity exceeds a 3.7 x 10^ Bq. t~* [5J.

The conservative

calculations show that the activity of the structure material of the ET-RR-1 under
studj'

have low activity after 50 year of reactor shut-down.. The long half lives

isotopes of the trace elements composition of these materials are important in activity
estimation and must be taken into consideration.

The intermittent of the reactor

operation and low reactor power play a big role in the limited activity of the structural
material of the ET-RR-1 reactor.
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Fig. (1). The ET-RR-1 reactor horizontal section .
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Options for the Interim Storage of Spent Fuel
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Bojan Kurincic
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Abstract - Different concepts for the interim storage of spent fuel arising from operation of
a NPP are discussed. We considered at reactor as well as away from reactor storage options.
Included are enhancements of existing storage capabilities and construction of a new wet or
dry storage facility.

1

Introduction

Interim storage refers to the storage of spent fuel beginning with the discharge of spent
fuel from a reactor and ending with its ultimate disposition, either by direct disposal
or reprocessing. During the cooling time spent fuel is located in the spent fuel pool
at a reactor site. However, the pool capacity is usually not sufficient to cover all fuel
discharged during a NPP lifetime. If the final strategy is not available, intermediate
storage facility has to be constructed before spent fuel storage issue become an obstacle
for the plant operation.
All spent fuel from NPP Krsko is stored in a spent fuel pool at the site. The pool
contains stainless steel racks with a capacity of 828 fuel assemblies. Currently 442
locations are occupied with spent fuel. If we assume that the fuel will be discharged
with a rate of 40 assemblies per year and 121 locations reserved for emergency core
unload, capacities are sufficient for approximately 6 years of operation.
The choice of a particular storage option has to include consideration of different
factors. Beside the general factors, such as safe operation and reliable storage, the
following factors are usually considered:
• technical maturity
• operational consideration
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• costs
• public perception
In this paper different available storage concepts are discussed. We considered at
reactor (AR) as well as away from reactor (AFR) options:
1. AR storage enhancement - increase of the storage capacity within the existing
spent fuel pool;
2. AR storage extension or stand alone storage - construction of a new storage facility
interconnected to the original pool or standing alone but on the same site;
3. AFR storage - construction of a storage facility that is located away from the
nuclear power station site.

2

Water pools

Water pools are the most widely-used, best-proven and mature spent fuel storage technique, since all nuclear power plants store the fuel in wet storage for variable periods
after discharge from the reactor. About 90% of the spent fuel around the world is
currently stored in pools. They are constituted by a reinforced concrete structure lined
with stainless steel on the side that is in contact with the water. Spent fuel assemblies
are stored in a storage racks mounted on a base of the pool. The racks provide spacing
between fuel assemblies to prevent criticality and protect fuel from consequences of the
earthquake.
Advantages:
• proven and mature storage method
• controlled fuel cladding condition
• good shielding
• visibility
• accountability and safeguards
• simple fuel handling.
Disadvantages:
• active nature of water cooling and purification systems
• waste processing
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• maintenance requirements
• necessity of auxiliary support systems
• decommissioning
• high initial capital investments.

2.1

Reracking

Reracking is the most widely used technique as a first step to extend the spent fuel
storage capacity of a nuclear power plant. Besides the technical reasons it is the most
attractive economic solution. This method consists in redesigning the fuel storage racks
in order to increase the number of spent fuel elements that can be stored in the pool.
The main problems raised by the new design are the following:
• new structural analysis required for new loads
• capacity of the water cooling and purification system to remove excess heat produced by additional fuel elements
• maintenance of subcriticality
• shielding analysis due to additional fuel.
Advantages:
• increased storage capacity of existing pools, without necessity of creating new
installations
• licensing process is simpler than for other spent fuel storage systems, since reracking is considered as extending the loading capacity of an already-existing pool
• low capital investment,
Disadvantages:
• additional capacities are not sufficient for the entire power plant lifetime
• additional fuel handling - risk of damaging the cladding
• decommissioning process is somewhat complicated.
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2.2

Double tiering

The spent fuel pools are usually divided on three levels. The fuel storage racks are
located in lower level. The intermediate level is used for fuel transfer and upper level
serves for shielding the radiation caused by the fuel during transportation above the
storage racks. The transfer level can be filled with additional tier of special cans loaded
with a fuel assemblies, and thus used for the spent fuel storage. These upper tier cans
are designed to rest on top of the lower tier racks and are connected at their upper end
fitting to form the upper storage tier modules.
Advantages:
• increased storage capacity of existing pools, without necessity of creating new
installations
• relative simple licensing process.
Disadvantages:
• the decommissioning process is somewhat complicated
• the last elements discharged after the final shutdown of a nuclear power plant will
have to remain in the pool for several years, as required for proper cooling, which
means some systems must remain operative
• shielding
• limited fuel availability
• accountability and safeguards.

2.3

Consolidation

This technique consists in the disassembly of spent fuel elements and of their reconfiguration in a canister designed for this purpose. The result of this process is the
reduction of the stored volume, compared to the space initially occupied. Ideal ratio
would be 2 to 1, thus duplicating the loading capacity of the pool (taking into account
the fact that non fuel-bearing components (NFBCs) also have to be stored the actual
ratio is lower).
Advantages:
• increase of at least 67% of capacity of existing pools (consolidation ratio of 2:1 for
fuel and of 10:1 for NFBCs)
• licensing process is simpler than for dry storage systems.
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Disadvantages:
• intensive handling of the fuel assembly - risk of damaging the cladding
• sophisticated operation and handling
• interference with plant operations
• waste generation
• accountability and safeguards
• prices.

3

Casks

3.1

Metal Casks

Metal casks are robust metal containers equipped with an internal fuel basket for
holding the spent fuel elements. It is the most mature (in place since 1984 in USA)
of all methods available for interim dry storage of LWR fuels. A further step in the
development of metal casks has been the improvement of designs so that the same cask
could serve for interim storage and for transport of spent fuel (dual purpose casks).
Vendors offer a wide variety of designs e.g.:
, • NAC-I28 S/T, NAC-STC
• TN-32, TN-40, TN-24
• Castor V/21, Castor X/33, Castor X/28
• MC-10
Advantages:
• highly modular designs - procurement can be adapted to the spent fuel discharges
• easy operation, maintenance and decommissioning
• simple control and installations
• spent nuclear fuel loading in the pool performed by using the same cask that will
be stored
• spent fuel storage and transport carried out in the same cask - no need of further
fuel handling for shipment after a storage period (dual-purpose casks)
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• public perception.
Disadvantages:
• cladding temperatures higher than in other systems
• possibly long period required for licensing process
• prices.

3.2

Concrete storage casks

The concept is similar to the metal casks. The only difference is that the vessel of the
cask is made of reinforced concrete lined with steel on the inside where an open or
closed basket (canister) is placed. An example of a ventilated concrete storage cask is
Sierra Nuclear VSC-24.
Advantages:
• materials easy to acquire
• quick and easy fabrication
• modular system
• lower prices than for metal casks.
Disadvantages: ••
• direct loading is not possible - necessity of loading an intermediate cask (transfer
cask)
• handling operations are more complicated than for metal casks.

4

Concrete storage modules

This concept consists in the horizontal storage of stainless steel canisters in properly
ventilated concrete modules (Nuhoms system). Two types of canisters for storage of
PWR fuel have been developed so far by VECTRA: NUH0MS-7P, NUHOMS-24P.
Advantages:
• materials easy to acquire
• quick and easy fabrication
• modular system.
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Disadvantages:
• complicated handling operations:
- necessity of loading an intermediate cask
- difficult alignment to introduce canister in storage module
• decommissioning process more complicated than for casks.

5

Vaults

The modular vault dry storage system uses sealed metal tubes arrayed and housed
in a concrete structure to contain spent fuel. Inside the tubes the fuel is kept under
nitrogen or other inert gas. Metal tube can contain single fuel assembly or canister of
consolidated fuel or canister of fuel assemblies. System is modular and each module
has up to 200 fuel assemblies. Cooling is provided by natural air ventilation system.
The space required for modular vault storage systems is on the same order as that for
spent fuel pools. Three designs are currently available:
• GEC-Alsthom Modular Vaults Dry System (Fort St Vrain)
• SGN CASCAD system
• SIEMENS/KWU FUELSTOR system.
Advantages:
• fuel cladding temperature is kept lower than in casks
• all equipment integrated in the same building
• fuel can be withdrawn if necessary without return to pool.
Disadvantages:
• use of safety related equipment
• requires more maintenance than casks1 and concrete modules
• long licensing period
• building and almost all equipment must be completely built from the beginning,
although expansion is possible
t cask support is required for fuel loading and unloading
• decommissioning is complicated
• initial cost.
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Conclusion

There are a number of safe and environmentally acceptable methods for storing spent
nuclear fuel for periods of 50 to 100 years that are available. During the past years
considerable experiences have been gained showing the mature status of technologies.
All options mentioned in the paper are licensable and can be developed to suit
specific requirements. However, there is no "best" technology. In selecting a particular
technology subjective and local issues as well as objective (technical and economic)
need to be taken into account. Specific requirements can lead to different solutions
from utility to utility.
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ABSTRACT - The 18 km long banks of the Bohunice NPP waste water recipient are
contaminated by mCs as a result of two accidents on the CO2cooled NPP-Al unit in 1976
and 1977. Contamination acceptance limits 6 or 8 Bq 137Cslg of soil, depending on
contaminated area size, were derived on the basis of developed principles, and approved
by the authorities. Removing and safe burial of 1,100 m3 of contaminated soil from steep
area and 15 cm thick clean soil covering on about lha of flat area of the contaminated
banks is planned in frame of the re-considered restoration project implementation in
1995/96.

1. Introduction and characteristics of the contaminated site
The environmental restoration in the Slovak Republic concerns one 137Cs
contaminated site, which refers to 18 km banks of the Manivier canal - Dudvah River
system as a result of two accidents on the CO2-cooled and heavy water moderated
NPP-Al unit of NPP Bohunice complex in 1976 and 1977. Till 1992, this canal-river
system got out the waste water from the Bohunice NPP (Al and VI) to the Vah River.
Since 1992, the contaminated waste water from NPP Bohunice has been carried out
directly to the Vah River through a specially constructed 15 km long pipeline (Fig.l).
The volume of earth to be removed and disposed and thus, also, the restoration
cost, is predetermined by the applied cleanup criteria which are based on a proper
limitation or optimization approach. In 1990 a low contamination acceptance limit 1
Bq137Cs/g of soil was given ad hoc by the hygiene authorities, only on the basis of partial
monitoring results. On this basis, a restoration design project was worked out for the
upper part of the contaminated banks supposing disposal of about 5,000 m3 of
contaminated soil from these banks.
Radiological surveys and detailed monitoring of this contaminated site was carried
out in the period 1991-1994. Detailed radiological characterisation of the canal and
Dudvah river bank is given in reference [1]. In average, 6.3 Bq 137Cs/g of soil was
identified on the 18 km long affected bank surfaces. 10 typical sections were identified,
depending on the characteristic contamination and type of the banks as it is marked in
Fig.l and Tab.l. In the Vah River banks, where the monitoring was finished lastly, in
1994, the contamination was identified only in a few flood plain sections with overall
length of about lkm, close to the present Dudvah River mouth (marked as Vxi in
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Tab.l).
Thus, data in Tab.l represent the final extent of contamination in the Bohunice
site. The overall contaminated area with 137Cs activity above 1 Bq/g of soil in this site, is
about 67,000 m2 and the corresponding volume of top 20 cm thick soil layer is about
13,000 m3.
After finalisation of the monitoring works in 1994, it was recognized that due to
the very low acceptance limit (1 Bq/g) [2] and the capacity reasons, it is practically
impossible to ensure safe disposal of the resulting volume of contaminated soil inside
the Bohunice NPP area. To be able to propose an acceptable and rational scope of the
contaminated banks restoration, a re-evaluation of the previously used approach and
planning of these measures were necessary to be carried out.
Selection of appropriate radiation risk scenario, harmonisation of their parameters
and by ICRP recommended limitations for recovery, enabled the authors to develop
proper acceptance and cleanup limits. Appropriate bank restoration technologies were
proposed [7], as well as taking into account identified type of contaminated banks [1,2]
and the costs and benefits achieved.
Goal of the paper is to describe the applied approach and evaluation principles
together with the resulting acceptance criteria, as well as to introduce the extent of the
re-evaluated restoration project for the site.

2. Principles for the contaminated banks evaluation
A clear legislation is absent in this field. According to our experience, as well as
to the conclusions of the IAEA Project (RER/2/022 Environmental Restoration in
Eastern and Central Europe) [2], it is obvious that the choice of restoration techniques
and derivation of proper acceptance limits depend on the approach chosen (recovery or
planned activities) and a number of parameters (dose limits, parameters of scenarios...)
that necessarily should be harmonized and clearly declared beforehand by the competent
authorities.
First of all, it was necessary to develop certain principles and rules for evaluation of
the necessary extent of remedial measures, including development of contamination
acceptance and cleanup limits, and to achieve their authorization by the hygiene
authorities. The principles, as well as the evaluation itself, were resently elaborated in the
VtJJE Institute. According to comments of the Institute of Preventive and Clinical
Medicine (IJPKM Bratislava), the submitted principles were approved by the State
Health Institute in Bratislava at the beginning of 1995. The approved principles can be
summarized as follow:
- recovery approach with effective dose limitation to the public to the level of lmSv/y,
according to ICRP/91 recommendation, was applied for the site restoration evaluation;
- "contaminated soil use" type of (residential) scenario with the small, but non zero
probability and typicall parameters [3], was used as potentially the most critical one for
proper intervention levels derivation;
- contamination acceptance and cleanup limits were appropriately derived from a typical
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-

-

residential (soil use) scenario for partially (50 m3 of soil) and fully (200 m3)
contaminated land, considering no dilution of top soil from the banks;
the small probability of supposed residential scenario was taken into account in the
estimation of time within which the probability of the scenario can be considered as
zero. The uncontrolled removal of contaminated soils from banks was considered as
improbable: for volumes cca 50 m3 within the time of T o =5 years and for volumes cca
200 m3 within the time of T o =10 years, as minimum;
decision making on the restoration technique planned was based on a cost analysis of
the techniques actually coming into consideration for different types of the banks;
for smaller contaminated area the rounded and not-rounded values of proposed
exemption criteria, according to Rad. Protection No 65 [6], were used;
for covering techniques, the dilution effect expected to be achieved in the soil after
removing of the covered top soil, was considered as a main protection effect. Their
application was, however, acceptable only for flat areas and up to, maximally, the two
fold dilution;
for optimizing less costly remedial measures (warning signs...) an agreed scenario with
a pre-estimated factor for collective dose (milk + E ^ from banks) 2xlO"7 man Sv.y"1
/(m2.Bq137Cs.g"1) was applied. Lmitation of individual effective doses from a bank bank
stay was also considered with the limiting value of 0.25mSv/y;
residual contamination of the banks was considered as under control within the time
period of 50 years.

3. Parameters and dose factors for criterial radiation risk scenario
Two scenarios were selected for the evaluation of an actual risk from the stay on
the banks and contaminated field, and another two one for the evaluation of a potential
risk from the use of contaminated soil, are supposed to be fully (about 200m3) and
partially (about 50 m3) spread on the site surface around a living house with a garden.
Critical individuals were chosen based on an analysis and agreement considering the
following annual rates of stay or consumption:
- fisherman staying on the banks of 300 hours in sitting position and consuming 200 L
of milk and 10 kilograms of meat (goat, rabbit),
- farmer spending 500 hours in growing vegetables on a field and consuming 110 kg of
potato and 110 kg of root and leaf vegetables from his own field,
- resident on a fully contaminated land with the area of 800 to 1000 m2 spending 500
hours in the garden and 1,500 hours around the house, consuming the entire annual
consumption of potatoes (110 kg), a semi-annual consumption of root and leaf
vegetables (110 kilograms), 100L of milk and 10 kg of meat (goat) from his own
garden,
- resident on a partially contaminated land (50 m3 of soils), spending 250 hours in the
contaminated part of the garden (100m2) and 1,700 hours around the contaminated
house (300 m 2 x 0.1 m) consuming the same contaminated food as in the previous
case.
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For the external exposure, E ^ = HE(0.7), factors for a limited source according
to Oztunali [3] and Cocher [4] were used. For ingestion pathway, transfer factors for
137
Cs and ^Sr for goat's milk and meat and loamy soils, according to the IAEA
Handbook parameter [5], were utilized in the dose estimation. ^Sr content in the soil
was assumed to be 2% of the 137Cs activity in accordance with the monitoring results [1].
From Tab.2, where the calculated results are summarized, one can see that the
most critical residential scenario (use of 200m3 of contaminated soil) poses a potential
radiation risk at the level of effective dose cca 0.21 mSv.y-1 per lBq ^'Cs.g'1 of soil. The
corresponding dose related factor is thus equal to 4,8 Bq 137Cs.g'7mSv.y-l.

4. Acceptance criteria for

137

Cs soil contamination

Acceptance criteria and limits (AL) were derived according to the dose factors, in
Tab.2 (50 m3 and 200 m3 of soil use), and described principles. Assuming 25 cm thick and
2.5m wide strip of contaminated top soil layer on the banks, the AL for 137Cs in soil and
the minimum size of continuosly contaminated bank areas were derived as follows:
a. for cleanup by soil removing on steep banks (or from cultivated flat area) and,
for remediation by clean soil cover (15 cm) on flat uncultivated area (river terraces):
= 6.0 Bq/g for 800 m2of area or 300 m of length
= 8.0 Bq/g for 200 m2 of area or 80 m of length
= 10 Bq/g for 4 m2 of area or 10 m of length
(AL25 = 25 Bq/g for isolated spots on the canal banks (cca lm 2 ));
b. for cleanup by soil removing on flat uncultivated areas:
the two-fold values of AL-s and the same area sizes according to item a.)
c. for warning sign application on the banks:
= 4 Bq/g for 2500 m2 of area or 1 km of bank.
According to the criteria developed, it is necessary to subject to restoration about
11,000 m2 of contaminated area on theDudvah River banks and 8,000 m2on the Manivier
canal banks (Tab.l). On the Dudvah River, most of the area is in the engineered section
DR3 where clean soil cover on 9500 m2 of contaminated flat terracas is sufficient to be
applied in accordance with the accepted principles. On the canal banks only the spots of
contamination were proposed to be removed. Thus, the resulting volume of soil to be
removed and safely disposed is about 1,100 m3. The only acceptable place for the storage
facility with regard to the public opinion expressed by the mayors of villages is the site
of the Bohunice Plant. The contaminated soil have to be buried in a subsurface isolated
disposal facility.
On Dudvah River, due to the strongly non-uniform surface activity distribution, it
is sufficient to apply the cleanup criterion ALJ0= 8 Bq/g only (Tab.l). The proper
residual activities will automatically comply the more severe limit A L ^ for some larger
areas. This cleanup criterion seems to be favourable also from the point of view of
volume distribution of the soil to be removed depending on the applied 137Cs cleanup
limit AL, as it can be seen on Fig.2. Volume distribution of 137Cs activities on the partial
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bank sections is also shown on Fig.3.

5. Conclusions
In the subjected field, clear legislation is not yet available in the Slovak Republic.
To re-consider planning for restoration of the contaminated banks near Bohunice NPP,
new principles for contaminated bank evaluation were developed and approved by the
competent authorities.
The ICRP dose limitation system for recovery of contaminated site and the limit
value of imSv/y was used as a basis for these purposes. Site specific cleanup and
contamination acceptance criteria were developed as l37Cs activity concentration 8.0
or 6.0 Bq/g in soil occurs, depending on the size of contaminated area, on the basis of
authorised radiation risk scenarios for potential use of the contaminated soil around a
resident's house.
The re-evaluated extent of the banks restoration should include removing and safe
burial of about 1,100 m3 of contaminated soil from and covering by clean 15 cm soil layer
on about 10,000 m2 along the banks.
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Fig.1.a. Scheme of the water system taking out the waste
water from the Bohunice NPP to the Vah River
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Fig.2 Soil to be removed from overall
contaminated banks depending on AL
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Tab.l

Contaminated areas and
Bohunice NPP

Con tarn,
section

137

Cs activity concentrations on the affected banks near

S,> 1

As

S,> 8

As

A-resid

[m2]

[Bq/g]

[m2]

[Bq/g]

[Bq/g]

Kl
K2
K3

10000
5730
9725

6.7
16.2
2

2000
5730
0

9.5
16.2

4.9
3.3
2

strip, l-1.5m
strip, 0-2.5 m
(near village)

Dl
D2
D3
Dpo

1200
1500
3725
1500

1.8
3.5
4.7
2

0.0
0.0
1400.0
0.0

0.0
0.0
8.4
0.0

1.8
3.5
2.5
2.0

(land field)

DRl
DR2
DR3

5940
6050
10500

1.9
3.2
9.6

0.0
0.0
9450.0

0.0
0.0
10.2

1.9
3.2
0.9

soil covering

VPK1
VK35
VK6

4760
2530
4260

2.1
2.8
1.8

8.7
9.2

2.1
2.8
1.8

SUM

67420

0.0

2.5

10.0
25.0
0
18615.0

Note

S< min area
S< min area

S,>1,>8 - area with activity cone. >1,>8 Bq/g

Tab.2 Dose factors (DF) related to 1 Bq/g of
selected criterial scenarios
SCENARIO

To
[y]

STAY ON
BANKS

0

STAY ON
CONT.FIELD

0

USE OF SOIL
50 m3

5
0

USE OF SOIL
200 m3

10
0

geom.f

texp
[h/y]

300x1.4
g=0.54

DF
[mSv/y]

0.4

0.035

DIL(1,TO)
[Bq/g]
28.6

milk+meat
1

0.078
12.8

veg.+potato
1950

g=0.39
2000
g=0.67

Cs in soil and DILs for

INGESTION
[REL.UNIT]

500
g=0.67

137

1.2
ve+po+mi+me
1.2
ve+po+mi+me

8
0.14

7.1
6

0.21

4.8

Rel. unit of ingestion = 0.04 mSv/y
(potato 110 kg + root veg. 55kg + leaves veg. 55kg)
g = (used dose rate/Bq.g'"):(0.118 microSv.h'/Bq.g'1) (geom. f. against a half-indefinite source)
ve - vegetable, po - potato, mi - milk, me - meat
DIL( 1,TO) = (l/DF).exp(lambda.T0), where T o is time from which the scenario likelyhood is
considered as non-zero
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Analysis of the Network Protection Devices Action
Connected with the Krsko NPP Operation Safety
Pavel Omahen
Elektroinstitut "Milan Vidmar", Ljubljana, Hajdrihova 2, Slovenia
Silvo Struc
Elektro-Slovenija, p.o., Ljubljana, Hajdrihova 2, Slovenia

ABSTRACT. The example of failure that took place in Zagreb on 30 March, 1995,
has been investigated in order to obtain appropriate answers to the unexpected
electric power system (EPS) response and consecutive outage of the Krsko nuclear
power plant (NPP).
The analysis has been made of particular operating and stability conditions,
related to the functioning of distance relays line protection. Using a consequent
simulation model of the EPS (European interconnection) under specified fault
condition, the research of EPS operation (relays action) and stability has been
done. The appropriate simulation results have been compared to the available
measured data which had been collected by the SOREL on-line data acquisition
system. In the end, a precise proposal for measures to be taken with the target of
achieving the foreseen and expected operation of the EPS equipment that effects
operation of the Krsko NPP is given.

1. Introduction
The Krsko nuclear power plant (NPP) is connected with the 400-kV
transmission network of the electric power systems (EPSs) of Slovenia and
Croatia. NPP is sited at the very boundary of the two systems. At the same
time, the double 400-kV connection 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 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.
Updated Safety Analysis Report (USAR) [1] of the Krsko NPP foresees, too,
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. Analysis of
our experience with interaction of the Krsko NPP and external EPS operation
show certain facts that sometimes differ from expectations.
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Upon the failure that took place in Zagreb
on 30 March, 1995, an
interesting operating event has occurred. Fig. 1 shows the pre-fault steady state
one line diagram of EPS around Krsko NPP as well as the described
connection of Kr§ko NPP with the EPS via three 400-kV lines.

Koinachtol

Elektroinstitut "Milan Vidmar"
DINSIS Simulation Package

Pre-fault steadystate diagram
57.6
-6.3

Podlog

Melino

Fig. 1: Part of the interconnected EPS around Krsko NPP shown as one line
diagram in pre-fault steady state

2. Philosophy of network protection scheme by distance relays
A typical three-zone and directional distance protection relays scheme is
applied in the Slovenian and Croatian EPSs as lines/network protection system.
At the beginning of each line its voltage and line current signals are required,
from which an apparent operating impedance Z s Z0 s forward the relaying point
can be calculated as the fault distance indicator. Consequently, each impedance
zone has a fixed time-delay Tj associated with it by the following expression:
TIId
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Selective elimination of network faults can be obtained using the
described protection scheme, which isolate a faulted network part, by consequent
line(s) opening.
A simplified network diagram from Maribor via Krsko to Zagreb is
shown in Fig. 2, considering the fault location on the end of the Krsko-Zagreb
line, which is already disconnected at Zagreb. Three-zone impedance distances
are marked in Fig. 2 for the Maribor and Krsko relays location towards the
Zagreb direction with fault location.

l fault

\

Maribor

KrSko

Moribor-Krsko reloy: Zone I

.

Moribor-Krsko reloy: Zone II
Moribor-Krsko reloy: Zone III
Krsko-Zogreb reloy: Zone I
Krsko-Zogreb reloy: Zone II

Fig. 2: Distances of the Maribor and Krsko relays three-zone
towards the Zagreb (fault location)

impedances

Protection scheme in Fig. 2 is designed so, that the Zagreb fault location
should be detected (after Zagreb switch opening by zone I acting) by the Krsko
distance protection relay in zone II, and the Maribor distance protection relay
in zone III. In accordance with zones time-delay (1), the Zagreb location fault
should be finally cleared by the Krsko relay acting in zone II and thus
disconnecting the faulted Krsko-Zagreb line completely from the network. In
accordance with the selective protection scheme, the Maribor-Krsko line should
remain closed to make uninterrupted operation of the Krsko NPP possible.

3. Description of the 30 March event
The following time (/) sequence of events occurred in the Slovenian EPS
in the steady state in accordance with Fig. 1 after the two successive faults
appearance at Zagreb node:
/=0 ms

396

2-phase short-circuit to ground (3Pg-SC) appears on beginning
of the Zagreb-Melina 400-kV line at the Zagreb node (first
fault).
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t=90 ms
t=650 ms
t=850 ms
t=92Q ms
t=1290 ms
f>1300 ms

Zagreb bus protection activates disconnection of all lines and
transformers, connected to the Zagreb node.
Second fault begins as a single-phase short circuit (1P-SC) on
the end of the Krsko-Zagreb2 line at Zagreb (Fig. 2).
Second fault transition from a single-phase to a two-phase
short circuit (2P-SC) at the same location in Zagreb.
Second fault transition from a two-phase to the three-phase
short circuit (3P-SC) at the same location in Zagreb.
Maribor-Krsko line opening by unexpected distance relay,
located at Maribor, action in zone II.
Faulted line Krsko-Zagreb final disconnection at Krsko by
Krsko located distance protection relay, activated in zone II.
The Krsko NPP outage by turbine over-speed protection action
on the 21-kV generator load-breaker.

It is clear from the above event description, that the distance relay
action, located at Maribor, has overtaken the expected action of the relay,
located at Krsko (see protection scheme in Fig. 2), causing thus an unselective
lines outage and making the Krsko NPP power production shortage. The
question appears, why the distance relay, located at Maribor, acts in accordance
with zone II time delay instead of expected detection of the fault in the
slowest zone III?

4. Generator effect on line operating impedance
The answer to the above question should be found by the line operating
impedance determination, as it is detected by the corresponding distance relay.
The adequate network nodal model of the faulted scheme from Fig. 2 is shown
on Fig. 3. Krsko NPP generation is represented by current source /# injected at
the bus K and with the machine nodal admittance yg (part of the nodal
admittance

Fig. 3:

Nodal type model representation of the network from Maribor (bus M)
to Zagreb (bus Z) during 3-phase short circuit in Zagreb

Distance relay, located at Maribor (bus M), is measuring the operating
impedance ZM in line Maribor-Krsko to the direction of Zagreb (bus Z), where
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three-phase fault appears. Distance relay, located at Kr§ko (bus K), is
measuring the operating impedance Z& in faulted line Krsko-Zagreb at the
same time. In accordance with the Fig. 3. labelling the operating impedance at
Kr§ko location towards faulted line to Zagreb can be expressed as
xr

i

(2)
which is equal to the constant line impedance from bus K to the fault location
at the bus Z. On the other hand, the operating impedance at M bus towards
Z bus is
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It is clear from (3) that impedance ZM besides constant line impedance
part contains also time dependent state variables, caused by fault effect on
generation source, i.e. Ij^t), VK(0> yg(0- In the case of a big machine strongly
affected by a fault, an operating impedance change can be detected by a
distance protection relay. In the case of a large interconnected EPS, the best
way to access time dependent variables is by using the computer simulation
approach.

5.

Simulation analysis

A lot of simulation runs have been done by use of the transient-mid
term simulation program DINSIS, described in [3] and, complete Slovenian and
Croatian EPSs, together with neighbouring EPSs of the UCPTE interconnection
is used as a model, containing 52 generating plants, 275 buses and 448 high
voltage lines/transformers.
Unsymmetrical faults are represented by their symmetrical equivalent fault
impedance and results are obtained in the symmetrical form only. However, the
final simulated system trajectory results on that way, ending in symmetrical 3phase short circuit (3P-SC) and lines switching very closely to the real time
measurements (see next chapter).
The example of simulated results for the faults sequence case as
described in Chapter 3, applied on the pre-fault steady state as partly shown in
Fig. 1, are presented in Fig. 4. The Krsko NPP generation output time plot of
active power, reactive power and, generator current on 813 MVA/22.350 A base
are shown per unit in Fig. 4, together with the Kr§kd 400-kV node voltage in
kV and the Kr§ko machine frequency in Hz. Important fact visible in Fig. 4 is
the generator current increase and the Krsko node voltage decrease during 3PSC fault duration period (impedance decrease).
Operating impedance trajectory plot during faults sequence as it could be
seen by distance relay located on the Maribor-Krsko line at the Maribor node
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System Analysis During 30 March Zagreb Bus Faults Sequence
v. ^ v. -v. \

KrSko NPP. Electrical Output During Faults Sequence

\ ^ \ ^ <
a. >

DINSIS Simulation Program

0.7
0.0

1.4

400-kV Krsko node voltoge / k V /

J/b / k V /

-0.7

0.7

1.4

2.40

0.0
1

0.80

in" 2

-0.7

1.60

3.20

o

Krsko NPP generator frequency /Hz/

8

2Pg-SC

All lines disconn. in Zogreb

1P-SC 2P-SC

3P-SC

Moribor-Krsko o'utooe

t

0.25

0.50
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t/s/

1.00

1.25
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Fig. 4: Time plot of the Krsko NPP electrical quantities during Zagreb
sequence of events on March 30, 1995, obtained by simulation
Relay on the MARIBOR-KRSKO line ot the MARIB0R bus
Xv = 24.50
01 = 20.83

Ro =-999.99
02 = 29.40

03 = 55.00

Xo =-547.71
X/R=

1.00

Operational impedance on Maribor -Krsko ot Moribbr
Oistonce relay characteristics

Fig. 5: Characteristics of distance relay located on the Maribor-Krsko line at
the Maribor node and the corresponding impedance trajectory plot
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is shown in Fig. 5 together with the corresponding distance relay bordering
characteristics. Fig. 5 clearly shows that the impedance trajectory, at the
moment of the 3P-SC fault beginning in consistency with the relay impedance
zone settings philosophy, lies in the zone III. Because of the 3P-SC duration
and corresponding Krsko NPP generator acting the impedance trajectory is
transferred to zone II causing unexpected fast relay activation and unselected
opening of the Maribor-Krsko line instead of the faulted Krsko-Zagreb line.

6. SOREL measurements and simulation results comparison
In order to evaluate the simulation results and corresponding analysis, the
simulation results should be compared to some measured data obtained on the
real EPS. The SOREL system compact disturbance recorders [5] are installed in
Slovenian EPS and their data are used for simulation results comparison.
Absolute values impedance plot of the line Maribor-Krsko operating
impedance at the Maribor node is shown in Fig. 6. Plotted curves are obtained
by SOREL system collected data and by the DINSIS simulation program. From
the three phase SOREL measurements of line voltages and currents, the
average values of the line operating impedance are calculated in order to be
compared to the symmetrically oriented simulation program results.
S y s t e m Response During 30 March Zagreb Bus F a u l t s S e q u e n c e
SOREL Measurements and Simulation Results Comparison

Operation impedance Irom SOREL system

Operation impedance from simulation / T V

OJ

0.00

Fig. 6:

400

0.22

1.32

Simulation results versus SOREL on-line measurements comparison of
the impedance plot at the Maribor node towards the Krsko node
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The above curves in Fig. 6 are very close to each other during fault-on
periods and increased differences are noticed during no-fault period. This fact
could be explained with the less accuracy of the SOREL system during low
currents period (no-fault) because this system is arranged mainly for the faulton measurements. However, the final 3P-SC period curves are practically the
same and the trouble making impedance drop is detected by the SOREL
system, too.

7. Conclusion
Some preventive measures should be taken into account to prevent the
Krsko NPP unnecessary outage due to the similar network faults. Improvement
of the network operation reliability is an important secondary component of the
final nuclear safety of the NPP.
Additional selectivity introduction of the distance protection system is
proposed in the case of the Krsko NPP connection with the Slovenian and
Croatian network. Additional selectivity can be obtained by setting the Krsko
node located distance protection relays time delays of zone II/zone III to the
lower values than Maribor and Zagreb located distance relays zone II/zone III
time delays. The time delays of zone II and zone III of the Krsko located
distance relays should be around 100 ms lower from the time delay of relays,
located on the opposite side of the lines.
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1

Introduction

A new Leakage Monitoring and Location System with high sensitivity was
developed and tested by Siemens during the last years. Now this system has been
installed in a Nuclear Power Plant. The experiences gained during the qualification
tests and the first months of operation can be reported.
2

Basic Principle

The water or vapor flowing out from a leak in a pressurized component leads
to an increase in humidity in the adjacent area and the compartment room
respectively. Obvious the effect is the strongest very close to the leak itself,
particularly inside any insulation surrounding the component, FLOS is able to measure
this increase of local humidity by a temperature- and radiation-resistant sensor tube
running inside the insulation, preferable directly mounted along the pipe's outer
surface.
Initially dry air is injected into the tube. Moisture emanating from a leak diffuses
through porous (0,5 n) sintered metal elements placed at selected interval (0,3 to 1
m) along the sensor tube. The air of the tube is pumped in fixed time intervals, the
measuring cycle, through one central moisture detector which measures the absolute
humidity level, the dew point as a function of time. By recording the time difference
between starting pumping and recording a humidity peak the position of the leak
along the sensor tube can be deduced by using the known air velocity inside the tube
(see fig. 1).
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FLUS - Moisture and leak monitoring system
using a sensor tube
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FLUS ( Moisture Leak Detection System)
For calibration, a fixed amount of vapour - as a test gas - is injected directly
into the sensor tube for each measuring cycle. It moves through the tube's complete
length L resulting in an end peak measured by FLOS and indicating the length L by
its time of arrival 1. On one side the amplitude and the arrival time of the test gas
peak is checked to be within given ranges; any deviation is leading to an alarm
indicating a system's fault. On the other side the arrival time of the peak is precisely
measured and the plot of dewpoint % vs position x along the tube is more precisely
calculated such that the test peak is exactly transformed to the total length L. The
system is controlled by a PC (see section 3).
3

Measuring System

3.1 Hardware
The sensor tube consists of a flexible metal tube (inner diameter of 6 mm)
including cylinders in equidistant intervals, in which small disks of Ni-sintermetall are
welded. The tube is fabricated in sections (typically 3 m) and connected by standard
couplings to final lengths of totally 150 m. At the ends or between the sensor tube
sections non-sensitive tubes-standard stainless steel tubes of a diameter similar to
the sensor-tube - can be included by the same coupling device according to the
individual demand of the project. They are aiming to combine several monitoring
areas at different positions to one measuring loop whereas the beginning and end of
this loop is at the place of the central FLOS measuring station. According to its
flexibility the sensor tube can be easily laid to the structure. The same is true for the
non-sensitive tube which can be bent during mounting.
1

The same basic principle (LEOS system) has been successfully to monitor leaks from buried
pipelines in the petrochemical industries since 1978 with high sensitivity (< 11/h).
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the FLUS measuring station is normally set in an accessible room of the
containment. ltfcan;wbrkwith-'up"'to*8 measuring loops. This means that up to 1,2 km
sensor tube can be monitored with one system.
;•

FLOS/PC - System
central computer unit

PC

o
<8> system alarm
<S> leak alarm

Fig. 2
!

Pt:C(S (Moisture Leak Detection System )

.

, mj

^measupng system (fig, 2) built jn.a.mpdular technique has an analog and;
digital part,:The analog part consists of
• a ciryer fflp_^y|i%king;airfrom the compartment room, drying and pressing the air
into the tuBe,
,
• a calibration modul injecting for a short time a defined amount of vapour in the
tube,
• a sensor and control modul measuring the dewpoint and other parameters' Such
as the mass flow, the pressure and the temperature at several positions and K
• a valve,mQ^uJenabJinqi to switch the measyrlng cycle to several measuring loops.
The digital partis majhly
' . ! ' ' , ' • ~ •<
•
• a PC-interface card tp control,the analog components (the valves, the calibration
and dryer r ^P^M!^ r ; ,s ;
•,
>
• the A/D-converter to digitize the measuring parameters such as dewpoint etc.
• a PC including floppy and main disk for data storage and human interfaces
• potential-free alarm lines for the status •„leak alarm" and ,,system alarm"
• a modem^or kAN-interfacefor the communication to a central FLOS computer
outside the control area!
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3.2 Software
The key element of the PC is the FLUS-software using a modern man-machine
interface design (MS-DOS, MS-WINDOWS, graphical menue according to
SAA/CUA standards). Normally the system works in an automatic mode which needs
no adjustments. This is true for a re-start condition after power fail, too. Between the
measurements or in the commissioning stage various parameters can be changed
and off-line analysis be made for instances in case of a leak indication.
For each periodic measurement the digitized values of the dew point, the mass
flow and the other measuring parameters (pressure, temperarure) are stored and
checked with respect to its consistency. Furtheron it will be determined whether the
dew point signal crosses the absolute and relative alarm level. The later is changing
with position along the tube and needs an exact transformation from the time to the
distance domain taken from the reference curve multiplied by an adjustable factor,
the relative alarm factor. In case of threshold crossings an alarm protocoll will be
printed which has all necessary information on the time, position and intensity of a
leak. A specified alarm diagram is printed if needed.
In case of an alarm the alarm signal is set (potential free relay contact) and the
alarm protocols are plotted by the printer of FLOS.
4

Field Experiences

4.1 One Year Use in a WER Power Plant
A FLOS system (without PC-technique) was installed in a WER 440 in order to
get the first plant experiences and sensitivity levels of leaks. The sensor tube was
fixed on top of the main coolant pipe at one loop of the primary circuit. The pipe was
covered by conventional insolation (fibre glass material and metall case).
Background measurements were supplemented by leak simulation tests during
plant operation. Small quantities of water (0,1 to 2 I) were inserted through the tube
into the insulation resulting in an evaporation at this position. The change of the
FLOS diagrams was evaluated as a function of time.
The conclusion was that
• FLOS is a very sensitive method to detect leaks less than 0,1 l/h respectively.The
more water is escaping into the insulation the higher is the FLUS indication Ax.
• the measured response time for detecting a leak less than 30 min.
After one year of operation the sensitive FLOS tube was partly taken out of the
plant and investigated. There was no physical change (or defect) to be seen.
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4.2 Qualification tests in a German Power Plant
• The new FLUS system controlled by a PC has been qualified for a German
pressurized water reactor plant to detect possible leaks in the closure head. A
mock-up was used to study the effects of leakage into the insulation at the
reheater vessel.

FLOS - Dew point ( TauP ) as a function of location
(leak simulation by a quantity of 0.9 kg / h )
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FLOS ( Moisture Leak Detection System)
Fig. 3
The results of this study confirm or surpass the results described above. Fig. 3
is a typical one-channel plot of the dewpoint showing the reference measurement
(blue curve) without a leak and a leak simulation test (red curve). In both cases
there is
• the FLUS indication of the sensitive portion of the measuring loop at x = 43 to 48
m and
• the test peak at x= 93 m to be seen.
In order to understand this curves it has to be considered that the FLUSdetector reacts instantly to an incoming cloud of vapour during transportation of the
measuring air resulting in a steep increase of the curve at the FLUS-indication and
the test peak, but it has its own sensor characteristics concerning (smooth) signal
decay, if the cloud of vapour has passed. Some time after having detected the test
peak the vapour concentration and indication is dropped to a constant level which
corresponds to the dry level of the injecting fresh air. Then the measuring cycle is
closed.
SIEMENS AG • Power Generation Group (KWU)
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With respect to leak detection the conclusion of the study was:
• The indication clearly increases in case of a leak according to the strong increase
of vapour inside the insulation (increase of the dewpoint x from around 2 °C to
100 °C) reaching FLOS levels of +10 °C.
• Considering normal fluctuations of the humidity level in the room (x = -5 to +5 °C)
and the resulting change in the FLOS background level it can be concluded that a
leakage rate of 0,05 l/h is reliable detected. Measurable effects are already
noticeable at 0,01 l/h.
• There is a clear correlation between leakage rate and the increase of dewpoint
(Fig. 4). The leakage rate is quantifiable if the FLOS indication is calibrated for
the respective insulation as this was done in the study.
• The response time of FLOS for a leak indication was as short as 15 min.
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FLOS ( Moisture Leak Detection System )

With respect to location capabilities the position of FLOS indications were
compared to the measured position along the measuring loop. The location
accuracy was found to be less than 1 m, i.e. < 1 % of the total length.
To monitor the RPV closure head, one sensor tube section was placed inside
the insulation and another outside it in the compartment room above the closure
head around 10 m apart. Altogether a measuring loop of around 100 m was formed
using non-sensitive stainless steel tubes between the sensor tubes sections. The
beginning and end of the loop leads to the FLOS system standing in an accesssible
room inside the containment.
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Meantime the FLUS system has been successfully installed in a power plant
and leak simulation tests on its sensitivity were made during operation of the plant at
the closure head of the RPV.
5

Summary
FLOS proved to fulfill all necessary tasks of a sensitive and effective leak
monitoring system. It can be summarized as follows:
• High reliable detection using a self-control method by test gas injection for each
measurement, avoiding false alarms. Leak detection is independent of plant
operation as it uses the general effect of indicating the escaping water or vapour.
• Application for high temperatures and high radiation levels. There are no
electronic moduls necessarry on site, but only metallic materials of a long life
time.
• High sensitivity of 0,1 to 1 l/h leak rate.
• Location capability of better than 1 m; resolution of two leaks at the same time in
a distance along the tube of 4 m.
• Response time of 15 min.
e
• Quantification of the leak rate.
<
• Combined leak monitoring by one system for 8 measuring loops. This leads to a
maximum monitoring area of 1,2 km sensor tube and pipe length respectively.
• Combination of local leak monitoring at components with a global monitoring of
compartment rooms by installing many ...humidity measuring positions" (number
>50). Each of these positions can be connected to one measuring loop.
Especially the last two items help the system to have a strategic advantage
against other solutions as only one system is necessary for almost any monitoring
area in the primary and secundary circuit of a plant.
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The Application of NISA II FEM Package in
Seismic Qualification of Small Class IE Electric Motors
Tomislav Fancev, Ivka Saban, Davor Grgic
Faculty of Electrical Engineering and Computing
Zagreb, Croatia

Abstract
According to the IEEE standards 323/1974 and 344/1975, [1] and [2], seismic
qualification of class IE equipment is appropriate combination of test and analysis
methods. Complex equipment and assemblies are usually tested through seismic
testing. The analysis is recommended for simple equipment that can be easily modeled
to correctly predict its response. This article deals with the application of NISA II
FEM package in 3D FE modeling and mode shape calculations of small power low
voltage electric motors.

Introduction
IEEE has developed Std. 344-1975 for seismic qualification of class IE
equipment for nuclear power generating stations, as the supplement of IEEE Std.3231974. Both standards cover basic requirements and procedures (recommended
practices) for seismic qualification of class IE electric equipment. As one can see, [1]
and [2], seismic qualification of class IE equipment is appropriate combination of test
and analysis methods. It should demonstrate that the structural integrity of the
equipment is maintained during the appropriate number of Operating Basis
Earthquakes (OBE). Additionally, the equipment's ability to perform the required
Class IE function must not fail during and after the time it is subjected to the forces
resulting from Safe Shutdown Earthquake (SSE). The analysis method is
recommended for simple equipment that can be easily modeled to correctly predict its
response. If structural integrity alone can assure the design-intended equipment
function, analysis without testing may be acceptable. Testing is proposed for complex
equipment and assemblies that can't be analyzed relatively simple, or can't be
adequately analyzed at all (that is a majority of all cases).
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The Design of
Motors

L-shaped Motor Carrier and Seismic Tests of Small Electric

As a part of long-term project dealing with the IE qualification of small electric
motors, finite element method (FEM) application possibilities have been analyzed.
NISA II / Display III general purpose FEM program package has been used as a
support of analysis, [3]. FE method has been successfully used as a tool for the design
of rigid mechanical L-shaped motor carrier for connecting the small low-voltage
electric motor to the vertically vibrated surface of the vibration shaker table. As fig. 1
shows, 30 millimeters thick L-shaped mechanical construction (410 x 300 x 330 mm,
steel) keeps the first resonant frequency above 300 Hz, so it can be used as motor
carrier in seismic tests.

548.6

Hz

Sxx

Syy

Figure 1. The first two resonant frequencies, mode shapes and modal Sxx and Syy
stresses of L-shaped electric motor carrier (253 3D-finite elements).
Seismic tests usually contain visual examinations and insulation resistance checks,
voltage, current, temperature and speed measurements, exploratory vibration
resonance (natural - fundamental frequency) tests (search), and "OBE" and "SSE"
seismic excitation tests.
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Seismic tests of small electric motors were prepared for low-voltage 1.2 kW
motor. For this motor only an exploratory monoaxial resonance search was conducted
to determine the dynamic characteristics of the motor. Vibration test was performed
by the application of sinusoidal input motion with maximum acceleration of l.Og and
with the frequency sweeping from 5 to 300 Hz at a rate of 2 octaves/min. No
resonance was found in this frequency interval..

3D Modeling and Mode Shape Calculations
NISA II / Display III program was used for 3D finite elements modeling of all
motor parts, fig. 2: 1728 linear (8-nodes) 3D-solid elements (264 elements for the
shaft, 1128 elements for the casing and the front and back lid, 144 elements for rotor
coil and 192 elements for stator coil) and 6 3-D general spring elements (for two
bearings) was defined (created), mainly with the rotation of 2D plane elements (from
the meridional z-r plane) around the (z) axis of rotation.

Meridional plane
Back lid

Motor shaft

Rotational symetry axis

Rotor winding

Figure 2. 3D Modeling of small low voltage electric motor

The calculation of resonant frequencies and structural mode shapes of the motor,
with NISA II / Linear dynamic program, shows no resonant frequencies of the casing,
coils and shaft below 330 Hz. The results of mode shape calculations (performed
FEM analysis, fig. 3) indicate that this small commercial grade motor is built with an
inherently rugged design. It has the high resonant frequencies whose values have to be
proved by high-frequency testing. It has to be mentioned that adequate 3D bearing
modeling (with 3D-spring finite elements, or with a group of adequately connected
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and shaped numerous 3D elements) is still under development. Vibration resonant
frequency tests, together with OBE and SSE seismic tests can be used in verification
of our calculations.
The results of FEM calculations presented on the figure 3 at left show typical "S"
bending of front and back lid that happens at 332.4 Hz, double "S" bending of front
lid at 1135 Hz, bending of lids caused by bending of the shaft at 1002 Hz, the torsion
of the casing at 1241 Hz. The results at the right side show four rotor's (shaft +
coils) bending modes at 1054, 3067, 8262 and 10710 Hz. At 5394 Hz the front part
of the rotor bends over front bearing. At 6484 and 8753 Hz there are two rotor's
torsion modes, and at 9890 Hz rotor's radial and axial stretching mode.

Figure 3. a) The first four mode shapes of the casing: 332/1002/1135/1241 Hz.
b) The first eight mode shapes of the rotor: 1054/3067/5394/6484,/8262
/8753/9890/10710Hz.
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Conclusions
The 3D finite element modeling of a small electric motor has been performed. It
shows that all rotational symmetrical parts of the motor (casing, coils, shaft) can be
easily modeled by the rotation of 2D elements (from the meridional plane of a motor)
into 3D space. Calculated frequencies and mode shapes of the casing and shaft seem
realistic, with the exception of missing mode shapes that are caused by the (dynamic)
behavior of bearings. Further investigations are needed (both theoretical-3D modeling
and practical-testing), and the results will be analyzed, reported and discussed.
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Qualification of in-core
measurement signals in frame
of core-surveillance system
TOPRE at NPP J.Bohunice .
Tomas
P O L A K
Nuclear Power Plants Research Institute
V tf J E, Trnava,
Slovakia
A b s t r a c t
The TOPRE system uses core exit thermocouples (T/C) and self
powered neutron detector
(SPND) strings together with
connecting cable ( background ) extensively for continuous
3D - power distribution monitoring. T/C & SPND reliability,
repeatability and accuracy have been very satisfactory.
However it
is important to
detect any T/C
& SPND
malfunctions during operation, since a signal change caused
by an undetected malfunction can lead to serious errors in
the
power-distribution developed
by TOPRE.
Some new
procedures have been developed which are capable to qualify
T/C & SPND signals based on time behaviour of signal
collection divided to some
groups. Time behaviour is
periodically
archived
from
TOPRE
database to TOPRE
periodical archive during nonstationary operation processes
( start-up,
rod
movement,
shutdown,...)•
Graphical
representation of each fresh SPND connecting cable current
( background
) time
dependence shows temporary signal
malfunction, which disappears after cca 50 effective days.
Correlation between time dependence of given SPND signal and
mean signal of arbitrary choosen signal collection during
nonstationary operation process is also good measure of
qualification.
From archived
signals a
database for
validation of in-core measurement signals is created.
1.

Description of core surveillance system TOPRE.

TOPRE/PC
[1,2]
is a modernized
core surveillance,
monitoring, analysis, and prediction tool for understanding
and planning core operation. It supports control room
operators and reactor engineers in the complicated task of
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keeping strict safety limits and optimal operation of NPP.
TOPRE/PC
reconstructs
three-dimensional
core
power
distributions on-line, using in-core measurements, some
reconstruction methodes and advanced
core model - 3D
simulator MOBY-DICK. This core model is always in agreement
with actual operation, because it is continuosly updated
with some input data obtained from plant instrumentation
measurements. TOPRE/PC operates under QNX operating system
network on PC/AT 486 . Data storage, data consistency
protection and task synchronization is performed by means of
special database handling system RPhDB. This database system
has following special features:
- using of classical FORTRAN-type COMMON structures
- possibility of multiple ( memory resident and disc resident)
COMMON definitions
- local and global consistency protection and synchronization
- reaching of variables according to their name ( possibility
of writing programs independent from variable names )
Task TRENDJMANAGER(TRD), which is in direct contact with
database,
performs periodical
archivation of measured
signals and all parameters built in database RPhDB ( or
suitable selected data-collections ) with arbitrary period.
RPhDB
and
Trend__manager
enables
long-time dynamical
surveillance of in-core signals time dependence also in
nonstationary operation processes ( start-up, rod movement,
shutdown,... ).
2. Testing of reliability of T/C and SPND signals.
Test of reliability is performed in more steps. First by
simple floating window limits exceeding technic ( with
individual boundary for every type of in-core signal),
second by measure of signal noise ( time dispersion of every
in-core signal from cca 20 measurements cycles ). The next
steps are based on physical criterions.
The "T/C_WILD" criterion for T/C operates in three steps [3]:
1. ascertaining potentially erroneous detectors ("PED")
( high asymmery, high deviation of reconstructed value
from measured value )
2. examinig the
impact of
PEDs through comparative
statistics ( comparing choice with and without PED )
3. establishing a detector rejection criterion based on a
linear combination of the comparative statistics
( weighted sum of more statistical parameters )
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The "AXI_WILD" criterion for SPND operates in two steps [4]:
1. Simple reconstruction of raw SPND signal distribution on
7
axial levels based on approximate similarity of
axial distributions in channels belonging to the same
group. The 36 instrumented fuel assemblies are sorted to
several ( 2-3 ) groups, according to physical attributes
( SPND distance from control rods, fuel burnup, SPND
burnup,... ) . Criterion is based on statistical STUDENT
test.
2. Simple reconstuction of axial power distribution on 20
axial
levels. Using
of cubic
splines the
axial
distribution,integral of which along each SPND is equal
to signal value ( the signals are generated from neutron
radiation along the whole detector length ) is sought
for. Required solution can be obtained by outer and inner
iterations. The test of reliability is based on the
approximate similarity of axial power distribution in
assemblies belonging to the same group.
When in-core signal become unreliable, the value of his
reliability flag changes and is automatically archived to
transiental archive.
3. Fresh background signal malfunction.
Time dependence of SPND stainless steel connecting cable
current ( background
) signal during 10-th cycle of 4-th
unit NPP J.Bohunice is graphically represented on fig. No.
1,2. Signals have practically constant value, all the fresh
cables show temporary malfunction ( strings number 2,3,4,5,
25,27,28 ) , which disappears after cca 50 effective days.
During
malfunction the
unreliable absolute
value of
background signal is approximately 2 - 3
times higher then
real background value . The unknown impurity burned up after
cca 50 effective days, and background signal reached normal
value. The normal background value is not correlated with
integral assembly power. This fact proves, that connecting
cables of single strings are not equally thick. Background
signal uncertainty is responsible
for only 1-2 % of
uncertainty of fresh SPND current. This value increased for
deeply depleted emitter.
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4. SPND signal malfunction.
Time dependence of SPND signals in 29.-th string during
start-up of cycle 10 unit 4 NPP J.Bounice is graphically
represented on fig. No. 3. SPND placed on the first axial
level in 29.-th string shows malfunction, because his time
dependence is not correlated with time dependence of another
6 values. SPND signals on the same axial level show similar
time dependence ( correlation ) , but it is better to divide
strings to some groups - after distance of string from
inserted regulations assembly. We introduced 3 groups of
strings: central, peripheral and neighbours of inserted
regulations assemblies. Quantitative measure of correlation
is Pearsons correlations
coefficient ( coefficient of
determination ) , applied to time dependence of given SPND
signal I c l (t) (channel c, axial level 1) and average SPND
signal value in competent group T - G I ^ ) ' b o t n with normal
distribution:
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cl - standard deviation of given SPND
standard deviation of competent group
nG1
number of measurements during nonstationary
operation
average value of given SPND signal •
average value of SPND signal in competent
SPND string group on axial level 1

Correlation
coefficient axial distributions in SPND
strings number 1,2,29 are graphically represented on fig.
No. 4. Correlation coefficient in 29/1 SPND acquired very
small (negative) value, while another SPND reached values
cca 0.4 - 0.8. Correlation coefficient axial distribution in
SPND groups ( peripheral, central and neighbours of inserted
regulations assemblies ) is graphically represented on fig.
No. 5.
It means, that correlation coefficient method is very
efficient for validation of SPND signals.
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5. Influence of control assembly position.
To determine the influence of control assembly position
on change of average SPND signal value in string and on
change of axial distribution of SPND signals, the flow rate
change in active core was utilized. The reactor power was
unchanged, but the flow rate was decreased to half value
( 3 reactor coolant pumps
stopped
). The regulations
assembly position was changed from 163 [cm] to 238 [cm]. All
in-core detectors were divided into 3 groups - peripheral,
central and neighbours of inserted regulations assemblies.
Temperature rise rate values distribution in instrumented
symmetry groups is graphically represented on fig. No.6.
Otherwise
is possible
to distinguish
3 groups, but
dispersion in every group is too big, and some values from
different groups are overlapped.
Average string current rate values distribution in 36
strings is graphically represented on fig. No. 7. All 3
groups is possible to distinguish very well, dispersion is
not too big, values are not overlapped. It means, that rod
movement is efficient method for SPND average string current
validation. Similar situation is also in case of SPND
current rate axial
distribution, which is graphically
represented on fig. No.8. The overlapping is only on axial
levels 2,3,4, but the dispersion is small, the method is
efficient.
6. Database for validation of in-core measurement signals.
RPhDB and Trend_manager described in part 1. enables
long-time dynamical surveillance of in-core signals time
dependence
also in
nonstationary operation
processes
( start-up, rod movement, shutdown,... ). From archived
signals a database for validation of in-core measurements is
created. Results described in parts 2 - 5
create the
foundation of this database.
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Thermal hydraulic calculation of STORM facility
using GOTHIC code
Dubravko Pevec, Davor Grgic
Faculty of Electrical Engineering, Zagreb, Croatia
Matjaz Prah
Nuclear Power Plant Krsko, Krsko, Slovenia
Abstract
Benchmark calculation CT1 defined in frame of STORM experimental programme is used to prove that the
GOTHIC code is capable to predict behaviour of experimental facility with reasonable accuracy. GOTHIC
code is developed mainly for containment calculation. In this situation it is successfully used for calculation
of one dimensional flow of steam and noncondensibles mixture. Steady state distributions of pressure,
temperature and the velocity of gas along facility are consistent with results obtained by other benchmark
participants.

1. Introduction
STORM (Simplified Tests On Resuspension Mechanisms) is European Commission
experimental programme initiated in 1993. The intention was to support developing of
mechanistic models for fission product deposition and resuspension in the primary coolant
circuit and in the containment building of a nuclear power plant with light water reactor
during severe accidents. The STORM experimental facility is designed as experimental
verification platform for different correlation and different computer codes. The facility is
located in Joint Research Centre (JRC) in Ispra. It includes aerosol generation system with
plasma torch producing tin dioxide or caesium hydroxide aerosol particles, 10 m 3 mixing
vessel where particles can agglomerate before removal from the vessel using steam and/or
nitrogen carrier gas. The other parts of the facility (Figure 1.) are mainly transfer pipes, test
section and aerosol sampling and measuring system. The test section is straight pipe with
an internal diameter of 63 mm and length of 5 m. The measurement system is capable to
measure thickness of the deposited layer on the inner wall of the test pipe. It is possible to
replace, in later phase of experiment, this test pipe with the pipe of larger diameter or some
other small component that can be found inside NPP containment. To support experimental
program and to verify computer programs used in calculation of aerosol behaviour,
benchmark calculation problems were defined. Some of them are purely thermal hydraulic
calculations of mixing vessel (3D) and whole facility, and others are more related to
aerosol behaviour (deposition and resuspension). 11 organisations from 6 different
countries are participating in benchmark calculation.
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Figure 1. Layout of the STORM facility
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We have used GOTHIC 3.4e computer code to predict behaviour of the whole circuit
during deposition and resuspension phase of the experiment. One of the intentions was to
test GOTHIC results against experimental results to prove that the code is capable to model
this class of events. GOTHIC code is mainly devoted to containment calculation. It is
capable to model multicomponent multiphase nonequilibrium fluid flow coupled with the
heat transfer to surrounding heat structures. The code uses concept of control volume. The
volume can be lumped, ID, 2D or 3D and it is possible to mix different types of volumes
in the same model.

2. Mathematical model of STORM facility
The capabilities of the code GOTHIC are well suited for solving thermal hydraulic
benchmark calculations as proposed in CT test group. The CT test consists of 5 different
subproblems: three of them are related to deposition phase and two of them are
representative of circuit behaviour during resuspension phase. The objective of these
benchmark problems was the evaluation of differences in the thermal-hydraulic behaviour
of the circuit due to changes in chemical composition of the carrier gas and due to change
in gas flow rate.
The noncondensibles like nitrogen and air are automatically supported inside GOTHIC
model and the heat transfer model is capable to calculate heat transferred to heat structures
inside volumes, but the code is developed for vertical flow of the fluid and this was
possibility to check capabilities of the code in calculation of horizontal pipes. The
GOTHIC model uses 25 lumped control volumes to model deposition phase and 22 lumped
volumes to model resuspension phase of the experiment (line-up of the facility is different).
The characteristic distances along facility for deposition and resuspension phase are given
in Table 1. and Table 2.
Table 1. Deposition phase
distance is measured from outlet of MT (position of the quench vessel outlet is held constant in both phases)
vol. no. name
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
IS
19
20
21
22
23
24
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length [in]

C2
C3
C4
C5
CG
C7
CS
C9
CIO
C11_A
Cll_8
Cll C
C12~
C13
C14_A
C14~B
C14_C
C14_D
C1S~
C16_A
C16~8
C16_C
C17~
CIS

0.295
0.190
0.190
3.960
0.200
0.170
5.000
0.170
0.300
0.0993
0.S014
0.0993
1.54
0.200
1.05
0.70
0.60
1.70
0.10
4.70
1.50
0.40
o.ie
2.30

distance along vol CL [m]
0.147S
0.39
0.58
2.655
4.735
4.92
7.505
10.09
10.325
10.52465
10.825
11.12535
11.945
12.815
13.44
14.315
14.965
16.115
17.015
19.415
22.515
23.465
23.755
24.995

jun. no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

distance along vol CL {m]
0.00
0.295
0.485

0.675
4.635
4.835
5.005
10.005
10.175
10.475
10.5743
11.0757
11.175
12.715
12.915
13.965
14.665
15.265
16.96S
17.06S
21.765
23.265
23.66S
23.845

26.145
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Table 2. Resuspension phase
distance is measured from outlet of MT (position of the quench vessel outlet is held constant in both phases)
vol. no.

name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

C5A A
C5A_B
C5A~C
C6
C7
C8
C9
CIO
C11A
C12A
C13
C14_A
C14_B
C14~C
C14_D
C1S~
C16_A

IS
11

IB

CI«IB

19
20
21

C16_C
C17~
C18

length [m]

1.1069
0.8762
2.2S69
0.200
0.170
S.000
0.170
0.300
0.420
1.71
0.200
1.05
0.70
0.60
1.70
0.10
4.70
1.S0
0.40

o.ie
2.30

distance along vol CL [ml

1.058
2.05
3.616S5
4.845
5.03
7.615
10.20
10.435
10.795
11.86
12.815
13.44
14.315
14.965
16.115
17.015
19.415
22.515
23.46S
23.755
24.995

jun. no.

distance along vol CL [ml

1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.50S
1.6119
2.4881
4.745
4.945
5.115
10.115
10.285
10.58S
11.005
12.715
12.915
13.965
14.665
15.265
16.965
17.065
21.765
23.265
23.665
23.845
26.145

IS
16
17
18
19
20
21
22

The heat structure is used in each volume to model influence of the component wall. All
components in the first part of the facility are insulated using 15 cm thick layer of rock
wool (thermal conductivity 0.005 W/mK), and the components in the second part of the
circuit (after test pipe) are without insulation. The heat transfer coefficient on outer surface
of all components has fixed value of 11.36 W/m2K. For inner surface, built in correlation
were used (turbulent pipe flow and natural convection for horizontal or vertical cylinder).
The ambient temperature was specified as 293 K. Inlet temperature of the fluid was 673 K.
in all cases (modelled as flow boundary condition) and outlet back pressure (pressure
boundary condition) was 0.11 MPa in deposition and 0.15 MPa in resuspension phase. 5
cases were specified for CT1 benchmark calculation, 3 for deposition and 2 for
resuspension phase. In case number 1 steam mass flow rate of 72 kg/h was specified, in
case number 2 the same mass flow of nitrogen was used and in the case number 3 mixture
of the two gases was used (36 kg/h steam, and 36 kg/h nitrogen). In case number 4 larger
mass flow (336 kg/h steam, 336 kg/h air) was necessary to initiate resuspension of the
aerosol deposited in test section and the case number 5 is calculated using steam mass flow
of 672 kg/h. The different gases are used to analyse influence of different heat capacities
and densities on heat transfer to the walls.

3. Results
The gas and wall temperatures, velocity of the gas, and the density of the gas mixture in
steady state are requested benchmark results. In GOTHIC, explicit time integration is used
to reach steady state and the automatic choice of the time step is limited by material
Courant limit (that means rather small time step and excessive amount of CPU time). In
order to reach steady state conditions faster, the same calculations were performed with
100 times lower specific heat capacity values of wall structure. The final distributions of
pressure, velocity and temperature are very similar for both calculations, but CPU time is
significantly reduced in case of reduced heat capacities. The calculations were performed
on Pentium 90 MHz and IBM RISC 250 computers. Calculation times for normal and
reduced heat capacities, after reaching steady state conditions, are given in Table 3.:
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Table 3. Time statistics for true and accelerated transient
Case
Transient time (s)
Last time step (ms)
Total CPU time (s)
Computer platform

1
l.e4/300
5.46/5.64
2.46e5
8.75e3
P90

2
l.e4/300
8.99/ 8.92
1.83e5
5.96e3
P90

3
l.e4/300
6.91/6.90
1.71e5
7.02e3
RISC

4
1300./150
1.72/1.72
8.16e4
1.43e4
RISC

5
1120./150
1.42/1.42
9.92e4
1.55e4
P90

Due to the same mass flow and larger density of the nitrogen the velocity is smaller and
integration step is larger in cases with nitrogen as the carrier gas. During heatup of the
circuit the gas temperature increase, density decrease, velocity increase and integration step
slightly decrease. The temperature difference between gas and wall is more or less constant
in the insulated part of the circuit (around 10 K) and increases in part of the circuit without
insulation. The pressure distribution along the experimental facility is shown in Figure 2.
Due to higher velocity the pressure drop is higher during resuspension phase. The velocity
distribution along experimental facility is shown in Figure 3. The velocity is mainly
influenced by change of flow cross section, and density change is second order effect. The
gas temperature is shown in Figure 4. In insulated part of the facility the temperature drop
is small. The larger heat loss to the environment occurs at the end of facility. Due to input
error in heat transfer coefficient between outer wall surface and the environment (the value
is 1000 times less than required) the calculated temperature of the gas is higher than in real
situation. The influence of the error has practical significance only in non insulated part of
the circuit.

4. Conclusion
The calculation of the STORM experimental facility was performed for 5 cases of CT1
benchmark. The results are in good agreement with predictions calculated using other
codes (ENEA - RELAP5/mod2.5, GRS - ATHLET CD, JRC ESTHER/CHIP, NUPEC
MELCOR 1.8.2.) for all values except gas temperature in last non insulated part of the
facility. The difference in gas temperatures is caused by misinterpretation of input value for
heat transfer coefficient and it is corrected. Based on these results we can conclude that
GOTHIC code can be used for such kind of calculation taking into account some inherent
limitations of the code (mainly vertical treatment of calculation volumes).

5. References:
[1] M. Eusebi, F. Parozzi, M. Valisi, STORM Facility Data Book, December 1993.
[2] STORM Benchmarks, Joaquim Areia Capitao, Franco Sugaroni, 3rd STORM Meeting 4-5 July 1994,
Ispra
[3] STORM Benchmarks, Final Comparison Report, Joaquim Areia Capitao, et al, JRC ISPRA, March
1995.
[4] GOTHIC Containment Analysis Package, Version 3.4e, EPRITR-103053-V1 to 5, Oct. 1993
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Figure 3. Gas velocity distribution along experimental facility
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On Premixing Phase of Steam Explosion Using
Probabilistic Multiphase Equations
Jure Marn, Matjai Leskovar
'Joief Stefan" Institute
Jamova 39, 61111 Ljubljana, Slovenia

ABSTRACT - Basic probabilistic multiphase equations are used to model one of the most important phase
during core meltdown frequencies: spreading of molten fuel in coolant. This phenomenon may occur during
severe accident conditions following the core meltdown and can attain either in-vessel or ex-vessel mode.
In this paper the general probabilistic multiphase equations which are the form of ensemble averaged multiphase
flow equations are presented and first 0.40 seconds after the molten fuel has penetrated the liquid coolant are
simulated. Only the hydrodynamic part of the phenomena is analyzed. The results for velocity, pressure and
void fraction field are presented and the convergence analysis is performed.

1. Introduction
Steam explosion is a physical process in which molten fuel contacts more volatile water
coolant and rapid fuel fragmentation occurs with accompanying heat transfer and coolant
vaporisation, at time scales short enough to produce shock waves causing rapid coolant vapor
expansion. Such an event can occur during a severe reactor accident following core meltdown
and can attain either in-vessel or ex-vessel mode.
In general, there are four phases of steam explosion progression. During the first stage the
melt mixes with the coolant and exists together separated by 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. Once an interaction starts it may become self-sustaining. The
resulting high pressure behind the propagating front which undergoes expansion performs
work on its environment. This expansion is important in determining the damage potential
of the steam explosion.
In this work the hydrodynamic part of the first stage of a steam explosion, the formation of
the premixed region, was simulated.
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2. Equations
Each phase in the multiphase flow is described using continuity

a« + £
dt

p

i£.+Ek°(fi+5£!rl ,-WJ
*

v?U

(1)

J

momentum

3/

2 {'dr

>dz) p\

DK*dr

'

(2)

a

Avtrl

+v

(3)

a

and energy

Vo

(

(4)

equations. These equations were derived by ensemble averaging, where the equations are
averaged over an ensemble of identical experiments.
Some dimensionless quantities are introduced
v

o=

7

(5)

Po V o

In this contribution the energy equation was not taken into account.
The pressure equation was derived from the momentum equation (2,3) by taking into account
the continuity equation (1)
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To improve the numerical results the pressure equation may be derived from the discrete
form of the momentum and continuity equations.

3. Methods of solution and results
To achieve second order accuracy, the continuity
and momentum equations were solved using LaxWendroff scheme. The pressure equations was
solved on a staggered grid using the alternate
direction implicit scheme. The equations were
solved in the 2D cylindrical coordinate system.
The initial conditions are shown on figure 1. In
the centre of 1 m high cylinder there is molten
fuel, on the bottom is water, and on the top is air.
The initial velocity of all three phases is zero.
On the following page one can see the
movement of the molten fuel phase, water phase
and the air phase. The time period between the
pictures is 0.2 seconds. The black colour means
that the phase probability a is one, and the white
colour, that it is zero.
The molten fuel moves downward, ousts the water
and spreads at the lower part. The air is following
the molten fuel.
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1: Initial

conditions, Grid size:
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Molten fuel phase

Figure 2: t = 0.0s

Figure 3: t = 0.2s

Figure 4: t = 0.4s

Figure 6: t = 0.2s

Figure 7: t = 0.4s

Figure 9: t = 0.2s

Figure 10: t = 0.4s

Water phase

Figure 5: t = 0.0s
Air phase

Figure 8: t = 0.0s
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On the next two figures (Figure 11, Figure 12) the phases velocity field at simulation times
t = 0.2s and t = 0.4s is shown. The velocity field at the beginning of the simulation (t =
0.0s) was stagnant. The arrows show the flow direction and the colours the flow speed.
White means zero flow and black maximum speed flow. In the middle of the figures we see
the formation of a vortex.

Figure 11: t = 0.2s

Figure 12: t = 0.4s

4. Convergence analysis
To establish a suitable grid size for the simulation of our problem the convergence analysis
was performed for a number of selected physical quantities. We tested the water phase
probability, air phase probability, molten fuel phase probability, radial velocity component,
vertical velocity component, pressure and the phase volume.
The basic grid and the initial conditions are shown on Figure 1. The basic grid size is 6 x
9 mesh points (grid size: lx). The calculations were performed for 2 (grid size: 2x), 4 (grid
size: 4x), 6 (grid size: 6x), 8 (grid size: 8x) and 10 (grid size: lOx) times larger grids with
the same geometry and initial conditions. The selected physical quantities were traced always
at the same mesh point at the location: r = 1/3 of cylinder radius and z = 1 / 4 cylinder
height in cylindrical coordinate system. The results of the convergence analysis are shown
on the following figures.
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Phase probability
The phase probability results for all three
phases are nearly identical at grid sizes: 6x, 8x
and lOx.
!"'

0.6

time

Figure 13: Water phase probability

Figure 14: Air phase probability

Figure 15: Molten fuel phase probability

Pressure
The pressure shows rather strange behaviour.
The peaks in the pressure field are due to
numerical problems which appear when the
phase probability in the tracing mesh point
changes rapidly and have no physical
background.

3.000

2.500

2.000

s
a.

1.500

timo

Figure 16: Pressure
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Velocity field
In the first part of the simulation the velocity field changes continuously. During that period
the phase interfaces are still smooth and the phase probability in the tracing mesh point is not
varying to fast.

time

time

Figure 17: Radial velocity component

Figure 18: Vertical velocity component

Phase volume
On the three figures (Figure 19, Figure 20,
Figure 21) one observes the,volume of all
three phases. Phase 1 is the water phase, phase
2 is the air phase and phase 3 the molten fuel |
phase.

time

Figure 19: Phase volume, Grid size: 2x
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Figure 20: Phase volume, Grid size: 6x

0

0.4

limo

Figure 21: Phase volume, Grid size: lOx

The convergence analysis shows that the grid size: 6x is suitable for the simulation of our
problem, based on our engineering judgment.
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5. Conclusions
A 2D multifluid flow model was developed. In the future the model will de developed
further. In the momentum equation (2,3) the probabilistic drag has to be considered properly
and the fragmentation of the melt has to be simulated. The energy equation (4) has to be
taken into account and the probabilistic heat transfer has to be calculated. When the model
will be completed it will be able to simulate the first, premixing phase of a steam explosion.
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S19900058
THE EFFECT OF THE VOLUMETRIC HEAT SOURCE DISTRIBUTION
OF THE FUEL PELLET ON THE MINIMUM DNBR RATIO

G. Hordosy, A. Kereszturi, L. Maroti, I. Trosztel
KFKI Atomic Energy Research Institute
H-1525 Budapest, P.O.Box 49, Hungary

ABSTRACT - The radial power distribution in a VVER-440 type fuel assembly is strongly non-uniform as
a result of the water-gap between the shrouds and the moderator filled central tube. Consequently, it can be
expected that the power density inside a single fuel rod is inhomogeneous, as well.
In the paper the methodology and the results of coupled thermohydraulic and neutronic calculations are
presented. The objective of the analysis was the investigation of the heat source distribution and the
determination of the possible extent of the power non-uniformity in a corner rod which has always the highest
peaking factor in a WER-440 type assembly.
The results of the analysis revealed that there can be a strong non-uniformity of power distribution inside a fuel
pellet, and the effect depends first of all on the general assembly conditions, while the local subchannel
parameters have only a slight influence on the pellet heat source distribution.

1. Introduction
It is of general practice that the safety analysis of a nuclear power plant must prove that in
the course of Anticipated Operational Occurrences no fuel failure will occur. According to
the acceptance criteria, cladding failure has to be supposed when the DNBR ratio becomes
less than a minimum value defined for the given type of fuel assembly.
The analysis of DNBR ratio is often performed by a subchannel code like COBRA where the
axial and radial power distributions in the investigated fuel assembly are taken from the
calculation of core neutron physics. To obtain the minimum possible value of the DNBR,
various kinds of parameter effects and uncertainties have to be taken into consideration,
however, the non-uniformity of the volumetric heat source distribution inside a single fuel rod
is generally neglected.
The radial power distribution in a VVER-440 type fuel assembly is strongly non-uniform as
a result of the water-gap between the shrouds and the moderator filled central tube.
Consequently, it can be expected that the power density inside a single fuel rod is
inhomogeneous, as well.
In the paper the methodology and the results of coupled thermohydraulic and neutronic
calculations are presented. The objective of the analysis was the investigation of the heat
source distribution and the determination of the possible extent of the power non-uniformity
in a corner rod which has always the highest peaking factor in a WER-440 type assembly.
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2. Definition and solution of ttie problem
The analysis of reactor transients where the key-safety-parameter is the DNBR, requires the
application of a thermohydraulic system code calculating the general behaviour of the core
and a detailed investigation of the conditions in the assembly containing the hot fuel rod. The
first step can be accomplished by the RELAP code while the detailed analysis is generally
carried out using the COBRA subchannel program. The power distribution for the
thermohydraulic calculations is provided by the relevant reactor physics computer codes. In
the practice of the safety analysis the calculation of the azimuthal heat source distribution in
a single fuel rod and the change of the DNBR along the periphery of the hot fuel element are
not required. The correct consideration of the effect of the volumetric heat source distribution
needs the two-dimensional coupled calculation of the thermohydraulic and reactor physics
parameters of a fuel pellet.
To solve this problem a 2D heat conduction code FUTE [1] and MGCP2D [2] have been
developed. The FUTE code is enabled to calculate the cladding temperatures. The gap
modelling takes into account gap conductance. The boundary condition was defined by means
of the coolant heat transfer coefficient. It has been found that the method of collision
probabilities is the most suitable model for the neutron physics calculationin in the MGCP2D
code. The expressions for the collision probabilities were derived from the integral form of
the transport equations. The CP code MGCP2D is described in Refs. [2] and [3].
The flow chart of the complex calculation is illustrated in Fig. 1.
The first step is the use of the KARATE-440 code [4] for the calculation of the fuel assembly
containing the hot rod. In the calculation of the assembly the neighbouring assemblies are also
considered. The resultsing quantities are as follows:
neutron current in two energy groups at the corner cell boundaries,
thermal hydraulic parameters of the assembly subchannels (coolant
temperatures, heat transfer coefficients, etc.).
Using the MULTICELL module [5], the boundary conditions for the corner cell are generated
in 70 groups. These data represent the input for the CP code.
As a module of the KARATE-440 code, COBRA is used for the calculation of the thermal
hydraulic parameters. The resulting quantities are the subchannel data. For further use it is
necessary to convert them into parameters characterizing the azimuthal subcells which form
the basis of the heat source distribution calculation.
The next step is a two-dimensional fuel element temperature distribution calculation by means
of the FUTE program developed for this purpose. Having the temperature distribution, all the
input data are available to run the Collision Probability code MGCP2D.
The resulting quantity is the heat source distribution inside the fuel pellet. An iteration
procedure is applied until the fuel power distribution is obtained with sufficient accuracy.
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3. Definition of the cases selected for investigation
To assess the effect of non-uniform pellet heat source distribution, two extreme cases have
been selected:
(A) Single phase case with subcooled outlet
(B) Two-phase case with high quality outlet.
The calculations have been performed for VVER-440 fuel assemblies of the Paks NPP
considering the following general conditions:
Enrichment in the selected assembly
Enrichment in the neighbouring assemblies
Boric acid concentration
Axial power distribution
Inlet temperature
System pressure
Inlet mass flux
Average power density of the selected assembly

- Case A:
- Case B:

3.6 %
1.6%
5.2 g/kg
uniform
265.9 °C
123.6 bar
2590 kg/m2s
133.6 W/cm3
172.9 W/cm3

The geometry of the corner part of the assembly is shown in Fig. 2, where the most important
dimensions are also given in millimetres. In the figure - for the separation of subchannels and
cells - thick and thin lines are used, respectively.

1 - normal; 2 - side; 3 - corner subchannels
Fig. 2. Nodalization of thermohydraulics and neutronphysics calculation
neutronphysics cells; _ — thermohydraulics subchannels
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4. Results
The results of the thermohydraulic calculations are summarized in Tables 1 and 2 (where the
numbering of the subcells is shown in Fig. 3). In the first case when the coolant is in
subcooled condition, the mass flux is high since the hydraulic resistances of the channels are
relatively small. The single phase outlet means that the equilibrium quality is zero and the
density values are high.
In the second case the outlet quality is rather high and consequently the coolant densities are
moderate.
The results of the heat source and fuel temperature distribution analyses are presented in Figs.
3 and 4. The calculations prove the expectation that the fuel temperature is not sensitive and
though the heat source alteration is relatively significant, it causes only small changes in the
pellet temperature distribution. The most important result of the analysis is the determination
of the typical change of the heat source distribution.

Table 1. Thermohydraulic parameters of the azimuthal subcells for one phase case
number of
subcells

mass flux
[kg/m2s]

temperature
[°C]

density
[kg/m3]

void fraction
[%]

1

1959.

295.3

730.0

0

2

2566.

290.5

740.0

0

3

2555.

294.7

731.2

0

4

2544.

298.3

723.8

0

5

2554.

294.7

731.2

0

6

2567.

290.6

739.8

0

Table 2. Thermohydraulic parameters of the azimuthal subcells for two phase case
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number of
subcells

mass flux
[kg/m2s]

temperature
[°C]

density
[kg/m3]

void fraction
[%]

1

1891

326.9

456.4

33.3

2

2471

326.9

529.5

20.6

3

2305

326.9

463.5

32.1

4

2136

326.9

396.7

43.7

5

2310

326.9

463.5

32.1

6

2488

326.9

531.0

20.3
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O.S

A interesting result of the analysis is that the coolant density alteration in the subchannels or
subcells in the MGCP2D calculations has practically no influence on the distribution. It is not
surprising, if it is taken in to account that the migration area of the neutrons is about 50 cm2
while the area of the cell calculated by MGCP2D is 1-2 cm2. The heat source distribution,
in comparison with the average value of the power density, shows similar tendencies in both
investigated cases and the deviations of the relative values are rather small.

5. Summaty and conclusions
The effect of the non-uniform fuel pellet heat source distribution has been investigated. For
the analysis a computer code system has been applied. The main program of the system was
the KARATE-440 code, however, two new modules were added: a special 2D heat
conduction code and a reactor physics module based on the calculation of collision
probabilities. The heat source distribution in a fuel pellet can be determined by using the code
system.
The results of the analysis revealed that there can be a strong non-uniformity of power
distribution inside a fuel pellet, however, the effect depends first of all on the general
assembly conditions, and the local subchannel parameters have only a slight influence on the
pellet heat source distribution.
The results of the calculations indicated that, in spite of the fact that the power density
distribution in a VVER-440 corner rod exhibits a significant inclination, the change of the
surface heat flux of this fuel rod is less than four percent.
Finally, it has to be emphasized that the above result effects only one factor of the DNBR,
i.e. it determines the local heat flux. The other factor of the DNBR, the value of the critical
heat flux is also changing as a result of the alteration of the thermohydraulic parmeters in the
subchannels.
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THERMAL-HYDRAULIC CHARACTERISTICS
OF THE PGV-1000 STEAM GENERATOR
Olga Ubra
SKODA Praha, a.s.
Prague, Czech Republic
Michael Doubek
Czech Technical University
Prague, Czech Republic

ABSTRACT
Horizontal steam generators are typical parts of nuclear power plants with pressure water reactor
type VVER. By means of this computer program, a detailed thermal-hydraulic study of the
horizontal steam generator PGV-1000 has been carried out and a special attention has been paid
to the thermal-hydraulics of the secondary side. A set of important steam generator characteristics
has been obtained and analyzed. Some of the interesting results of the analysis are presented in
the paper.
1.

INTRODUCTION

Horizontal steam generator PGV-1000 is typical part of nuclear power plants with
Russian designed pressure water reactor - type VVER 1000.
The first VVER-1000 nuclear power plant was put into operation in 1980 and there
are currently 19 units operating with 76 steam generators PGV-1000 (1000 MW) and two
nuclear power plants with 8 PGV-1000 are under construction in the Czech Republic. In
the period from 1986 to 1991, serious deficiencies on 24 horizontal steam generators at
six VVER 1000 nuclear power plants were detected. The identification of the causes of
deficiencies has shown that secondary side fluid flow, primarily flow influence on the
mineral distribution, plays important role in the damage processes. In order to optimize
flow distribution on the secondary side and to minimize mineral concentration in failure
sensitive areas the multidimensional thermal-hydraulics phenomena in the steam generator
secondary side should be analyzed in detail.
Thermal-hydraulic behavior of horizontal steam generator is very different from the
vertical U-tube steam generator which has been extensively studied for many years. Only
limited experimental data on the behavior of horizontal steam generators is available and
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particularly on the natural circulation in the secondary side. Thus more information is
needed. The study in this field proceeds in both directions - experimental and theoretical
using mathematical modelling. Experimental tests using experimental facilities have been
performed in Finland (PACTEL facility) and in Hungary (PMK-2 facility), experimental tests
at operating nuclear power plant units in Russia [1 ], [2], [3]. Detailed mathematical models
for the study of the horizontal steam generators behavior have been developed in Russia
and in the Czech Republic [4], [5]. Design principles of the Czech computer program - the
nodalization which has been used and the physical methods applied to calculations will be
shortly described.
A detailed thermal-hydraulic and thermodynamic study of the horizontal steam
generator PGV-1000 for the Czech nuclear power plant Temelin has been carried out using
the developed computer program. A wide range of calculations has been performed and
a set of important steam generator characteristics has been obtained. The most important
of them are presented in the paper.
2.

COMPUTER PROGRAM FOR STEADY STATE THERMAL HYDRAULIC ANALYSES
OF THE STEAM GENERATOR PGV-1000

2.1.

Computer Program Capabilities

1.

2.

3.

The computer program is capable to analyze :
Steam generator primary side hydraulics
primary side, flow distribution in tube bundles and velocity distribution in
collectors;
pressure drop distribution and the total primary side pressure drop.

Heat exchanger behavior
heat transfer for various situations in the tube and shell side (low level and
the effect of tube bundle uncovery is taken into account);
multidimensional heat flux distribution, total heat flux transferred through
heat exchanger tubes (steam generator heat power);
primary side fluid temperature distribution - fluid and tube temperature
profiles (along the tubes);
outlet mixed mean temperature of the primary side fluid;
steam outlet temperature and the temperature of the steam-water mixture
at the shell side.
Steam generator secondary side thermal-hydraulics and thermodynamics
average circulation rate for the cases with the level above the top of the
tube bundles;
3-D void fraction distribution in the shell side;
steam and water volumes under the level, steam generator water mass
inventory;
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mass redistribution under the perforated sheet and minimal thickness of the
steam layer;
secondary side pressure (for the plant operation in Mode that maintains a
constant mean coolant temperature in the primary system);
steam flow rate;
secondary side pressure drops distribution and the total secondary side
pressure drop.

13 005

Figure 1:

Tube Bundles Nodalization [horizontal direction]. Dimension [mm].

Figure 2:

Tube Bundles Nodalization [vertical direction]. Dimension [mm].
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13 005

Figure 3:
2.1

Perforated Sheet Division. Dimension [mm].

Simulation Methods

For the calculation of primary side flow distribution the heat exchanger is divided
into groups of tubes as is shown in Fig.2. Average flow velocity is evaluated for each
group. The primary results of the calculation are the velocity distribution in the header and
the flow velocities in the tubes. Model representation of the primary side pressure drops
takes into account pressure drops in the inlet and outlet tubes connecting the steam
generator with the hot and cold legs of the circulation loops, in both collectors and in the
heat exchanger tubes.
The nodalization of the heat exchanger tube bundles for steady state thermal
analysis corresponds to that shown Fig.1,2. The iterative method of calculation is based
on thermal balance. The calculation is performed for every node separately and a global
thermal balance is checked. The main result is the heat flux distribution in the steam
generator shell side. The global heat flux is the essential parameter for the assessment of
secondary side pressure and steam flow rate. The program takes into consideration two
possibilities - the steam generator is above the top of tube bundles and the steam
generator level is under the top of tube bundles with some tube uncovered.
To determine the average value of the circulation rate a simple flow diagram is
assumed. Two phase mixture rises up through the area in tube bundles, above the tube
bundles steam and water are separated. The water flows back in the downcomer and in
the free space between the tube bundles.
For the assessment of void fraction distribution the region between steam generator
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bottom and upper tube rows of heat exchanger is divided in vertical direction into layers
of equal height of 50 mm. The heat flux into an arbitrary volume is obtained from the heat
exchanger calculation. The feedwater distribution is taken into account. The calculation
of the void fraction begins in the bottom of the steam generator and proceeds step by step
over the layers to the top of the region. Two different methods have been developed for
this calculation. The first method is based on the circulation rate assessment and it is
applied to cases where the average level is above the top tube bundles. The second
method is based on the theory of free bubbles rising through liquid by buoyancy and it is
used for all cases with the level under the top of tube bundles. The second method of void
fraction assessment does not take into consideration the circulation of the fluid. In the
comparison with the first one the second method gives slightly conservative results in the
direction of higher void fraction, especially in the close vicinity of the hot collector.
For the cases with the level above the top tube bundle, the effect of perforated
sheet is simulated. Hydrodynamic processes in the region between upper rows of the tube
bundles and submerged perforated sheet depend on perforated sheet design, especially on
the degree of the perforation and on the height of the perforated sheet rim. The goal of the
simulation is to assess the steam flow rate from more loaded zones to the less loaded
regions and to determine the thickness of the steam layer in different locations bellow the
perforated sheet. The nodalization of this region corresponds to the perforated sheet
division, which is shown in Fig.3.
The complete mathematical model for the steam generator PGV-1000 thermalhydraulic study is formulated in [4], [5].
Only a partial verification of the model could be performed. Some results of void
fraction calculations were compared with experimental data obtained by Russian
organization Gidropress and published in [3], 16]. The result of calculations show a good
compliance with experimental results.

3.

STEAM GENERATOR PGV 1000 THERMAL HYDRAULIC STUDY

A detailed thermal-hydraulic a thermodynamic study of the PGV-1000 horizontal
steam generator for the Czech nuclear power plant Temelin has been carried out and a
great amount of interesting information has been obtained. The special attention has been
paid to the secondary side analysis, primarily to the mixture level profile, 3-D void fraction
distribution and to the distribution of the heat flux transferred to the secondary medium
under different operation conditions.
Some important steam generator characteristic parameters have been investigated,
for example:
secondary side water and steam volumes and masses as functions of load at
constant pressure and as functions of pressure at constant load;
3-D distribution of the void fraction as a function of load at constant pressure and
as a function of pressure at constant load;
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the steam generator level profile as a function of load and a function of pressure;
the average void fraction as a function of steam generator load and secondary
pressure;
the average level as a function of load for constant pressure and as a function of
pressure for constant load;
the perforated sheet pressure drop as a function of load.
Some results of the PGV 1000 thermal-hydraulic investigations are given in Figures
4 to 11.
In the presented calculations the values of parameters as volumetric flow rate,
primary side pressure, the feed-water flow rate, feed water temperature and the steam
generator level correspond to nominal operating conditions. Under these conditions the
vapour volume V " and the water volume V under steam generator level as functions of
the heat power Q (steam generator load) are shown in Figures 4, 5. As evident from Figure
4, the vapour volume V " is proportional to Q for a given (fixed) pressure p. The increase
is higher for the low pressure than for the high pressure. The water volume V in Figure
5 decreases proportionally with increasing Q.
The vapour volume V " and the water volume V" under the steam generator level
as functions of secondary side pressure are given in Figures 6,7. It can be observed from
Figure 6 that the vapour volume V " decreases with increasing pressure p for fixed heat
power Q. The decrease is higher for higher heat power. The water volume V in Figure 7
increases with increasing of pressure. It is evident that the vapour volume - power
relationship has twice as high influence than the relationship between the vapour volume
and pressure. This fact should be taken into consideration when setting the steam
generator measurement and control system is carried out.
The water mass inventory M' which is one of the most important parameters of the
steam generator is shown as a function of load in Figure 8 and as a function of secondary
side pressure in Figure 9. The water inventory in the horizontal steam generator is higher
than in the vertical one. This is important with respect to steam generator dynamic
behavior and water level fluctuation during normal operation. The effect of the steam
generator water inventory is one of the factors influencing the steam generator operational
reliability and plant safety.
The vapour mass M' under the steam generator level as a function of total heat
power Q and secondary side pressure p is given in Figures 10 and 11.
4.

SUMMARY

Using the 3-D computer program the investigation of the thermal-hydraulic behavior
of the horizontal steam generator for the VVER 1000 nuclear power plant has been carried
out. The detailed information about multidimensional two-phase flow in the steam
generator shell side has been obtained. This includes void fraction distribution and the
characteristics of natural circulation and of the heat transfer and swelled level dynamics.

Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995

453

The detailed knowledge of these parameters may provide information needed for the
efficient nodalization of the horizontal steam generator in safety analysis codes for the
setting of the water level control and for the safety enhancement of the VVER 1000
nuclear power plants.
5.

NOMENCLATURE

P
PN

MPa
MPa

Nominal pressure (secondary side)

Q

MW

Heat power

QN

MW

Nominal heat power

Pressure (secondary side)
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Second order numerical method for two-fluid model of air-water flow
I. Tiselj, S. Petelin
Institute "Jozef Stefan", University of Ljubljana
Jamova 39, 61111 Ljubljana, Slovenia

ABSTRACT - Model considered in this paper is six-equation two-fluid model used in computer code
RELAP5. Air-water equations were taken in a code named PDE to avoid additional problems caused by
condensation or vaporization. Terms with space derivatives were added in virtual mass term in momentum
equations to ensure the hyperbolicity of the equations.
Numerical method in PDE code is based on approximate Riemann solvers. Equations are solved on nonstaggered grid with explicit time advancement and with upwind discretization of the convective terms in
characteristic form of the equations. Flux limiters are used to find suitable combinations of the first (upwind)
and the second order (Lax-Wendroff) discretizations which ensure second order accuracy on smooth solutions
and damp oscillations around the discontinuities. Because of the small time steps required and because of its nondissipative nature the scheme is suitable for the prediction of the fast transients: pressure waves, shock and
rarefaction waves, water hammer or critical flow. Some preliminary results are presented for a shock tube
problem and for Water Faucet problem - problems usually used as benchmarks for two-fluid computer codes.

1. Introduction
Safety analyses of nuclear reactors require computations of complex two-phase flows.
Numerical method used in two-phase flow computer code RELAP5 is based upon semiimplicit finite difference scheme with staggered grid and upwind discretization of the
convective terms. Method is first order accurate in time and space. Similar scheme is used
also in other two-phase flow computer codes. Main advantages of such scheme is its
robustness and efficiency while its weak side is numerical dissipation which tends to smear
discontinuities on coarse grids.
Second order method presented here was first used to solve gas dynamics equations [1].
We extended the method from three equations to the six equation model of two-phase flow.
Due to its accuracy and shock capturing capabilities the scheme is suitable for the prediction
of the fast transients: pressure waves, shock and rarefaction waves, water hammer or critical
flow.
2. Basic Equations
Basic equations taken from RELAP5 are mass, momentum and energy balances for
vapour and liquid [2] without terms for interphase mass and heat transfer and wall heat
transfer:
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Term CVM in momentum equations is virtual mass term and is different in RELAP5 than
in PDE code. Two additional equations of state for each phase are needed to close the
system of equations. Equation of state for phase k is
(7)

Derivatives from Eq. (7) can be calculated from the basic thermodynamic relations as:
(8,9)

Variables on the right side of the Eqs. (8) and (9) are determined by the RELAP5 water
properties subroutines if the pressure and the specific internal energies are known. For
metastable states (superheated liquid and subcooled vapour) derivatives in Eq. (7) are
determined by extrapolation [2].
Constitutive equations for wall friction and interphase drag were also taken from RELAP5
code. We applied the correlations for the bubbly regime of two-phase flow. In PDE code wall
friction terms in momentum Eqs. (3) and (4) were applied in a simplified way comparing to
the RELAP5. Our tests showed that this difference did not have a significant influence on the
results. The other constitutive equations were applied in the same form as in the
RELAP5/MOD3.1.
Virtual mass terms in Eqs. (3) and (4) are coded in RELAP5 with time derivative of the
relative velocity only:
ZL

(10)

Instead of that difference of the substantial derivatives is suggested to be applied [2]:
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dv
dx
dt
*dx)
These form of the derivatives in the virtual mass term was used in PDE code.
Basic RELAP5 equations as coded in RELAP5 present an ill-posed problem [2,3] with
complex eigenvalues of the Jacobian matrix (matrix Q in Eq. (16)). PDE code can solve only
well-posed (hyperbolic) problems. With virtual mass term (11) ill-posedness of the equations
is avoided for vapour void fractions smaller than approx. 0.7 (Fig. 1). In RELAP5 manual
[2], chapter "Special Process Models, Choked Flow" approximate analytical expressions for
the Jacobian matrix eigenvalues are found. Results are valid for relative interphase velocity vr
much lower than mixture velocity vm. From these solutions we can see that two approximate
eigenvalues contain the term:

where pm is two-phase mixture density and Cm is virtual mass coefficient which is in
RELAP5 calculated as
a<0.5
a>0.5

(13)

Term (12) becomes imaginary if expression under the root is negative. If Eq. (12) is divided
by pf expression (12) can be plotted as a function of a and pjpf This plot is shown on
Fig. 1 where we can clearly see the area of the vapour void fractions and phasic density
ratios where RELAP5 equations with complete virtual mass term are still ill-posed.
ILL-POSSED EQUATIONS
REGION

Figure 1: Expression (12) divided by pf with Figure 2: Expression (12) divided by pf with
virtual mass coefficient (13) plotted
virtual mass coefficient (14) plotted
as a function of a and pjp{.
as a function of a and pjp{.
Well-posedness of the equations was ensured with the change of the virtual mass
coefficient:
(l+2«tf<2-2a);
a<0.5
(14)
a>0.5
\ 2a
In practise this change ensures well-posedness of the equations and does not have any physical
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basis behind. To avoid ill-posedness it is necessary to make C^ also a function of the density
ratio pJPf Plot of the expression (12) as a function of a and Pg/p^ with virtual mass
coefficient (14) is presented on Fig. 2.
With Virtual mass coefficient (14) PDE eigenvalues were real numbers during all PDE
calculations with small and also with large relative interphase velocities. However strict
mathematical proof would be needed to show that basic system of equations is well-posed
under all types of circumstances where relative velocity vr is not necessary much smaller than
mixture velocity vm.
3. Numerical Method
Our prbgram usbd for solving RELAP5 equations has been named PDE (Partial
Differential Equations) and can be used for hyperbolic problems.
System of equations (l)-(6) can be written in the following nonconservative form which
is suitable for the numerical solving:
•
'..
AW_+RM=$t
dt
; 'etc

(is)

where ijr represents the vector of the independent variables ip = (p, a,vpvf,upu),

A and B.

are matrices of the system and S is a vector with nondifferential terms in the equations.
Equation (15) multiplied by A'1 from the left gives

dt

dx

Q=A~XB. is Jacobian matrix and vector PA^P=A~1^- If th
the eigenvalues and eigenvectors of the
QAB.
matrix Q are found, Jacobian matrix can be written as

where L is matrix of the eigenvectors and A diagonal matrix of the eigenvalues. If
expression for Q (17) is taken into account in Eq. (16) and equation (16) multiplied by L'x
from the left we obtain

j ^ | i
dt

dx

,

(is)

where "IT1P. has been replaced by R. Vector of the characteristic variables is introduced as

where h% represents an arbitrary Variation: d%fdt or 9f/3x. Eq. (16) can be written in the
characteristic form
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Improved characteristic upwind discretization [4] of the Eq. (20) with explicit finite
difference scheme is:

and is first order accurate in time and space [53. A* is equal to the matrix A with negative
eigenvalues set equal to zero and A" is equal to the matrix A with positive eigenvalues set
equal to zero,
Lax-Wendroff discretization of the Eq, (20) which is second order accurate in space and
time is:
(22)

Problem of the pure second order accurate discretizations are oscillations which appear in the
vicinity of the nonsmooth solutions. The problem is solved [1, 6] if the combination of the
first and second order accurate discretizations is used. The part of the second order
discretization is determined by the so called flux limiters [6] which "measure" the smoothness
of the solutions. If the solutions are smooth larger part of the second order discretization is
used, if the solutions are nonsmooth larger part of the first order discretization is used.
Final high-resolution shock*capturing discretization of the iq. (20) with flux limiter 4> is:

where elements of the diagonal matrices A**» A== are calculated as:

Flux limiter is calculated using MINMOD formula [$]',
^*auui(0,ffili>a,l*)),

M,€

(26)

where 0* measures the ratio of the left and the right gradient in the grid point /+1/2:
^1,6,

J-lN-1

(27)

If i q . (23) is transformed into basic variables we obtain a difference scheme that is used
in PDE code:
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Time step of the scheme is limited with CFL condition AfsAJc/maxdAj), A:=l,6.
Integration of the sources is performed in a separated step with second order Euler method.
Form of the source term is very important for the behaviour of the equations. In the case of
air and water mixture sources are relatively small compared to the convection terms. If
system of equations for steam-water mixture is taken into account then sources can be
sometimes more important than convection terms. Special treatment of the sources would be
required in that case.
Decomposition of the Jacobian matrix (16) has been performed numerically with
subroutines from the EISPACK library [7], which are capable to find real or complex
eigenvalues and eigenvectors of an arbitrary matrix. PDE program is written only for
problems with real eigenvalues of the Jacobian matrix. Calculation is interrupted if complex
eigenvalues are found.
Numerical scheme applied in the PDE program is nonconservative scheme. Numerical
experiments with the two-phase shock tube problem [6] (closed tube with different initial
conditions in each half of the tube) showed practically negligible fluctuations of the overall
mass and energy in the tube despite the nonconservative scheme.
4. Preliminary Results
PDE code has been used for two numerical benchmarks: two-phase shock tube problem [8]
and Water Faucet problem [2].
Tuomi two-phase shock tube problem is a Riemann problem for the two-fluid model with
terms for interphase friction neglected. Infinite tube is filled with gas-liquid mixture with the
left and right states defined as:
- left state: a =0.25, p =20 MPa, v^ =0 m/s, vf= 1 m/s, ug =2824 KJ/kg, uf= 1311 KJ/kg
- right state: a =0.1, p = 10 MPa, v. =0 m/s, v,= 1 m/s, u =2836 KJ/kg, uf-1330 KJ/kg
Membrane which separates left and right part of the tube at the position 5 m is removed at
time zero. Figures 3 to 6 present comparison of first order characteristic scheme (dotted line)
and improvements gained by second order accurate scheme (solid line) on the grid with 300
points. Figure 3 shows the pressure profile at time 0.0056 s with shock wave on the right and
rarefaction wave on the left and at time 0.0951 s where the pressure in the observed part of
the tube is flat. Void fraction profile on Fig. 4 at time 0.0056 s contains one shock wave, one
rarefaction wave and one contact discontinuity. Void fraction on Fig. 4 at time 0.0951
contains three contact discontinuities while the shock and the rarefaction wave at that time
stand outside of the observed pipe length. Similar situation can be seen on Fig. 5 for gas
velocity. On Fig. 6 where density of the total energy is presented we can see the expected
result that solution of the Riemann problem for six equations consists of 7 constant states
separated by contact discontinuities, shock waves or rarefaction waves: shock and rarefaction
wave are in the observed part of the tube at time 0.0056 s, quasi contact discontinuity at time
0.0056 s in fact contains four waves which are seen at time 0.0951 s.
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gas velocity.
total energy.
Water Faucet problem proposed by Ransom [2] is a vertical water jet inside the cylindrical
channel that is accelerated by the gravity. At time zero the pipe is filled with water
surrounded by vapour such that the void fraction is 0.2. Liquid column has a uniform velocity
10 m/s and uniform pressure 1 bar. Gas velocity at the beginning is 0 m/s and pressure 1 bar.
Specified boundary condition at the inlet is liquid velocity 10 m/s and vapour velocity 0 m/s
and constant pressure at the outlet. Analytical solution of the problem exists if interphase and
wall drag is neglected. In tests performed by RELAP5/MOD3 code virtual mass term was
also turned to zero. In PDE code interphase and wall drag was turned to zero but the virtual
mass term had to remain in the code to ensure the well-posedness of the equations. Virtual
mass term in PDE code was decreased as much as possible, i.e. it was multiplied by a factor
0.05. At lower multiplication factors equations were ill-posed.
Transient solutions predicted by PDE and analytical solution at time 0.5 s are plotted on
Fig. 7. Analytical solution is discontinuous function while the PDE predicts smeared void
wave due to the non-zero virtual mass force. Velocity of the PDE void wave is lower due to
the same reason. Predicted PDE steady-state void fraction profile which is established after
approximately 1 second is equal to the analytical solution.
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5. Conclusion
High-resolution Shock-capturing method has
been successfully applied for the two-fluid
model of air-water flow. Results are presented
for two-phase shock-tube problem and Water
Faucet problem. Further step in the
development of the PDE code will be inclusion
of the procedure for the handling of the stiff
source terms which appear when phase
transition is present.

Figure 7:

Water Faucet
Development of
fraction profile.

problem,
the void

Nomenclature
A cross section (m2), a^ interphase surface area (m2), CD coefficient of interphase friction,^
specific heat capacity at constant pressure (J/kg-K), C m virtual mass coefficient, D tube
diameter (m), fw wall drag coefficient, g acceleration of gravity (9.81 m/s2), h specific
enthalpy (J/kg), p pressure (N/m2), T temperature (K), t time (s), u specific internal energy
(J/kg), v velocity (m/s), x space coordinate (m), a vapour void fraction, p thermal
coefficient of expansion (K1), K isothermal compressibility (Pa1), 6 inclination of the tube, p
density (kg/m3), A, A, matrix of the eigenvalues, eigenvalue
Subscripts:
c continuous phase, / liquid, g vapour, i interphase surface, r relative (velocity
vr = v - v,), m mixture
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Abstract
The Westinghouse Electric Corporation D4 steam generator design was analyzed from
a thermal-hydraulic point of view using the 3D PHOENICS computer code. Void fraction,
velocity and enthalpy distributions were obtained in the U-tube riser. The boundary conditions
of primary side were provided by SMUP ID code. The calculations were carried out for present
operating conditions of nuclear power plant Kr§ko.

1.

Introduction

Steam generators provide the interface between the primary reactor side circuit and the
secondary turbine side circuit. While heat exchange between the two circuits must be promoted
by maximizing the thermal interaction, the integrity of the interface must be ensured to prevent
the mixing of the two circuits. The steam generator is a very complex, both in design and
operation. A lot of research has been done on it [1], and improvements are still made. In
describing some of the characteristics of the steam generator, a model developed by
Westinghouse Electric Corporation for the Kr§ko nuclear power plant was used.
The fluid dynamics are complicated and differ in every part of the steam generator. The
part where two-phase flow occurs was developed more in detail. That is the part where the
feedwater flows up between the U-tubes-riser, reaches saturation temperature and a steam/water
mixture results. The void fraction of this mixture increases, and therefore also the steam
quality, until it lives the U-tube riser, and flows into the upper shell where the separator is
located. The preheater was modeled separately.
This paper outlines the methodology of the PHOENICS code and presents the results of
the analysis of the Westinghouse Electric Corporation D4 steam generator design operating at
100% power level and at present operating conditions of the nuclear power plant KrSko. The
results are presented as computer plots.
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2.

Physical model

The D4 steam generator design is shown
schematically in figure 1. Only lower shell was
modeled for numerical analysis. The design is
a natural recirculating-type with an U-bend tube
bundle and preheating section. The feedwater is
distributed partly to the preheater section (70%)
and partly to the upper part of the steam
generator (30%). This separation of flow in the
steam generator was done due to tube
vibrations in preheater in an early stage of plant
operation. The 70% of feedwater is introduced
through a nozzle located on the right side of the
steam generator just above the tube plate where
preheating section is located. The downcomer
flow, which includes the saturated liquid from
the separators and 30% of subcooled feedwater
from the left side of the steam generator, enters
the heat transfer zone through a 360° window
cut into the boiling section. In the schematic, as
well as in the computer plots, the primary flow
enters on the left side which is called the hot
side. The primary flow exits on the right side
known as the cold side. The area inside the
lower shell is packed with tubes except for a
annular region between the outer tube limit and
the wrapper, and the region above the U-tube
bundle bend. The tubes are supported in the
straight section by supporting plates.

Transition
Cone
Wrapper-

Riser
Dished
Head

U-Tubes—^

Divider
Plate

Blowdown
Pipe
Support
Ring

Plate

Coolant
Chamber
Primary
Coolant

Primary
Mainway

Fig. 1: Schematic of D4 Steam Generator

Water on the secondary side enters the steam generator at temperature of 221.1°C.
Water in the U-tubes on the left side is warmer then that on the right side, so a longer period
of heat exchange should be needed on the right side. Preheater is therefore modeled on the right
side. The mass flow of water is bigger on the left side, about 1178 kg/s (recirculating flow and
left side feedwater flow), compared to 359 kg/s of feedwater on the right side. In the preheater
section the water is heated to about 270.9°C. That is the saturation temperature at about 56 bar,
the pressure at secondary side for 18% plugging of U-tubes. After that the boiling starts and
the steam void fraction increase to about 85%. The steam/water mixture on the left side mixes
with the water on the right side, and goes up into the riser.

3.

Mathematical model

By studying the phenomena a set of equations that apply to the riser where the two-phase
flow occurs was developed. The equations concern the mass flow, the momentum and the
enthalpy of each phase separately as well as void fraction. The calculations were performed in
cylindrical coordinates, because of the shape of the steam generator. The slip model has been
utilized in calculations. The 3D code PHOENICS was used for performing calculations of the
void fraction, fluids velocity and enthalpy distributions in the steam generator.
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The set of twelve governing conservation equations describing the two-phase flow in the
secondary side of the steam generator can be written in a general form through equation (1).
The corresponding values of 1^ and Sv for all considered properties of variable <p are
indicated in Table 1. The calculations were performed by setting an equal pressure of both
phases. Derivation of these equations can be found in literature [2]. The detailed descriptions
of the interfacial relations, Mp, Fp_to and 7 p . t e are presented in section 3.1.
= apS%

Table 1: Expressions for the exchange coefficients T
Conservation of

(1)

and source terms

*V

mass

1

0

momentum

U

V-

enthalpy

K

PJ

volume fraction

for any conserved property

M

1

P
-IntJ

0

subscripts: i j = 1,2,3

Because the riser is filed by U-tube bundle, the porosity feature of PHOENICS code was
used. The filed parts of the steam generator were represented by way of porosity factors, which
allow the extent of blockage of each cell face and cell volume to be numerically expressed [4].

3.1 Auxiliary formulations
The crucial point in descripting of two-phase phenomena in steam generators is to
correctly determine interfacial mass, heat and momentum transfer. In this study these relations
are taken from reference [4] and [6].
Interfaciat momentum transfer
Since the difference between the velocities of steam and liquid is small, the interfacial
momentum transfer is supposed to be a linear dependant on a constant inter-phase friction
coefficient C^, void fraction of steam as and water aw, and density of water pw in all
directions:

where CV is 50 m'2 s"2. To satisfy the overall momentum balance between the two phases the
relation between momentum transfer is as follow:

Interfacial heat and mass transfer
Consideration of the interfacial heat transfer is more significant than the interfacial
momentum transfer due to the presence of boiling. For the present calculations the phase
change is primarily controlled by the steam-interface heat transfer. The primary side heat flux
is transferred to the steam and liquid phase for the node located at U-tube position. The heat
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transfer process within each computational cell is due to tl
action with the neighbouring
cells for the same phase and interaction between the
cs within the same cell. In
mathematical form, the interfacial heat transfer per unit
.ne from liquid to the interface is
expressed as:

where g^^ is the interfacial heat transfer from liquid to interface, and /3 w . t o is the coefficient
of interfacial heat transfer. Heat transfer from liquid to the interface is small since the liquid
enthalpy already entering almost as a saturated enthalpy. The interfacial heat transfer from
vapour to interface is expressed as:

where / ^ . ^ is the heat transfer coefficient between the interface and the gas phase. The heat
transfer coefficient between the interface and the liquid phase, and between the interface and
steam phase are given in reference [4]. These coefficients contain the ratio of heat transfer from
interface to each phase, heat capacity of the phase and interface area. In these calculations the
value of fi^^ is 1.0 kg s 1 nr 3 and the value of ^ . ^ is 0.01 kg s'1 m'\
The interfacial mass transfer rate is obtained by the heat balance at the vapor-liquid
interface. The interfacial mass transfer rate per unit volume becomes:

where rws is the latent heat of vaporization at the given pressure. The source term of vapor
mass conservation equation is Ms. To satisfy the overall mass balance equation the source
terms of both phases are in following relation:

The interfacial heat source/sink added to the liquid enthalpy equation (1) is then expressed:

where qy/HM is the interfacial heat transfer from the liquid to the interface in a computational
cell and Mw(hw-hwsa)
is the energy loss due to the phase change of the liquid. Similarly, the
net interfacial heat source/sink term for the vapor phase is expressed as:

Boundary conditions of the primary side heat flux have been provided by SMUP ID code
[8]. The net effect of primary side heat source to the liquid and steam phase energy equations
are obtained by adding a primary side heat flux per unit volume to the source term of the
equation (1).

4.

Computational aspects of the problem

The system of twelve partial differential conservation equations (1) together with the
boundary conditions and auxiliary relations form a closed set of equations. A numerical
iterative scheme is used to obtain the solutions after all boundary conditions for the two phases
are prescribed. A staggered grid system was used where the velocities were stored on cell faces
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and ap, hp, p are stored at cell centers. The PHOENICS 1.4 code [4] was used as the
numerical solver for the difference equations. Internally, PHOENICS solved sets of algebraic
equations which represent the consequences of integrating the differential equations over the
finite volume of a computational cell and over a finite time, and approximating the resulting
volume, area and time averages by way of implicit upwind scheme. A complete statement of
the finite-volume equations is given by Patankar [3]. The variables u t, h p and a are
solved using the IPSA (inter-phase-slip-algorithm) [4]. The size of the numerical grid was
chosen regard on numerical convergence and numerical diffusion [5]. The computations were
carried out on SUN 3/60 workstation located at US, University of Ljubljana.

5.

Numerical simulation and results

The model described above was applied to predict
1
4
8
the void fraction and velocity fields for flow boiling in the
S^j?
,D4 steam generator for operating condition of nuclear
power plant Kr§ko. A 180° nodal model developed for
ft
analysis of boiling flow at the riser represents one half of
a 3
-'
30 ]
the D4 steam generator only. Figure 2 depicts the
'1 - ''
developed nodal scheme of lower shell. The vertical
— -- ,
25 •
Boiling
boundaries of the 180° model in the steam generator were
__ + *
placed such that a half inlet nozzle at the right side was
20
present at a vertical boundary as shown in figure 2. The
•
nodal grid, which consisted of 6080 computational cells,
Pratwaling
15 •
/~S9Ofon
was developed using cylindrical polar coordinates and
maximum of 20 computational cells in the angular
K10
i
direction, 38 computational cells in the axial direction, and
8 cells in radial direction. No computational cells were used
Z- = '.'.' 1
20 .
to model the inlet nozzle and preheater. Preheater was
I
analyzed separately in order to provide the flow rates and
enthalpies at the exit of preheating section. At the steam
Fig. 2: The3-Dimensional 180° Nodal
generator analyses the feedwater flow rates and enthalpies Model of the Steam Generator
were considered in the input model as boundary conditions
at the desired surface element locations on the lower shell. The nodal grid described above was
the largest grid in this study which satisfied numerical convergence of the set of differential
equations (1).
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The results of D4 steam generator analyses depict figures 3 and 4. Figure 3 contains
contours of a volume void fraction of steam for the vertical planes 1 = 1 and 1=20, and four
horizontal planes K = 3 , 14, 25 and 36. A cooler zone was observed at the left side and the
steam void fraction was developed more slowly. The final void fraction of steam at the exit of
the riser was about 0.85 which is in accordance with reference [7] and [1].
Figure 4 contains the steam velocity plots for the 1 = 1 and 1=20 planes, and four
horizontal planes. The downcomer flow coming in the cold side has to pass below the
preheating zone to get to the hot side. As the result of the such flow appears a pressure gradient
which cause the recirculation flow at the boiling section. Figure 4 depicts secondary
recirculation flow about U-tube bend due to expanding a larger left side mass flow to the right
side. Recirculating flow was also observed about the preheating section where right side mass
flow enters, through preheater, to the riser.
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Fig. 3: Void Fraction of Steam at 1=1, 1=20, and K=3, K= 14, K=25, K=36 Planes
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Steam velocity
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Fig. 4: Velocity plots of Steam at 1=1,1=20, and K=3, K=14, K=25, K=36 Planes

470

Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995

6.

Conclusions

•

3D Distributions of the volume void fraction and fluids velocity in the D4 steam
generator of nuclear power plant KrSko were obtained, but not compered with experimental
data.

•

The analysis of saturated boiling in the U-tube riser shows that the cooler zone appears
on the left side and that the steam void fraction is developed up to 0.85.

•

It is recommended that the interfacial coefficients of momentum, mass and heat
transfer shall be examined for future two-phase flow studies. This would provide more
accurate values of velocities, enthalpies and void fraction over the whole calculated region.

7. Nomenclature
C
fr

g
h

J

M
p
Pr

interfacial friction coefficient
interfacial friction force per unit volume
gravity acceleration
enthalpy
flux of general variable <p
interfacial heat source/sink term for the
enthalpy equation
interfacial mass transfer rate per unit
volume
pressure
Prandtl number
latent heat of vaporization
interfacial heat transfer per unit volume
velocity component
source term

Greek symbols

a

void fraction

& -tnt interfacial heat transfer coefficient
exchange coefficient
r
dynamic viscosity
VQ
density
<P generalized dependent variable
Subscripts
velocity components
ij
int
interfacial
phase index
P
s
vapour phase
sat
saturation
w
liquid phase (water)
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VALIDATION OF SIX-LOOP RELAP5 MODEL OF WER-440/V213
UNIT WITH TRANSIENTS MEASURED IN THE PAKS NPP
L. Perneczky, A. Guba, I. Toth
KFKI Atomic Energy Research Institute
H-1525 Budapest, P.O.Box 49, Hungary
A B S T R A C T - In the AGNES project a six-loop input model of the third unit of the Paks NPP has been developed
. for the RELAP5/mod2 computer code. To verify that model, transients measured in Paks NPP were chosen for
simulation: trip of one main circulating pump and scram after a spurious signal from the safety system. The analyses
of the transients show that, with only a very few modifications in the input model, the results are in a good agreement
with the measured data.

1. INTRODUCTION
The structure of the primary and secondary circuits of VVER-440/V213 units is not essentially
different from the structure in Western type reactors, except the six primary loops in place of three
or four loops, the horizontal type steam generators (SG), loop seal in both hot and cold legs in all
six primary loops and the passive emergency core cooling systems (ECCS) injecting direct to the
reactor vessel. Therefore for analyzing the design basis accidents (DBA) - after development of
an appropriate input model and after its validation - the internationally accepted codes like
RELAP5, can be applied for VVER-440 too.
The AGNES project [1] was performed in the period 1991-94 with the aim to reassess the safety
of the Paks NPP and to determine priorities for safety enhancement and backfitting. The project
comprised - among others - a complete DBA analysis. A major part of the thermohydraulic
analyses has been performed by the RELAP5 code. For the RELAP5 calculations two input models
were used. In the medium size loss of coolant accident (LOCA) calculations and the PTS studies
the six loops (six primary coolant loops and six secondary steam lines) of the VVER-440 system
were modelled by three loops (a single, a double and a triple loop), one of the turbines was fed
by the steam lines of the single and double loops, the other one was fed by the steam line of the
triple loop. In the further developed version of the input model used in small break LOCA and
other DBA analyses the six reactor cooling loops were modelled separately [2]. The nodalisation
schemes of the reactor vessel and the pressurizer, moreover the single primary loops are identical
in the two input models. The total system consists of 512 volumes, 581 junctions and 417 heat
structures.
The boundary conditions like reactor protection systems and control logics can be specified in
RELAP5 input model by using so-called trip cards, general tables and control variables. In the sixloop model these elements are generated in a unified manner on the basis of the detailed control
schemes of the Paks NPP unit No. 3 by using a RELAP5 object-oriented preprocessing interactive
code with high level graphic functionalities, the TROPIC 4.0 code, received from TRACTEBEL
Belgium [3].
In the six-loop input deck for VVER-440/V213 system we have 4510 cards representing 229 trips,
1032 control variables and 95 tables due to TROPIC code describing the protection and control
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systems as first level unit protection system (UV-1, scram), complete ECCS logics, pressurizer
pressure control and protection system, SG protection and level control, turbine protection system.
The six-loop input model for VVER-440/V213 system was validated by the data of operational
transients measured in Paks NPP. Two transients were selected for this aim: loss of one main
circulating pump (MCP) and transient after scram (reactor protection operation after a spurious
signal).
In the AGNES project the thermohydraulic study - consequently the calculations for validation was made by RELAP5/mod2/V251 program version originating from Siemens, Germany. The
calculation for reactor scram was repeated in the framework of CAMP by mod3.1 version [4]. In
the results no significant differences were noticed.
According to the results in the AGNES project the input deck was used in more than 30 DBA
calculation cases with complete success. The six-loop RELAP5 input model of the Paks NPP [2]
and an illustrative part of the analysis results obtained for the group of accidents initiated by the
decrease of secondary side heat removal are presented in two papers [5], [6] in the near future.
2. TRIP OF ONE MCP
2.1. Definition of the transient
In the third unit of Paks NPP on 06.08.1992, at 11:13:53.87, after a spurious protection signal
"No. 2 pump seal water temperature is above 80°C", the corresponding MCP was tripped. The
events occurring in the transient were registrated [8]. Unfortunately, there are no exact data for
the time of "turbine valve closing is beginning", and for the positions of the turbine control valves.
Therefore, there is no possibility to model the turbine closing correctly.
The unit was in the beginning of the cycle, the fuel elements were relatively fresh. The control rod
position was 196,3 cm. After the unit protection signal level 3 (UV-3) in the first 11 s of the
control rod motion the effectiveness was smaller than in the later part. At 19,76 s the core power
was 81,4% [8]. Analyzing the measured data, the following remarks can be pointed out:
- From 0 s to 21 s the UV-3 affects only the pressurizer pressure (Fig. 1) and level (Fig. 2), they
slowly decrease. The MCP coast-down results in drop of pressure difference of MCP-2, and in
slight decreasing of the other ones (Fig. 3). There were no other changes in the primary
parameters in this period.
- From 21 s to 70 s the main event was the reversal of the flow in loop 2. There may have been
turbine valve closing in this period, but with respect to the interventions after 70 s, the effect is
negligible and, as far as primary parameters are concerned, the influence is overruled by the flow
reversal. (This statement comes partly from the results of the calculations.)
The flow in loop 2 changes its direction at about 25 s, then the cold water from the steam
generator reaches the reactor upper plenum. The other loops get the hot water from the core and
some cold water in function of their distance from loop 2 as it can be seen in Fig. 4, neighbours
of loop 2 get larger amount of cold water than the farther ones.
2.2 RELAP calculation
The input model is described in details in [2] and [5]. At 0 s of the transient the system was in
steady-state condition as follows:
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Core power
Pressurizer pressure
Pressurizer level
SG pressure
Core flow rate
Feedwater flow rate/SG

1380 MW
12.294 MPa
4.58 m
4.45 MPa
8093.6 kg/s
130 kg/s

The transient was started by manually tripping the MCP-2 at t=0 s. The UV-3 was modelled by
decreasing the reactivity. Testing the system, it was found that the reactivity table used in the calculation was suitable to get the correct core power (the calculated core power at 19,76 s was 81 %).
Due to undocumented turbine valve positions, the turbine valve closing was not modelled in the
RELAP calculations, so the calculations can simulate only 70 s of the transient. To see the
influences of the turbine valve closing in the measured data compared to calculations, a decision
was made to perform the calculations up to 150 s. In the transient runs the feedwater flow and
temperature were given by interpolating the measured curves.
2.2.1. Analysis of BASE CASE
The BASE CASE was run with the data described above. The pressurizer pressure and level are
fairly well predicted, except that there is a little delay between the measurements and the calculated
values. The temperature drop in hot leg 2 is the same in the measurements and calculations, while
the flow is reversing (see Fig. 5). The calculated behaviour can be explained by the decreasing
flow rate in the loop that leads to better cooling of the primary liquid until flow reversal, when
slightly warmer fluid enters the loop from the neighbouring loops. In this case the MCP model
gave flow reversal in loop 2 at 19 s. Ref. [7] gives 26 s for this value. The CASE 1 was
designated to correct this problem.
The secondary pressure is underpredicted by the RELAP5, this is discussed in the next chapter,
but the tendencies are here similar (Fig. 6).
2.2.2. Analysis of CASE 1
In this run the conservative MCP coast-down characteristics was changed to the best estimate one.
After parametric tests it was found that the pump inertia should be changed from 1025 kg.m2 to
1525 kg.m2 to reach the correct 26 s for the flow reversal. The delayed flow reversal results in
almost constant hot leg temperatures between 26 and 35 s. The Figures show that the delay in the
hot leg temperature in loop 2 disappeared, and the pressurizer pressure and level curves, as well
as the pressure difference of MCP-2 are also in better agreement with the measured data.
2.3. Conclusions
The following conclusions can be drawn:
- Due to the assumption of complete mixing in the downcomer and upper plenum in the input
model, asymmetrical loop temperatures cannot be predicted. This leads to increasing differences
as we move away from the affected loop 2, especially on the hot side.
- The "master" input file was designed to use in the DBA calculations. The pump characteristics,
predicting reversing flow after 19 s instead of 26 s, is correct for conservative estimation of the
processes. CASE 1 shows that changing die pump inertia results in agreement for flow reversal.
- The considerable amount of uncertainties in the measured data makes detailed validation
impossible.
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3. TRANSIENT AFTER SCRAM
3.1. Definition of the transient
In the third unit of the Paks NPP at 11.03.1992,20:59:12, after a spurious protection signal there
was a scram. All the events occurring after it - turbine trip with 10s delay, dump valve to
condenser opens, etc. -, were the consequences of that initiating event. The transient, along with
the measured data and the system initial conditions are summarized in [8]. There is, however, a
contradiction between the pressurizer pressure and the one measured in the loop 6: the former is
higher, in spite of the considerable head difference.
3.2. RELAP calculations
The input for steady-state run was based on "master file" [2] and [8], with the following remarks.
- Due to the problem mentioned above, the primary pressure was taken in the pressurizer.
- It is a known shortcoming of RELAP5 that it tends to underpredict the primary-secondary heat
transfer leading to lower steam generator pressure, if the primary average temperature is correct.
Therefore it was decided, as a compromise, to increase the measured hot leg temperature of
296,5°C to 297,5°C.
- The pump flow rate was slightly "tuned" in order to get the correct core AT.
The system initial conditions applied are summarized as follows:
Core power
Pressurizer pressure
Pressurizer level
SG pressure
Core flow rate
Feedwater flow rate/SG

1375 MW
12.219 MPa
4.38 m
4.61 MPa
8054.6 kg/s
124.4 kg/s

In the transient runs the feedwater flow was modelled by interpolating the measured curves. The
transient was started by manually scramming the reactor at t=0 s. Due to operator intervention
after about 6 min in the test, the calculations were performed up to 300 s.
3.2.1. Analysis of the BASE CASE
The BASE CASE was run with the data described above. The comparison plots of the BASE
CASE show fairly good agreement with the following exceptions:
- The steam generator pressure (Fig. 8) has a rising part after 100 s of transient time in the
calculations, but not in the measured data. The same effect can be observed in the main steam
header pressure (Fig. 9), the steam dump valve to condenser (BRU-K) opens again at 260 s.
- It can be noticed that in the first very quick rise of the steam generator pressure there is a
deviation in the calculated data from the measured ones.
- On the Fig. 9 it can be seen that the measured and calculated graphs of the main steam header
(MSH) pressure run parallel in the time interval of 25-100 s.
- Another problem arises in the hot leg temperatures (Fig. 7). All of them decrease too early and
too quickly in the calculations.
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3.2.2. Analysis of CASE 1
In order to address the problems encountered in the BASE CASE, two modifications were done
in CASE 1:
- A constant steam reduction was assumed from the main steam header. The amount of the steam
reduction has been set to 22 kg/s. This data was not measured during the transient, the only
information was that it was quite small, therefore it is negligible. After the turbine closing this
small amount could change the system characteristics. Applying the above steam reduction results
in much better agreement between calculated and measured SG pressures in the late phase of the
transient (Fig. 11).
- The scram reactivity table was adjusted to get the correct hot leg temperatures.
Since the steam reduction mainly has effect after 60 s and the scram table modification makes
changes only in the first 25 s of the transient, the effects caused by the different modifications can
be distinguished in the results.
Several causes can be imagined for the discrepancy between the measured and calculated hot leg
temperatures:
- The power transferred from the fuel rods to coolant is not correct. This can either be caused by
an incorrect description of the actual power production after the scram signal arrives, or by
delayed heat transfer across fuel-clad gap. Since the neutron power was unfortunately not measured
in the test, one has to rely on hypotheses.
- The loop temperature measurement has several seconds of delay: this possibility should be
checked with pertinent data from the plant. It should be mentioned that this cause cannot remedy
all symptoms: as it will be seen below, the problem is solved if the calculated hot leg temperatures
agree with the measured ones.
- To some extent the coolant flowrate can have an effect as well, although this can hardly explain
the important difference.
Due to the uncertainties in the measured information, it was decided to change the core power
evolution. To do so, the scram rod reactivity table was changed. We have assumed about two
seconds of delay, and the reactivity decrease is slower than in the best estimate case. The improved
hot leg temperatures (Fig. 10) have effect on the secondary pressures (Fig. 11), the deviation at
4.83 MPa is no longer present in the SG pressures.
3.2.3. Analysis of CASE 2
Slightly raising the setpoints for the BRU-K, the agreement for MSH pressure can be improved.
Raising the 49/47 bar opening/closing setpoints to 49.4/47.5 bar, with all the modifications above,
we get a new input called CASE 2. In this case deviation is not longer present (Fig. 12). There
is a good agreement in almost all graphs. The exceptions are:
- pressurizer pressure and level. The primary pressure is strongly influenced by the pressurizer
heaters. Unfortunately, there is no information at all about their functioning during the test.
- steam generator wide and narrow range levels. The difference between the calculation and
measurement can only be explained by the different mass inventory in the SGs, i.e., differences
in feedwater or steam flows.
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3.3. Conclusions
The results show good agreement with the measured data. The significant thermohydraulic
parameters fit well, assuming some uncertainty in the measured data. The RELAP5 calculation
shows the correct tendencies of the processes.
The following problems have been pointed out:
- The measured hot leg temperatures show considerable delay with respect to the calculations. It
is of primary importance to make sure what is the reason for this discrepancy. The method applied
was to delay the core power substantially. In order to check this hypothesis, the neutron power
should be measured in a similar test. Since the delay represented by the temperature measurement
sensors may also have an impact, this delay should be evaluated.
- The long term secondary pressures can be matched only by the calculation, if a constant steam
consumption of about 22 kg/s is assumed. If a similar test is performed, it would be advantageous
to limit steam consumption to the strict minimum.
- The known shortcoming of RELAP5 to predict primary to secondary heat transfer correctly
results in slightly higher primary temperatures with secondary pressures fixed at the measured
ones. It should be noted, however, that it is very difficult to assess this effect due to large
differences and/or uncertainties in different loop temperatures.
4. GENERAL CONCLUSION
As a conclusion it can be stated that the models in the "master input deck" developed for the six
loop system of WER-440/V213 unit seem to work correctly, the measured data are matched with
sufficient accuracy. The possible reasons for differences could be pointed out.
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ANALYSIS OF LOSS OF FLOW TRANSIENTS IN THE VVER-1000 REACTOR
WITH THE ASTRA PLANT ANALYZER
S. Amato*, M. Frogheri 0 , U. Monasterolo*
*ANSALDO - Nuclear Division
Corso Perrone 25, 16161 Genova - Italy
°DITEC - University of Genova
Via all'Opera Pia 15 A, 16142 Genova - Italy
A B S T R A C T - The paper describes the analysis of two transients of loss of flow in a WER-1000
reactor performed with the Plant Analyser ASTRA compared with the data recorded during the same
transients performed at Kozloduy NPP (Bulgaria).
The first transient is a coastdown of one primary loop pump at a power level of about 70%, while the
other 3 pumps continue to run at normal speed. The second transient essentially consists of the
exclusion of one of the two turbine driven feedwater pumps; 38 seconds after the beginning of the
transient, one of the feedwater regulation valves remains stuck open, the level of one steam generator
starts to raise until it reaches the maximum allowed value so that the transient was stopped.
These two transients have been simulated by ASTRA: the attention has been focused on the primary side
behaviour and on the heat transfer models, taking the secondary side parameters as boundary conditions.
The experimental and calculated trends of the addressed parameters are in a good agreement, showing
the capability of ASTRA to properly simulate the analyzed transients.

1. INTRODUCTION - ASTRA is a Plant Analyser specifically devoted to the analysis
of PWR reactor included the VVER-1000 type water reactor [1]. ASTRA simulates the
multi-loop system by modelling the reactor core and vessel, hot and cold leg piping,
steam generator (tube and shell sides), pressurizer, and reactor coolant pumps, with up
to four reactor coolant loops. The pressurizer model includes the effects of pressurizer
heaters, spray, Relief and Safety valves operation. The reactor core model employs a
lumped fuel heat transfer model with point neutron kinetics and includes the reactivity
effects of variations in moderator density, fuel temperature (Doppler), boron
concentration and control rod insertion and withdrawal. The secondary side of the steam
generator is represented by a single volume model (water and steam phase) with a
homogenous, saturated or superheated mixture for thermal transients. The turbine,
condenser, and feedwater heaters are not simulated; instead steam demand and feedwater
flow and enthalpy are input to the code or controlled by specifying certain control
options.
The reactor protection system is simulated bv (he AZ sequence logic.
The engineered safeguard features simulated are the Safety Injection and the
Accumulators Systems, the Feedwater and the Steamline isolation and the Auxiliary
Feed.
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The control systems simulated are rod control, steam dump, and pressurizer and steam
generator pressure control and the Chemical and Volume Control System. Reactor
coolant pumps operation is simulated including the effects of pump coastdown and pump
startup with loop flow reversal allowed.
It provides accelerated time simulation capability through the use of the global
compressibility algorithm.
ASTRA is connected to a graphical interface (with colour animated synoptics) that also
provides the user with the capability to simulate all of the most significant operator
actions allowed in a real plant.
Its characteristics (interactive operator actions , very fast running time and graphical
interface) make ASTRA particularly suited to develop and verify operating and
emergency plant procedures.
In this paper part of the analyses performed to qualify ASTRA models are described,
focusing specifically on the fluidynamic of primary system . Additional analyses are
foreseen in the near future: comparisons with other plant data collected during
operational transients and also comparisons with sophisticated computer program
(RELAP5) for studying transients not recorded in the plants.

2. ASTRA MODEL-The base input deck for both the transients analyzed was prepared
using Kozloduy plant characteristics (where available) and from data of similar VVER1000.
The core has been axially subdivided into three regions and the steam generators tubes
into four regions; the hot leg, the cold leg and the vessel outlet plenum have been
subdivided into one, three and two regions respectively.
The pressure drops and the elevations changes along the Reactor coolant pipes circuit
have been evaluated in each section of loops and vessel.
The homologous curves, the rotor inertia with windage and friction terms were included
for the calculation of the pump coastdown transient.
Although the code allows for the simulation of the kinetic of the sensible heat trapped
into the reactor metal structures, the model was not activated due to the short duration
of the analyzed transients (less than 300 seconds).
Heaters, spray and pressure control systems were also taken into account in the
simulation of pressurizer using a model with two-region (steam and water) and three
phases (subcooled ,saturated and superheated).
Forced convection and pool boiling correlations were used for the primary and secondary
side heat transfer coefficients; the evaluation of the secondary side of Steam Generators
was performed with a model that accounts for one region of water and one region of
saturated or superheated steam, the kinetic of which is given by solving the mass and
energy equations. Proper models were also used for the water level calculation and for
the determination of the active (covered) part of steam generators tubes.
In the ASTRA plant analyser the time step of calculation can be selected by the user; in
this study the used value of one second proved a good accuracy with no instability
phenomena.

3. TRANSIENTS ANALYSED -The transients studied were performed in the nuclear
plant of Kozloduy in November 9 and 10 1991 [2].
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The first transient consists of a loss of flow caused by i-..x trip of one of the primary
coolant pumps. Starting from a power level 72 % of the nominal value, the pump of the
third loop was switched off, while the other 3 pumps were continuing to run at normal
speed; at the beginning of the transient the reactor power controller, normally operating
in "T" mode, was switched to the "N" mode and the regulation system allowed the
decreasing of the power from 72 % to 52 % of the nominal value .
During the transient the flow in the core is reduced and the outlet temperature of the
core and primary pressure rises. The power exchanged from the primary to the secondary
side is larger in these conditions, so that also the secondary pressures increase . On the
contrary, the flow in the loop with the stopped pump (the third one) reverses and the
heat exchange in the third steam generator is strongly reduced, contributing to the
primary pressure increasing. The temperature in the hot leg 3 decreases and after about
60 seconds drops below the cold leg temperature, owing to the flow reversal and to the
small heat exchange in the steam generator. At about one minute after the beginning of
the transient, the heat transfer increases in the affected steam generator and at the same
time the core power decreases. These two phenomena essentially cause the decreasing of
the primary pressure and pressurizer level to the initial values and of fluid temperatures
to the values corresponding to the 52 % of core power level. During all the transient the
values of primary pressure and secondary pressures and levels remain below the limits for
the actuation of the protection systems.
The second transient, performed in the Kozloduy plant on November 10, 1991 [3], was
originated by the exclusion of one of the two turbine driven feedwater pumps. Before the
test the core power level was reduced to 72.1 % of the nominal value. The feedwater
pump n° 1 then was excluded, and the flowrate in the pump n° 2 starts to increase
automatically to compensate the loss of flowrate. During the transient the core power
level decreases up to 39 % of the nominal value. In the first 10 seconds of the transient,
there is the decrease of the total feedwater flowrate and consequently of the steam
generators levels , due to the loss of the pump n° 1; the core power level and the
primary pressure are essentially constant, while the secondary side pressures start to
rise, following the decreasing feedwater flow.
As the flowrate in the pump N° 2 continues to rise, the overall inlet flowrate and the
levels increase in the same way in all the steam generators. Thirty-eight seconds after the
beginning of the transient the feedwater control valve of the steam generator N° 1 fails
open (stuck open situation) at 90 %, causing the fast increase of the level in this
generator. The primary side parameters, including pressurizer pressure and level and hot
leg temperatures decrease following the core power level curve. The heat transfer to the
secondary side is reduced. As a consequence of the above and of the secondary side
regulation, secondary pressure decreases, at about 40 seconds. At 110 seconds during
the transient all the plant parameters (except for the level in the first steam generator, i.
e. the affected Steam Generator) are close to the stabilization. When the value of the
level in the affected steam generator reaches the limit for the actuation of the protection
system (level equal to 2.6 meters), the steam lines were isolated and the transient was
interrupted.

4. RESULTS - Both the transients were run with the ASTRA Plant Analyser and the
results were compared with the data available from plant records.
The first transient was run with the following boundary conditions:
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the variation of the core power as a function of the time;
the variation of the feedwater conditions (flowrate and enthalpy) in each steam
generator;
steam pressure in each steam generator.
The initiating event of the transient (coastdown of primary pump of third loop) and the
pump coastdown has been well reproduced (Fig. 1).
The measured trend of primary pressure is reproduced qualitatively well by ASTRA (Fig.
2). The initial increase is slightly underestimated (error less than 1 bar), while the
subsequent decrease occurs about ten seconds later and with a minimum pressure value
that is roughly 3 bar lower than the experimental one. The behaviour of pressurizer level
(Fig. 3) is well reproduced in the first 30 seconds of the transient, then the level decrease
is predicted a little earlier by ASTRA and at the end of transient the two curves differs
for about 20 centimetres.
The hot and cold leg temperatures (Figs. 4 to 11) are in a quite good agreement with the
experimental ones. The temperature decrease in the third hot leg is well predicted,
although it is anticipated of about 25 seconds (this discrepancy is probably due to plant
instrument lag that has not been taken into account and also to the unknown instrument
position that caused that the transit time was not properly accounted for). ASTRA
predicts the same behaviour for all the unaffected loops, while in the real transient the
second loop trend differs from the other for the absence of the initial temperature
increase. However, the difference among the measured hot leg temperature values is less
than 2 °C . The cold legs behaviour is quite well predicted; only in the third loop there is
a difference of about 2 °C, between measured and predicted values.
The second transient was performed imposing the same boundary conditions as in the
first one.
The calculated trend of primary pressure (Fig. 12) is in a good agreement with respect to
the measured one in the first part of the transient; in the second part, ASTRA starts to
underestimate the pressure, reaching a minimum value that is 2 bar lower than the
measured one.
The comparison between measured and calculated hot leg temperatures (measured cold
leg temperatures were not provided), shows a quite good agreement (see Figs. 13 to 16),
especially in the fourth loop, although in the last part of the transient ASTRA calculation
underestimates the temperature of about 4 °C in the worst case (loop 3).
The pressurizer level (Fig. 17) is well predicted, while the steam generators levels
(Figs. 18 to 21) present several discrepancies. The calculated levels have the same
behaviour in all the steam generators, showing a small increase in the first 5 seconds and
almost constant behaviour in the rest of the transient. The rise of the level in the first
steam generator, that characterises this transient, is underestimated by ASTRA. Also in
the other steam generators, especially in the second part of the transient, the calculated
level value is 30 centimetres lower than the measured value. The fourth steam generator
behaviour is better predicted.
5. CONCLUSIONS - Comparison between <• ,.\••, obtained from the Kozloduy NPP and
the data evaluated by the ASTRA Plant Ar :.cr during two transients, coastdown of
one primary loop pump and coastdown of one feedwater pump, have shown the
capability of ASTRA to correctly predict plant data with emphasis on primary loop.
Differences between measured and predicted values in temperatures, pressures and levels
of primary system are within a few percent.
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Description and validation ofANTEO, an optimised PC code for the
Thermalhydraulic analysis of fuel bundles
Silvio Cevolani
ENEA-ERG-FISS, via Martiri di Monte Sole 4, Bologna (Italy)

S19900064
Abstract
The paper deals with the description of a
Personal Computer oriented subchannel code,
devoted to the steady state thermal hydraulic
analysis of nuclear reactor fuel bundles. The
development of such a code was made possible by
two facts: firstly, the increase in the computing
power of the desk machines; secondly, the fact that
several years of experience into operate
subchannels codes have shown how to simplify
many of the physical models without a sensible loss
of accuracy. For sake of validation, the developed
code was compared with a traditional subchannel
code, the COBRA one. The results of the
comparison show a very good agreement between
the two codes.
/.

Introduction
The steady-state thermohydraulic analysis
of a nuclear reactor core is usually performed by
means of computer codes based on the subchannel
model /1,2,3/. Such codes were typically developed
on the big computers in the 60's and 70's and are
characterised by two main guidelines: the
generality and the completeness. With generality
it's intended the capability of the code to analyse
reactors of any geometry and coolant; completeness
is the attempt to introduce into the code a model as
good as possible for each physical phenomenon of
interest.
Such guidelines, supported by the
availability of big machines, has lead to codes
characterised by middle-big dimensions and by a
fair complexity. As a consequence, they are quite
difficult for the designer's use. Until a few years
ago, such a situation was accepted as inevitable.
Meanwhile some new facts happened. From one
side, the enormous development of the desk
computers (PC) led such machines to performances
near to the ones concerned with the old big
computers. At the same time, the systematic use of
the subchannel codes and the comparison of their
results with data coming from measurements and
from other codes, allowed the quantitative
evaluation of the different phenomena. This has
shown, in several cases, the possibility to perform
models simplifications, having a strong effect on
the computational load together with a negligible
effect on the accuracy of the results. These facts
have made possible the development of a PC
devoted subchannel code. An activity in this
direction was started in ENEA in 1992, within the
frame of the preliminary design of the MARS
reactor, an Advanced Light Water Reactor 161. The

main result of this activity is the code ANTEO
(from the Italian words: ANalisi TErmoidraulica
Ottimizzata), a steady-state subchannel code for
the thermal hydraulic analysis of reactor rod
bundles cooled by a single phase coolant. ANTEO
is written for a standard IBM-PC, has a fair simple
input specification and runs on such a machine in a
very reasonable time.
2.

Model description
The thermohydraulic analysis of a rod
bundle most be extend to two different regions: the
first one is the coolant region, where the pressure,
velocity and temperature distributions are to be
determined; the second one is the region inside the
rods, where only the thermal analysis has to be
performed. In steady state, the analyses of the two
regions can be completely separated each other As
a consequence, in the following the two will be
discussed separately.
2.1

Coolant region
The determination of the pressure,
velocity and temperature distributions in the
coolant is based on the solution of the balance
equations for mass, momentum and energy. Such
equations are of elliptical nature, i.e. they should
be solved in 3D basing on boundary conditions, a
very hard job. Fortunately, at the reactor nominal
operating conditions, the reference ones for the
steady-state design, the velocity has a prevalent
velocity component in the axial direction; once
more, the energy exchange in axial direction is
negligible. As a consequence, the system can be
described as a 2D one, on a plane perpendicular to
the flow direction, and by repeating the analysis for
subsequent axial levels, each one depending on the
previous one but not on the following one, the 3D
analysis is performed. This approach is usually
adopted in the subchannel codes, see for instance
/2,3/. A further approximation is proposed, and
adopted, in 111: it is assumed that the pressure is
uniform over the bundle transversal cross section,
i.e. over the plane where the 2D analysis is
performed. This assumption allows for a strong
simplification, due to the fact that the transversal
momentum equation is taken off from the system.
This way the dimension of the equations system is
reduced; once more, the solution is simplified, due
to the fact that from the coupling of the two
balances (the axial and the transverse ones) often
convergence problems are arising. With respect to
the loss of accuracy concerned with such
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simplification, the situation is not too bad: firstly,
the transversal pressure gradient are effectively
very small; furthermore, the evaluation of such
gradients needs the knowledge of the pressure loss
law for flow transversal to cylinders. In the
literature there is a poor dealing with this problem,
and what available is often out of the P/D range of
interest /9,10/. As a consequence, such an analysis
is affected by a not negligible uncertainty. In
ANTEO all the mentioned hypotheses are adopted;
once more, the flow rate along a subchannel is
assumed to be uniform. This simplification, already
tested in 151, allows for the calculation of the flow
distribution "a priori", by means of a flow split
model, by separating completely the thermal
problem from the hydraulic one. The advantages of
such an approach are evident; the less of accuracy
is evaluated in the section 2.1.1. After the
determination of the velocity distribution by means
of the flow split model, the axial pressure
distribution along the bundle (as an average over
the transversal cross section) is determined basing
on the models discussed in the section 2.1.2. Going
into the thermal problem, basing on the previously
discussed assumption, it will be concerned only
with the transversal balance. In the subchannel
models /1,3/, such a balance is based on the
description of three phenomena: molecular
conduction, cross flow and turbulent mixing. The
first one, in turbulent flow, is usually negligible;
once more, it is often taken into account by the
turbulent flow coefficient. As a consequence, it will
not explicitly taken into account. With respect to
the cross flow, it cannot be taken into account in
the actual model, where the mass transport among
adjacent
subchannels
is
not
evaluated.
Consequently it will be neglected; the effect of such
an assumption will be discussed in the chapter 3,
2.1.1

Proposed flow split model
The analytical flow split models /5,11/ are
based on two fundamental hypotheses: the first one
is concerned with the assumption of uniform
pressure distribution at the bundle outlet
(hypothesis performed even in the standard
subchannel codes); the second assumption is that
the subchannels independent each other, i.e. no
mass and momentum exchange among them.
Basing on such hypotheses, the model is developed
like follows:
1.

a pressure loss equation for each one of
the m subchannels is written
the condition of uniform pressure at the
outlet is imposed
the mass balance equation is written

2.
3.

this way, a system of m+1 equation for m+1
unknowns (m velocities and the pressure loss) is
obtained. Both in 151 and /11/, due to further
simplifications, an analytical solution is reached.
In the first attempt to develop a code similar to
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ANTEO, called PRIVAL 111, the model suggested
in 151 was adopted. The application of this model to
a typical LWR bundle and the comparison between
the obtained results and those predicted by the
COBRA code III showed sensible differences
between the two models /121. An example of such a
comparison is shown in the fig. 1, where the flow
rate for two different subchannels is plotted.
DM
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The difference cannot depend on the fact that
COBRA computes an axially variable flow rate: in
this case the axial average COBRA flow rate
should be equal to the constant PRIVAL value. The
effect is due to the fact that, as mentioned before,
for the analytical solution of the flow split further
simplifications are needed: the pressure loss must
be only due to friction and in all subchannels must
hold the same pressure loss law (not the same
friction factor, but the same law for friction factor).
The application of the model /5/ to bundles
equipped with spacer grids, like the LWR bundles
are, leads to the observed discrepancy.This fact was
confirmed by applying COBRA to the same
bundle without considering the grids: the
agreement between the models becomes then
satisfactory. It becomes then necessary to develope
a flow split model taking into account the spacer
grids. The system of equation obtained in this case
will be difficult to be managed in analytical terms,
but being the model to be inserted in a computer
code, a nu.r.cwcal procedure can be employed. By
assuming that the pressure loss in the subchannels
is due only to two contributes (the extension to an
higher number of contributes is obvious), i.e. the
friction:
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the pressure loss law in the i-th subchannel
becomes:
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where n is the number of spacers grids. For the
moment, let us suppose that both X and !; are
independent of the velocity; by remembering that
the pressure loss is the same in all subchannels and
by considering that the velocities are surely of
positive sign, equation (3) can be written:
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being aj a coefficient grouping all constants. By
introducing the mass balance:
(5)

= ml

i=l,m

and substituting the equations (4) into (5) we get:

\2

m,.

\

(6)

f=l.m

where the only unknown is the pressure loss; from
it and by using the equations (4) the velocities and,
consequently, the flow rates are determined. At this
point, it is necessary to remove the assumption of
pressure loss coefficients X and \ independent from
the velocities. This is quite easy by inserting the
proposed scheme into an iterative procedure: at the
beginning, the pressure loss coefficients are
determined basing on the bundle average velocity;
in the following steps, they will be correct basing
on the computed velocities. The performed analysis
has shown that such procedure converges surely
and rapidly: the difference, in terms of velocity, is
less than 1% in three iterations.

With respect to the pressure loss laws, they can be
of any kind; the correlation set introduced in
ANTEO is described in 2.1.2. The developed
model was inserted in the ANTEO code and the
obtained results were compared with those of the
COBRA code. As it appears in the figure 3, the
agreement between ANTEO and the average
COBRA value is very good.
2.1.2

Pressure loss model
The total pressure loss across the bundle
resulting from the flow split calculations is not
sufficient for the accurate description of the bundle
behaviour. Therefore, the computation of the
pressure loss is repeated for a number of axial
levels with reference to the whole bundle,
according to the assumption of uniform pressure
over the transversal cross section. The friction
pressure drop is taken into account by using the
already mentioned equation (1). Due to the fact
that, for the system of interest, the Reynolds
number is not very high, the friction factor was
computed by means of the Blasius correlation (see
for instance/13/):

X = 0.316 Re 0 2 5

(7)

The spacer pressure drop is taken into account by
using the model proposed in /14/: the pressure drop
is computed by means of the equation (2) and the
coefficient 2; is computed by means of the
correlation:
(8)
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In this correlation, s. represents the blocking ratio
of the grids, i.e. the ratio between the flow area
corresponding to the grid and the flow area of the
undisturbed bundle. The dependence on the
Reynolds number is computed by means of the
correlation:
C v = 5.0 +6133 Re"0-789

(9)

Such correlation was proposed in /6/ and was
obtained basing on the data presented in /14/, A
further pressure loss is due to the acceleration: as a
consequence of the heating, the coolant will in fact
expand. Such an effect can be computed
analytically; the final equation is:

The solutii
..us system represents the core of
the code
~ principal matrix, of n?- terms, is
large bui aot excessively; as a consequence, it
becomes not necessary to use specialised solutions
methods for big systems: the system is solved by
means of a normal Gauss method with pivotal
condensation /15,3/. As a conclusion of this
section, it is worthwhile to mention that the code
was equipped with a model for the calculation of
the coolant quality. After the determination of the
enthalpies at each axial level, if some of them is
greater than the saturation enthalpy corresponding
to the local pressure, the quality in the of the whole
subchannel is computed as:

(13)

x=
(10)

where the index are respectively referred to the end
(index 2) and to the beginning (index 1) of the
considered length. The pressure variation due to
(he fact that the flow is directed vertically is
expressed by means of:
AP = p g Az

(U)

where g is the gravity acceleration and Az the level
variation. It should be emphasised (hat this term,
in a closed loop, modifies the pressure but does not
contribute to the pressure loss. With respect to the
inlet/outlet pressure loss, they are computed as a
function of the dynamic pressure, by using the
coefficients 0.5 and 1.0 respectively.
2.1.3.

Energy balance
The coolant flowing in each subchannel
receives energy (in form of heat) from the adjacent
pins; energy is then exchanged with the adjacent
subchannels. By referring to the subchannel i, the
balance is given by:
(12)
j=\,n

where Az is the length of the axial section; qj is the
heal transmitted to the subchannel i by the adjacent
pins;./ is the generic subchannel of the «'s adjacent
to /; w is the transmission coefficient, discussed in
2.1.4; hj2 and hjj are the coolant enthalpies
respectively at the inlet and at the outlet of the
axial section; hj is the average of the previous
ones; h; is the analogous to hj, but referred to the
subchannel j . For each axial section, the h] are
know, because referred to the outlet of previous
section or, for the first axial section, equal to the
inlet enthalpy. By writing an equation of type (12)
for each subchannel, a system of m equations for
the m unknowns (the hi enthalpies) is obtained.
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being C L the latent heat corresponding to the
actual pressure. It must be emphasised that the
code is devoted to single phase flow: the presence
of steam puts the calculation outside the validity
range of the code. As a consequence, the quality
calculation represents only a flag, in order to
inform the user of the reached limits of the code.
As said, this is concerned with the presence of
steam in the whole subchannel. But steam at local
level (subcooled boiling) does not invalidate the
model, as later explained in 2.2. In case of local
boiling, the quality in the whole subchannel is
assumed equal to zero.
2.1.4

Mixing model
The energy transmission between adjacent
subchannels is due, as mentioned before, to three
phenomena: molecular conduction, cross-flow and
turbulent mixing. Basing on the performed
assumptions, the only mechanism considered in
ANTEO is the turbulent one; the coefficient w in
equation (12) will be then defined only basing on
the turbulent mixing. One of the first model
proposed for this phenomenon is the model used in
III and described in /16/. Following this model,
known as Rowe's model and deriving from an
experimental analysis, the w coefficient is equal to:

• = 0.0062 —

Re -0.1

(14)

where the index ij means that the quantity is
referred to both the exchanging subchannels. Later,
particularly in Europe, a different model was used,
the Ingesson's one /17/: for instance, this model
was used both in 111 and 131. The Ingesson's model
differs from the previous one for the theoretical
part of the analysis; once more, it is more
complicated and tends to overestimate the mixing.
For this last reason, the Ingesson's model was often
used with the correction proposed in /8/, see for
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example / 3 / . Recently a new model was proposed
by Rehme /19/. This model, based on an advanced
theoretical approach and referring to a large
experimental data base, constitutes a synthesis of
the previous proposals. In ANTEO, the calculation
of the mixing coefficient w is entrusted to a
subroutine, and therefore any model can be used.
For the moment, the Rowe's model was inserted,
mainly for sake of comparison with the COBRA
code. It must be emphasised that, for the operating
conditions of water cooled reactors, the adopted
model is in good agreement with the Rehme's one.
2.2

Coolant-clad heat transmission
The film heat transfer constitutes the
interface between the coolant and the pin systems.
From one side, it belongs to the coolant system,
because it happens in the coolant. At the same
time, in steady-state flow, the coolant analysis does
not depend on the film heat transfer coefficient.
For such reasons it will be considered
independently from the coolant analysis. The film
heat transfer is computed in two different ways,
depending on the presence of subcooled boiling.
For purely single phase flow, the Dittus-Boelter
/13,20/ correlation is employed:
Nu = 0.023 R e 0 8 Pr° 4

(15)

In presence of subcooled boiling, the temperature
of the clad outer surface will be computed by
means of the Thorn's correlation /21/. This
correlation was preferred to the Jens-Lottes's one
/22/ as more conservative. The Thorn's correlation
is:
T
(16)
W = T s a t ' 22.65
where lyj and T s a t are the clad outer surface and
the saturation temperatures respectively; <P is the
thermal flux in (MW/m^) and P is the pressure in
Bar. In this equation, all the quantities are referred
to the actual axial level. The code performs
automatically the choice between the (15) and (16),
by using the criterion used in /23/: by calling t w o
the clad temperature computed by means of
correlation (15), subcooled boiling is assumed
when:

those of the subchannels adjacent to the pin. All
the following analyses will be performed basing
only on such temperature; this way only one
temperature will be obtained for each "shell" of the
rod. It must be mentioned that such an approach,
by neglecting the lowering introduced by the
circumpherential heat conduction, leads to
conservative
results. The
effect
of
the
circumpherential heat transfer inside reactor pins
have been analysed in / 3 / , by obtaining that they
are sensible only by particular systems, gas cooled
fast reactors, where the high film temperature drop
will influence the flow rate distribution. Otherwise,
they are usually negligible. Starting from the
reference coolant temperature, the clad outer
temperature
is computed as specified in the
previous section. The temperatures inside the clad
are then determined by means of the Fourier
equation, solved analytically for a cylinder of
infinite length. This solution is instead within an
iterative procedure, in order to take into account
the temperature effect on the thermal conductivity.
The heat transfer in the gap between clad and
pellet is complex and difficult to model. It is
substantially due to molecular conduction and
thermal radiation; the fact that the system is
varying during the reactor life (geometry, nature of
the filling gas etc.) produces an higher complexity.
As a consequence, this phenomenon is usually
taken into account by means of an equivalent
convective heat transfer coefficient determined
experimentally. In ANTEO two models are
available: an equivalent convective model and a
model considering the gap as filled by static
helium. The thermal profile inside the fuel pellet is
computed by means of a numerical model, based
on the control volume scheme 1291. All the
mentioned models are discussed in detail in the
references /4,6,7/.
2.4

DNBR
The arising of the thermal crisis is
analysed by referring to the DNBR (Departure
from Nucleate Boiling heat flux Ratio), defined as
the ratio of the heat flux determining the thermal
crisis and the actual heat flux:
= <i> D N B c o m p u t e d

wo

actual

(18)

(17)

In this case, it will assumed that the presence of
steam, being at local level, does not invalidate the
calculation.
2.3

O

Rod region
The analysis in the rod region is
performed by assuming, similarly to /1,2/, a power
distribution
variable
axially
but
not
circumpherentially. For each pin, at each axial
level, a reference coolant temperature is assumed;
such temperature is chosen as the hottest among

The DNB flux, i. e. the critical heat flux, is
evaluated by using the W-3 correlation /24,25/.
This correlation is based on the use of a basic
relationship referred to uniform heat flux in axial
direction, all walls heated, bare rods /26/.
Corrections are then introduced in order to take
into account the axial shape of the power profile
1211, the effect of unheated surfaces /28/ and the
grid spacers effect /25/. In ANTEO all these effect
are considered basing on the prescriptions of/25/.
For the application, the W-3 correlation is
usually associated with a safety criterion; basing on
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Quantity

unit

ANTEO

COBRA

A

Pressure loss
Average Coolant Outlet Temperature
Corresponding Temperature Rise
Hottest Subchannel Index
Subchannel Flow Rate
Power Generated in the pin n. 17
Outlet temperature in the hottest Subchannel
Corresponding Temperature Rise
Pin Showing the Maximum Clad Temperature
Maximum Clad Temperature
DNBR min

Bar
°C
°C
g/sec
W

0,374
264,9
50,9
17
66,92
37938
273,6
59,6
16
298,3
4,44

0,358
264,0
50,0
17
67,04
37952
272,2
58,2
16
296,9
5,77

4,6%
0,9
1,8%
0,2%

°C

°c
°c
-

s0
1,4
2,4%
-

•

1,4
30%

Tab. 1 Comparison between COBRA and ANTEO results

the uncertainty analysis performed with respect to
the development of the correlation, in /24,25/ it
was proposed to impose that thermal crisis does not
arise for:
DNBR> 1.30

(19)

which will be assumed as safety criterion for the
design.
2.5

Code Details
ANTEO was written in FORTRAN and
was developed and tested on a IBM-PC equipped
with a processor INTEL-486-DX, having a clock of
66 MHz and a RAM of 8 MB. However the code
can run on each machine of the same family. The
running time depends obviously on the used
machine and on the analysed geometry. On the
mentioned machine, the analysis of a standard
PWR bundle (289 pins) requires a total time of
about 25 seconds for each axial section. By
assuming an axial subdivision of 10 sections, the
total time will then be of about 4 minutes. With
respect to the occupied memory, the source of the
program needs 180 Kbytes; the dimension of the
executable module depends on the operating
system used by the machine and again on the
examined geometry. The code is namely written in
semi-automatic dimension mode, i.e. the storage
request is modelled on the dimensions of the
analysed bundle. By utilising the DOS operative
system, the executable module for a 289 pins
bundle subdivided in 50 axial sections, requires
about 800 Kbyte.
3.

Comparison with the COBRA code
For sake of validation, the results of the
developed model were compared with two different
codes. The first one, the PRIVAL code /7/, was
used only for check trivial errors in the model for
the rod region: in fact, the two codes use the same
model. The result was favourable and no discussion
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will be presented here. COBRA was then used for
the validation of the remaining sections of the
code. A first test case was based on a integral test,
i.e. a test concerned with an actual reactor, the
MARS one /6/. The comparison between the more
important results is shown in the table 1. The
difference in the total pressure drop, 4.6%, is quite
big, by considering that the two codes use the same
pressure loss laws. A first possible explanation lies
in the fact that whereas ANTEO takes into account
the inlet and outlet pressure drop, it is not
completely clear if such effects are considered by
COBRA. If not, by correcting the ANTEO result,
the differences reduces to 1.2%, a more acceptable
value. In time, such difference could be due to the
fact that, whereas ANTEO works on a single duct
with physical properties corresponding to average
bundle values, COBRA builds up a parallel
between the subchannels. The verification of the
flow split model was already discussed in detail in
the section 2.1.1. The comparison for this integral
case, a difference of 0.2%, confirms the results
obtained there and the validity of the proposed
model. Difficult to explain in terms of models is
the difference of about 1 °C, 1.8% of the
temperature span, on the bundle average outlet
temperature: this value derives namely directly by
the thermal balance, a simple operation. The
explanation of the discrepancy was found by
analysing the COBRA results: the code shows a
difference of 2.4% between the heat generated
within the pins and the heat adsorbed by the
adjacent subchannel. The parametric calculations
performed in order to study this effect /12/ showed
that it changes in quantity but is always present.
Anyway, no explanation was found, the effect is
probably due to some particularity of the used
COBRA version. This discrepancy has a direct
influence on the subchannel (maximum)
temperature, the more important quantity for the
comparison. As shown in table 2, the difference on
the corresponding temperature span is 2.4%, about
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the same difference resulting from the heat
balance. It means that, if the COBRA incertitude
on balance is taken into account, the agreement
between the two models is very good. This
agreement is very important, because it
demonstrates that the influence of the cross-flow,
for the assumed operating conditions, is negligible.
The comparison on the clad temperature shows
again a very small difference, if the balance
incertitude of COBRA is considered: the integral
agreement between the two codes is excellent.
Finally, a significant difference, about 30%,
between the codes is found for the DNBR
evaluation. This difference was already detected in
14/ and is probably due to the fact that the W-3
correlation, largely developed on empirical base, is
strongly sensible also at small variations of the
parameters assumed as input. Anyway, this
difference leads to small effect on the results
validity: firstly, ANTEO is always conservative
with respect to COBRA; secondly, for the new
generation reactors, the safety margins are quite
wide, see for instance the DNBR values in the table
2, and consequently this parameter is not the
limiting one.

were examined, where the operating condition are
not referred to an actual reactor but are chosen in
order to stress the mixing effect. This way, even
small discrepancies between the mixing models
should be detected. As an example of this type of
test, a case was prepared where the power
distribution is the same in all pins, with the
exception of one corner pin, having a power
increased by 50% with respect to the others. Once
more, the power generated in the tubes containing
the control rods is assumed to be zero. The severity
of such test is plain: the power tilt is surely bigger
than any actual one: the assumption of the
increased power in a corner pin raises the
difficulties from the fluiddynamic point of view.
Finally, the systematic error concerned with the
heat balance in COBRA was eliminated like
follows: the COBRA run was performed as first;
the following ANTEO run was performed by
normalising the power generation to the value
resulting a posteriori from COBRA. The assumed
geometry was again the MARS one.
The main results of this calculation are shown in
the pictures 4, where the subchannels outlet
temperature along the subassembly diagonal is
plotted. From the profile it is easy to identify the
pin with increased power and the ones with zero
power. The agreement between the COBRA results
(curve) and the ANTEO ones (points) is of the
order of the tenth of degree. The general
conclusion is therefore that the two codes show a
very good agreement.
4.

10

<•*•*»••(

/If. 4 COIM-AMTIO timtBrlm.
»•!(«! ttmptrmturt.

*•••»««!

The analysis performed up to now, concerned with
an actual case, the one referred to the reactor
MARS, does not fill completely the validation
purpose, mainly due to the fact that the power
distribution is quite flat. Namely, in presence of a
strong transversal power gradient the mixing
effects play a more important role from a
quantitative point of view. In such cases, the
agreement between the two codes could be worse.
In order to overcome this problem, further cases

Conclusion
In the paper was presented a PC
subchannel code suitable for the steady-state, single
phase thermohydraulic analysis of nuclear reactor
fuel bundles.
The performed test calculations have
shown the capability of the model to solve the
problem with a low requirement of computer
storage and time. This was made possible by means
of an optimisation concerning both the code
structure and the adopted models for the different
physical phenomena. In this frame, a new flow
split model was developed.
The quality of the results was verified by
means of the comparison with a classic subchannel
code, the COBRA code. The comparison showed a
very good agreement between the codes.
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ABSTRACT
The overall modular GRS system code ATHLET established for the representation of the
thermal-hydraulic behaviour of nuclear or conventional units consists of both a number of
standard modules (e.g., nuclear kinetic, thermofluiddynamic, heat conduction and heat
transfer objects) but also of a variety of special objects. One of them is the module (and digital code) UTSG-2, a code which describes besides the steady state and transient behaviour of
an U-lube steam generator also the behaviour of other parts of the secondary loop of a PWR
nuclear power plant (NPP), such as the feedwater injection, the main steam system with its
isolation, relief and safety valves and its steam collector, the turbine bypass system and the
steam turbine. Another very important part of ATHLET, namly the special high level simulation language IQeneral Control Simulation Module (GCSM)' allows to calculate directly
the variety of BOP actions during different accident situations but can also be used for the
inner organisation of the computational sequences of the code.
After a short characterization of the ATHLET code a review of the main properties of the
theoretical model and digital code UTSG-2 will be given. The mode of operation of the code
ATHLET with its parts GCSM and UTSG will be demonstrated on one test example, namly
the postcalculation of the nonsymmetric transient case 'Loss of One out of Four Main Feedwater Pumps' in a PWR NPP. In a series of plots the resulting transient sequences of the
most chracteristic parameters of such a plant will be presented and discussed.

1

INTRODUCTION

At the Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) already in the late 1970-s activities have been started to establish adequate theoretical models and digital codes which have the
potential to describe in a detailed form the overall transient behaviour of nuclear power plants
(NPP-s) together with their main components and control systems. As a result of these efforts the
codes DRUFAN, ALMOD, FLUT and, finally, as a combination of all of them, the overall GRS
thermalhydraulic system code ATHLET [1,2] have been developed. The code ATHLET (' Analysis of Xhermohydraulics of Lfiaks and Transients') covers a wide field of application and allows
to calculate consequences after anticipated or abnormal transients but also after small, intermediate or large break losses of coolant accidents in PWR, BWR, WWER NPP-s and other systems
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(e.g. experimental loops). During many years of application both in the research and licensing institutes of Germany.but also in a number of other countries (e. g. Italy, Great Britain, Spain, Brazil, Croatia, Slovenia, P. R. China) the ATHLET model and code have been continuously
expanded and improved with regard to the newest demands coming from the safety-relevant accident research studies. The code belongs to the class of modular codes (such as CATHARE, RELAP, TRAC). It is composed of several basic modules needed for the simulation of the different
phenomena arising in LWR-s, such as objects for thermofluiddynamics (TFD), for heat conduction and heat transfer (HECU), for neutron kinetics (NEUKIN) and contains also the general control simulation module GCSM. This module represents a dedicated high level simulation language
[3] and has been originally developed for the simulation of balance-of-plant (BOP) actions within
a NPP, there representing the different control, protection and emergency systems. Meanwhile it
provides also a general interface between the original ATHLET object structures and external
modules such as an external library of BOP models or special units describing different parts of
the plant. Additionally, it is used as an important tool for the inner organization of the computational steps of the code by interconnecting , activating or bypassing different parts of the input
data set. Failures or defects in a plant (coastdown of a feedwater pump, loss of electrical power
due to a failure in the transformator set etc.) can be characterized there generally by corresponding switches so that consequences of such defects are then automatically activated or not.
In principle every part of a NPP can be simulated (or, better, 'modelled') by calling within the input data set the corresponding modules (TFD, HECU,NEUKIN) as provided by the ATHLET
code. However, there exists a number of standard units in every plant (pressurizer, pumps, steam
generators, steam separators, steam turbines but also other new units arising in connection with
efforts to construct 'Advanced Light Water Reactors') which are for themselves almost autark.
Hence, the tendency is increasing to establish own modules ('special objects') for these units and
to connect them to the other ATHLET objects either directly or by the GCSM program language.
This introduces not only some (minor) inaccuracies but offers also a number of very essential advantages. The failure that the differentia! eqs. of these special modules are not solved simultaneously with the other eqs. provided by the standard ATHLET objects but are solved after each
ATHLET time step separately can mostly be neglected. For very sensitive situations this can easily be compensated by choosing smaller ATHLET time step intervals within a certain time region.
The enourmos advantage of such special modules is that the overall solution matrix of an ATHLET calculation is broken-up into smaller submatrices (i.e., the calculation can be enhanced considerably), the user does not need to be specialized in the sometimes very complicated
construction of such units and the module can mature by gaining from the experiences of applications before.
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One of such special modules is the digital code UTSG. This code does not only describe the
steady state and transient behaviour of the primary and secondary side of an U-tube Steam generator but also the- feedwater and main steam system of the entire secondary loop of a PWR
NPP. Originally the programme has been constructed as a stand-alone code [4,5] before it has
been incorporated [ 6] into the ALMOD and finally ATHLET code. Since then it has been continuously expanded according to the manifold demands coming from the many safety aspects of
the licensing authorities. Among other measures the possibilities to simulate superheated steam
within the secondary heat exchange (HEX) region of the SG, downcomer dryout, movement of
different water or steam levels (bailing boundary, mixture level, water levels along the
riser/separator and the downcomer regions) have successively been taken care of, also the coupling to the GCSM (General Control Simulation) module which allows to calculate the BOP actions during a transient. Finally, the UTSG-module had to be extended for the application within
a multi-loop representation of a PWR NPP. For this purpose a separate steam collector model
had to be derived [7]. A short insight into the theoretical basis of the programme and its realization in the computer code UTSG will be given below.
A very special view had to be
taken to the verification of not

MAIN STEAM SYSTEM

only the code but also the sometimes very comprehensive and
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complicated input data set [8].
The danger to make during the
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must be avoided by constructing an as fixed and as generally
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a standard input data set had
been established at the GRS for
PWR NPP-s [9] based on a network as sketched in fig. 1. A
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PWR NUCLEAR POWER PLANT
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variety of test-calculations (e.g., post-test calculations of three start-up tests at a German PWR
NPP) gave an insight into the validity of both the code and the standard input data set so that this
set could then give a thrustworthy basis for the calculations of many other related cases.
Based on sueji a standard input data set [9] for a multi-loop representation of a PWR NPP the
validity and main properties of the overall computer code ATHLET with special emphasis on the
UTSG part will be finally demonstrated on a special example.

2

STEAM GENERATOR MODEL AND MODULE UTSG-2.

In the late 1970-s a first (stand-alone) version of the U-tube steam generator code UTSG has
been established [4], a code which has then continuously been expanded. In a second version
(UTSG-2 [5]) being connected [6] to the ALMOD code (a precursor code to ATHLET) the possibilities of dryout and superheating in the heat exchange, top plenum or downcomer regions of a
steam generator had been taken into account. Incorporating it finally into the code ATHLET and
expanding it in an adequate way also for multiloop applications (e.g. by developing an own steam
collector module [7]) the code UTSG can now be used there as a special module to simulate both
the steady state and transient behaviour of the characteristic parameters of a single- but also multiloop representation of the entire secondary side of such a plant. A detailed description of the
theoretical background and the code itself can be found in the above mentioned references, here
only a short characterization of it can be given.
As sketched in fig. 1 the vertical natural-circulation U-tube steam generator has been considered
to consist of a heat exchange (HEX) region with a number of equivalent vertical U-tubes, a top
plenum (TPL, with a riser and steam separator, the upper section of the downcomer, the steam
crest and the main steam system) and the main (=lower) part of the downcomer (DCM) with the
possibility of main, auxiliary or emergency feedwater injection at its entrance. The main steam
system has been assumed to contain (max. 4) steam lines with a sequence of relief and/or safety
and isolation valves ending in a steam separator with bypass valves and a line to the steam turbine with turbine trip and control valves.
It has to be taken into account that the entire system can be perturbed either directly from outside,
from neighbouring ATHLET objects or from corresponding GCSM signals. On the primary side
this can be done either (if the code is used in a stand-alone manner) by changes in inlet water temperature, inlet water mass flow and system pressure or (if used in combination with ATHLET
objects) by the nodal coolant (water or even steam) temperature, mass flow and pressure terms as
calculated by the original ATHLET part and transferred at the end of the time step to the UTSG
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module. On the secondary side as possible perturbations changes in feedwater temperature and
mass flow at DCM entrance or changes in the different mass flow terms along the main steam
lines, steam separator and turbine had to be assumed. The ATHLET code gets in return for the
further calculational steps the nodal power terms being extracted from the entire system along the
primary circuit of the U-tube bundle.
The theoretical model had to be developed by starting from the Fourier heat conduction equation
for the heat transfer between the primary and secondary side of the U-tube bundle and the fundamental conservation equations for mass, energy, momentum and volume, all of them given in
form of partial differential eqs. Additionally to these basic eqs. a number of state eqs. had to be
taken into account, such as
•

a heat transfer coefficients package (HETRAC [10]), calculating automatically the needed
heat transfer coefficients along different flow regimes,

•

approximation eqs. for the thermodynamic properties of water and steam,

•

correlations for two-phase flow behaviour ( A special drift-flux correlation package MDSI
[11] had to be developed in order to be able to treat also stagnant or even countercurrent
flow situations)

•

correlations for one- and two-phase friction factors.

Discretizing now locally the conservation eqs. for the HEX primary and secondary side by subdividing the HEX regions into max. 14 resp. 7 nodes and, at each node boundary, radially the
Fourier eq. for the heat conduction through the tube wall by subdividing the wall into max. 3 layers and applying then a finite volume procedure to the corresponding partial differential eqs. ,
treating in a special way also the TPL, downcomer, main steam system and steam collector regions yields finally a number of ordinary nonlinear differential eqs. of first order which have, together with the corresponding state eqs., to be solved in an appropriate way.
Due to the fact that along the HEX regions no large pressure difference terms (with respect to
their absolute values) can be expected the density and enthalpy terms (and their derivatives)
within the mass and energy balance eqs. can be assumed to be dependent (besides the local coolant temperatures) only on a (not necessarily local but time-varying) system pressure term without loosing too much on accuracy. Hence, the mass and energy balance eqs. can be treated
separately from the momentum balance eq. (which usually introduces extremely small time steps),
thus avoiding the very time-consuming solution of a 'stiff' eq. system. This has as a consequence
a significant speeding-up of the integration procedure and thus also of the overall computing time.
The subsequent solution of the momentum balance eqs. yields then the pressure difference terms
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along the secondary circuit which in turn allow (due to the fact that their sum must be zero) the
determination of thenatural circulation mass flow along this circuit.
In the validation procedure of the code it turned-out as very valuable to construct the digital code
already with the objective to provide the user with an inner quality control. One of such measures
is the possibility to calculate the actual water and steam inventory at each time point and to compare it with corresponding integrated mass balance parameters being determined on the basis of
all in- and outgoing mass flows. Small inaccuracies in the programming which can result in increasing discrepancies in these curves can easily be detected and can help to locate eventual hidden errors.

3

TEST EXAMPLE: Loss of one out of four main feedwater pumps.

The mode of operation of the code combination ATHLET/GCSM/UTSG will be best demonstrated on the test example 'Loss of One out of Four Main Feedwater Pumps' in a PWR NPP (if
within 12 s none of the two reserve pumps is activated). As already mentioned, as a basis for the
input data construction the above described standard input data set [9] for a multiloop PWR representation has been chosen. Following fig.l the first three loops had been combined in loop LI,
the remaining loop which is going to be perturbed is contained in loop L2. It will, additionally, be
assumed that the different coolant flow terms (with different coolant temperatures) of the loops
are mixed in the lower plenum of the NPP and flow in a symmetric way through two parallel core
channels (Cl= 3 quadrants, C2= 1 quadrant).
The nonsymmetric transient is now initiated by activating in the corresponding input data set (at
t = 1 second) in loop L2 the switch LOMFW (loss of main feedvvater). All the other actions follow then automatically. The resulting transient sequences of the most characteristic parameters
along the primary and secondary side of this NPP are plotted in the figs. 2A - 2H. Their most remarkable behaviour is discussed below:
•

The coast-down of the main feedwater pump (fig.2A) induces mainly two effects: Firstly, a
continuous dry-out of the downcomer of SG L2 takes place , i.e. a decrease of the corresponding water level (fig.2B) can be stated (For the other 3 loops in LI feedwater control is
still active). It causes, secondly, after the feedwater has decreased below 5 % of its nominal
value (= 25.6 kg/s) the BOP action 'RELEB'. This reactor power limitation (REPOL) measure inserts in a controlled manner a number of control rods into the core (fig.2C) in order to
limit the thermal reactor power to about 40 % of its nominal value (fig.2D). Additionally, the
permitted generator setpoint curve is reduced rapidly to 36 % of its nominal value before it is
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then risen gradually to about 45 %,i.e., the turbine control valves are closed and reopened in
an adequate manner. The corresponding decrease in steam turbine mass flow is shown in
fig.2A, the corresponding steam turbine power transient in fig.2D.
The switch-off of the feedwater mass flow in loop L2 means that the recirculating coolant
mass flow at DCM entrance is no longer cooled, i.e. its temperature stays at saturation temperature. This temperature front reaches the secondary SG-HEX entrance then with a certain
time delay of about 8 s (fig.2F).
During downcomer dryout in L2 the falling water level (fig.2B) causes, after reaching the
mark 10.2 m (=AX.FW.CRT,fig.2B) and after a delay of 10 s, the activation of the auxiliary feedwater pumps (from 0 to 20.5 kg/s in 20 s, fig.2A). Since the DCM water level continues to fall it initiates at 9.0m (=SCR.CRT) the signal 'turbine trip (TUTRI) with reactor
scram', switching down the turbine and reactor power (figs.2C and 2D), leaving only the
power decay heating term. The corresponding differences in core and SG in- and outlet coolant temperatures tend therefore also to zero (fig.2F).
The secondary sytem pressures in the loops LI, L2 and in the steam collector differ only
due to their friction heads, a fact which, of course, is one of the basic demands of the steam
collector model [6]. To maintain these pressure differences unsymmetric steam mass flow
contributions into (or, in case of flow reverse, out of) the steam collector from the different
loops can be stated (fig.2A), thus showing the mutual influences of each loop to the others.
This can be seen very clearly when as a consequence of TUTRI the secondary sytem pressure in loop L2, in the steam collector and thus also in loop L1 starts to increase (fig.2E).
In the figs. 2G and 2H the characteristic mass flow parameters of the primary and secondary
loop of the plant are plotted. Due to the ceasing heat source and heat sink terms it is obvious
that also a decrease in the secondary natural circulation (see, e.g., the water mass flow at
HEX entrance) can be stated.

4

FINAL REMARKS

The theoretical model and code UTSG-2 is a very valuable part to the overall GRS system code
ATHLET. It helps in a very easy and time-saving way to simulate the secondary side of a PWR
NPP. The presented test example demonstrated the mutual influences and the good performance
of the different parts the the code combination ATHLET/GCSM/UTSG and the variety of BOP
actions being involved into the transient sequences of such a plant after a loss of one out of four
main feedwater pumps.
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RESULTS OF THE 4TH IAEA STANDARD PROBLEM TEST
Gy. Ezsol, L. Perneczky, L. Szabados
KFKI Atomic Energy Research Institute
H-1525 Budapest, P.O.Box 49, Hungary

ABSTRACT
The International Atomic Energy Agency organized and conducted its 4th Standard Problem
Exercise in 1993 to 1994. The test for the Exercise was provided by Hungary, the KFKI
Atomic Energy Research Institute. The experimental basis was the PMK-2, an integral-type
model of the Paks Nuclear Power Plant of VVER-440/213-type.
Numerous countries/organizations participated in the computer code validation. Exercise
from both the countries having VVER-type reactors and western organizations. The Exercise
showed the applicability of sophisticated thermohydraulics system codes to VVER reactors,
with some weaknesses in the predictions.
This paper gives an insight into the SPE-4 test, especially from the point of view of VVERspecific phenomena by evaluating the key parameters of the test and comparing it with
examples of computer code validation.
The paper is a contribution to the Hungarian-Slovenian co-operation on the application of FFT
method to PMK-2 based code validation.
INTRODUCTION
Paper gives a short description of the PMK-2 loop to facilitate the understanding of the test.
The test is described giving the initial and boundary conditions, the measurement accuracy
of the most important parameters characterizing the test with special respect to VVER-specific
phenomena.
The transient is characterized by an appropriate selection of system parameters as a function
of the process time, the primary and secondary side pressure, coolant temperatures in the
primary circuit.
To understand the component behaviour, the hydroaccumulators, the hot and cold leg lopp
seals, the steam generator and the reactor model are also included.
An important item is to show the variation of the coolant flow in the primary circuit, the
break flow and the integrated mass flow through the break.
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In order to make a comparison with code predictions and to show how the VVER-specific
phenomena are modelled, some results of the calculations performed by Slovenia and
Hungary are presented and discussed together with the findings obtained in the evalution of
the test.
FACILITY AND TEST DESCRIPTION
A detailed description of the facility is given in Ref. [21. A short description is given 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.

Abbreviations:
PV
MV
VT
TF
CP
CV
S1T-1
SIT-2
HPIS
LPIS

- pneumatic control valve
- motor valve
- flow measurement device
- flow measurement device
- density measurement device
- density measurement device
- connected to downcomer
- connected to upper plenum
- high pressure injection system
- low pressure injection system

Fig. 1 Flow diagram of PMK-2 facility

Fig. 2

Core model
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The test for the IAEA SPE-4 can be characterized as follows [1]: cold leg break, modelling
a 7,4 % (0135-1O"3 m) break in the VVER-440/213; starting from full power; with injection
from SITs; without injection from high pressure injection system (HPIS); with injection from
low pressure injection system (LPIS); with secondary side bleed and feed. The lack of HPI
systems leads to a beyond design basis accident. To reduce the pressure, secondary side bleed
and feed are applied. The initial steady state conditions and the sequence of events for the
experiment and as they are calculated by AEKI using RELAP5/MOD3.1, are given in Tables
1 and 2.
Table 1. Initial steady state conditions
Parameter

Units

Experiment

RELAP5/MOD3.1

Pressure in upper plenum

MPa

12.33

12.33

Loop flow

kg/s

4.91

4.91

K

540.1

539.33

Core power

kW

665.12

665.12

SIT pressure

MPa

6.05

6.05

Pressure in SG secondary

MPa

4.56

4.56

Feed water flow

kg/s

0.35

0.35

Core inlet temperature

Table 2. Sequence of events
Event

Experiment
[s]

RELAP5/MOD3.1
[s]

Break valve start to open

0

0

Transient for power initiated

4

3

Pump cost down initiated

10

12

SIT-1 and SIT-2 actuated

27

34

SIT-1 and SIT-2 emptied

388

304

Secondary bleed initiated

160

162

Dryout

1127

1112

Secondary feed initiated

1427

-

LPIS starts

1381

1427

Test/calculation terminated

1800

2000

TEST RESULTS O F SPE-4
The detailed results of the test are given in Ref. [2]. For this report, however, parameters
selected are as given in Table 3.
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Table 3. Parameters selected
Parameter

ID

Units

A±

PR21

Upper plenum pressure

MPa

0.051

0.045

PR81

Secondary side pressure

MPa

0.032

0.028

TE61

Coolant temperature at DC inlet

K

1.67

1.16

TE63

Coolant temperature at core inlet

K

1.67

1.16

TE22

Coolant temperature in upper plenum

K

1.67

1.16

TE15

Fuel surface temperature at core outlet

K

1.96

1.30

TE41

Coolant temperature at SG inlet

K

1.67

1.16

TE42

Coolant temperature at SG outlet

K

1.67

1.16

LEU

Coolant level in reactor model

m

0.056

0.046

LE61

Coolant level in downcomer

m

0.211

0.172

LE91

Coolant level in SIT-1

m

0.211

0.172

LE31

Coolant level in hot leg loop seal reactor side

m

0.051

0.045

LE45

Coolant level in SG hot leg

m

0.134

0.109

LE46

Coolant level in SG cold leg

m

0.051

0.045

LE92

Coolant level in SIT-2

m

0.211

0.172

LE51

Coolant level in SG cold leg

m

0.134

0.109

FL01

Break flow

kg/s

0.035

0.028

FL54

Primary coolant flow, low measurement range

kg/s

0.008

0.005

FLHA

Coolant flow from SIT-1

kg/s

-

-

In Table 3 "A+" means the maximum deviation from the average derived from the results
of a number calibration measurement, "a±" is the standard deviation. Results are presented
in comparison plots in Figs. 3 to 10. The TS1 is the saturation temperature, the FLHA is the
flow from hydroaccumulators derived from the results of level measurement in SIT-1. The
evaluation of the results is given below.
Time variations of the upper plenum and the secondary side pressures are given in Fig. 3.
The pressure decrease in the primary circuit is governed by the secondary side bleed which
is initiated at 160s. The primary pressure is always higher than the secondary pressure
except for the extensive injection from the hydroaccumulators (Fig. 10). The consequence
of the injection from SITs reflects in a significant subcooling of the coolant in the
downcomer (TE63) and the SG inlet temperature TE41 (Fig.5). It can be concluded from the
information provided in Figs. 4 and 5 that the coolant in the primary circuit is subcooled
except for the reactor model. The coolant in the upper plenum is superheated in the time
interval of 1000 to 1450s as shown in Fig. 6 (TE22). The reason for that is the low coolant
inventory in the reactor model. The upper part of the core is uncovered (Fig. 7) in this time
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interval, because the outlet section of the core model is 3.5m. As a consequence, there is
an extensive dryout in the core. The maximum value of the heater rod surface temperature
is 730 K and the fuel is cooled down by the LPIS injection which is started at 1381s.
In Figs. 7 to 9 the coolant levels in the system are presented. The hot leg loop seal is cleared
(first time) at about 150s, then filled up again by the injection from SITs (LE31). The
second and final clearing takes place at 380s. It is followed by the SG hot (LE45) and the
cold collector clearing (LE46 and LE51). The SIT-1 and SIT-2 are emptied at 310s.
A single phase steam flow through the break start at about 380s (Fig. 10). As shown there
is a low value, but positive coolant flow in the cold leg after the events discussed above,
with an average value of 0.2 kg/s, but it is increasing during the LPIS injection.
EXAMPLES OF CODE VALIDATION
Some results of computer code validation performed in the process of the SPE-4 by Hungary
and Slovenia are given in Figs. 11 to 14 to point out the weaknesses of the predictions. The
code used in both cases is the RELAP5/MOD 3.1. The evaluation of the experimental results
showed that the prediction of the secondary and primary pressure behaviours are of primary
importance. Because of the secondary side bleed, which is used to cool down the system the
right modelling of the heat transfer through the steam generator is an other important aspect.
The prediction of the heat transfer in SG affects the timing of the clearing of the loop seal
in both the hot and cold legs and consequently the coolant distribution in the primary circuit.
The predection of the time variation of coolant collapsed level in the reactor core (Fig. 12)
shows the most important weaknesses of the prediction in both the timing and the value of
the minimum level of the coolant in the reactor model. The minimum value in both cases is
too low, the prediction of the dryout by the code is not reliable.
CONCLUSIONS
•

The accuracy of the measured data set presented in Table 3 meets the
international standards and it offers a good basis for the quantification of the
computer code predictions.

•

The evaluation of the experimental results gives an insight into the transient
process giving suggestions for the further code validation activies.

•

Examples included in the report demonstrates the present status of the
validation process focusing on the weaknesses of the modelling.
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"Code Accuracy Evaluation of ISP 35
Calculations Based on NUPEC M-7-1 Test"
F. D'Auria, F. Oriolo,
Dipartimento di Costruzioni Meccaniche e Nucleari (DCMN), University of Pisa,
Via Diotisalvi, 1 - 56125 PISA (Italy) Tel. +39 - 50 - 585 253
M. Leonardi, S. Paci,
THEMAS s.r.l., Via Puccini, 15 - 56100 PISA (Italy) Tel. +39 - 50 - 570 278
ABSTRACT - Quantitative evaluation of code uncertainties is a necessary step in the code
assessment process, above all if best-estimate codes are utilised for licensing purposes. Aiming at
quantifying the code accuracy, an integral methodology based on the Fast Fourier Transform (FFT) has
been developed at the University of Pisa (DCMN) and has been already applied to several calculations
related to primary system test analyses. This paper deals with the first application of the FFT based
methodology to containment code calculations based on a hydrogen mixing and distribution test
performed in the NUPEC (NUclear Power Engineering Corporation) facility. It is referred to pre-test
and post-test calculations submitted for the International Standard Problem (ISP) n. 35. This is a blind
exercise, simulating the effects of steam injection and spray behaviour on gas distribution and mixing.
The results of the application of this methodology to nineteen selected variables calculated by ten
participants are here summarized, and the comparison (where possible) of the accuracy evaluated for
the pre-test and for the post-test calculations of a same user is also presented.
1. Introduction
The assessment process of large thermal-hydraulic codes aims principally at verifying the
goodness of code predictions against experimental data gained mainly by tests performed in
plant simulators (i.e. quantifying the code accuracy), since direct assessment is not possible due
to the lack of suitable measurements in Nuclear Power Plants (NPPs). The reliability of these
predictions, adopted for safety analyses, depends on many factors involving code features and
user's experience.
On the other hand, to estimate the applicability of a code in predicting a plant transient, one
must verify that the experimental data used for qualifying the code are representative of the
phenomena expected in the plant and, subsequently that the used code is able to reproduce
qualitatively and quantitatively these data, [1].
A methodology suitable to quantify code accuracy has been developed at the University of
Pisa (DCMN). It is an integral method using the FFT in order to represent the code
discrepancies in the frequency domain. Several applications of this method have been already
carried out analysing calculations related to primary system tests. This methodology is an
indispensable tool in the frame of the LJMAE (Uncertainty Methodology based on Accuracy
Extrapolation), [1], that allows the evaluation of uncertainties in predicting transient scenarios
in NPPs through the extrapolation of accuracy data obtained in small scale facilities.
This paper deals with the first application of the FFT based methodology to code
calculations based on (NUPEC test M-7-1), a hydrogen mixing and distribution test performed
on the NUPEC facility. It is related to pre-test (ten participants) and post-test calculations
(four participants) submitted for the ISP 35. With reference to the obtained results, after the
qualitative evaluation of the accuracy showing error compensations and unacceptable
discrepancies which could reduce or mislead the meaning of such a quantitative analysis. The
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proposed FFT based methodology confirms its capability in quantifying the accuracy of
containment calculations.
2. The FFT based method
The application of the FFT based method includes two distinct phases characterising the
qualitative and the quantitative evaluation of the data base to be analysed. This last level is
retained necessary if best-estimate codes are utilised for licensing purposes.
Qualitative assessment. The procedure set up for this kind of analysis, is similar to the one
suggested by CSNI [2] or by INEL [3], including:
1) subdivision of the transient in "phenomenological windows";
2) for each phcnomenological window:
specification of key phenomena;
identification of the "relevant thermal-hydraulic aspects" (RTA);
selection of the parameters characterising the RTAs;
3) qualitative analysis of obtained results by comparing (only by a visual observation)
experimental and calculated trends.
The qualitative analysis (it is also based on four subjective judgement marks, as excellent,
reasonable, minimal, unqualified, [3], through which we can get a first classification about the
calculation quality), is a necessary prerequisite to the application of the quantitative analysis. In
fact, it is a nonsense performing this last one, if the calculation is not qualitatively correct.
Quantitative assessment. This further level is managed by means of the application of the
FFT method. The accuracy quantification of a code calculation is based on the amplitude of the
FFT of the experimental signal and of the difference between this one and the calculated trend.
The FFT method characterises each calculation through two values:
The FFT method characterises each calculation through two values:
• a dimensionless average amplitude
2m

IlAF(fn)|
AA= ^

(1)

n=0

a weighted frequency

2
IlAF(fn)l • fn
^

(2)

IfAF(fn)|
n=0
where AF(t) = F ca | c (t) - F cxp (t) is the formulation adopted for the error function.
The most significant information is given by the factor A A, which represents the relative
magnitude of the discrepancy deriving from the comparison between the addressed calculation
and the corresponding experimental trend (AA - 1 means a calculation affected by a 100% of
error). The WF factor characterises the kind of error, because its value emphasises whether the
error has more relevance at low or high frequencies, and depending on transient, high
frequency errors can be more acceptable than low frequency ones (in other words, analysing
thermal-hydraulic transients, better accuracy is generally represented by low AA values at high
WF values, [4]).
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Trying to give an overall picture of the accuracy of a given calculation, average indexes of
performance are obtained by defining:

(AA)lot= i a (AA)i(w f )i

(3)

(WF),ot= if(WF)i • (wf)i

(4)

with

Nvar
Z(wf)i=l

(5)

where N va r is the number of analysed parameters and (wf)j are weighting factors introduced to
take into account the different importance of each parameter from the viewpoint of safety
analyses. This introduces some degree of engineering judgement that can be partly reduced by
a proper and unique definition of the weighting factors.
Obviously, the most suitable factor for the definition of an acceptability criterion is the
average amplitude AA. With reference to the accuracy of a given calculation, we can define the
following acceptability criterion:
(AA) [ o t <K
(6)
where K is an acceptability factor valid for the whole transient. As lower is the (AA) tot
value, as better is the accuracy of the analysed calculation (i.e. the code prediction capability
and acceptability is higher). On the other hand, (AA) tol should not exceed the unity in any part
of the transient. Due to this requirement, the accuracy evaluation should be performed at
different steps during the transient, to verify if this condition is not satisfied in any phase of it.
With reference to experience gathered from previous applications of this methodology, for
the primary system calculations a value of K = 0.4 has been chosen as reference threshold
value, identifying acceptable accuracy of a code calculation for the primary system. For the
containment system, on the basis of this first application results, a reasonable value for K. seems
to be 0.1, but due to the limited number of applications in this domain performed so far, there
is no confidence in this value, that could be changed after experience gathered by further
applications of this methodology to other containment tests. A lower value in the case of
phenomena typical of the containment system is expected because this kind of phenomena are
slower with respect to those that occur in the primary system. The same criterion can be used
to evaluate the code capability in the single parameter prediction. In this case the AA factor is
the one evaluated for the addressed parameter (see Eq. (1)).
It should be noted that the FFT based methodology docs not allow the identification of the
origin of the error (i.e. user effect, wrong initial or boundary conditions, nodalisation and
model deficiency, etc.). Nevertheless in the frame of the UMAE, criteria have been fixed to
minimise the influence of the above items, with the exception of error sources intrinsic to the
code, [4].
3. Quantitative accuracy evaluation of analysed ISP 35 code calculations
NUPEC is an experimental facility designed to perform hydrogen mixing and distribution
tests (see Figure 1). It simulates a linearly 1/4 scaled down Wcstinghouse standard
containment; with a free volume of about 1300. m~. The carbon steel vessel is partitioned in
twenty-five compartments, connected each other by sixty-six flow paths, [5]. The test chosen
as blind exercise in the frame of the OECD/1SP program is the test M-7-1, where a break in the
primary cooling system caused a steam and hydrogen blow-down in the SG foundation
compartment (Node 8). The spray system has been used for enhancing the gas mixing
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phenomena, and consists of twenty-one
nozzles installed in the upper zone of the
dome. Eight system codes have been employed
by twelve participants, and among the
calculations submitted to the ISP 35
organisation, data from ten pre-test and four
post-test calculations were made available for
the DCMN accuracy quantification. Among
the one-hundred-three variables required for
the comparison with the calculated results, [6],
which had to be provided for each ISP 35
submission, nineteen variables have been
selected by the DCMN for the application of
the FFT based methodology (see Table 1), on
the basis of their relevance on the containment
safety (i.e. the variables representing the
highest He concentration regions, together
with the variables which exhibited large
discrepancy among the various calculations).
The choice was made with the objective of
identifying the most representative ones for the
characterisation of a containment transient
evolution.
Taking into account the characteristics of
the
transient and the time duration of
Figure 1:3-D Model containment view
submitted calculations, to compare each other
the results of all the participants on the basis of common time windows, the analyses have been
carried out in one phenomenological window: from 200. s up to 1790. s into the transient. The
first value was chosen to eliminate the timing discrepancies in the short time, the second
because one calculation stops at 1790. s.
The set of values utilised to derive the (wf)j adopted to evaluate the global code calculation
accuracy (AA) tot e (WF) tot (see Eqs. (3) and (4)) is summarised in Table 1, including the
weighting values not normalised according to the Eq. (5).
The definition of the weight values is the result of many considerations involving, among
the other thing, problems related to different ways of obtaining experimental measures and
corresponding code calculated quantities. Due to this, in the case of application to primary
system thermal-hydraulic code calculations, a complete set of weighting for typical thermalhydraulic parameters has been fixed and utilised in previous FFT analyses, [4].
Obviously, the same values are not applicable to containment code calculations. As a
consequence, the values adopted in the present first application to a containment transient have
been calculated considering the ratio between node volumes and the total volume. By such a
definition, considerable relevance is given to dome related quantities, but it has to be noted,
among the other thing, that pressure measurement made in this compartment is applicable to
the whole facility.
This definition was just an example of application of the methodology, not accounting for
other influences (e.g. the importance of hydrogen concentration related to volume dimensions),
being the main purpose the verification of the method applicability to containment analyses. In
any case, weighting factors are not considered when calculating the accuracy for a single
variable (see Eqs. (2) and (3)). They just contribute to give a global figure of merit for the
whole code calculation.
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In terms of qualitative accuracy, a good prediction of the phenomena that occurred during
the experiment has been globally achieved in the pre-test calculations, and to a better extent in
the post-test calculations. Although a certain number of predictions showed considerable
discrepancies with respect to the experiment data, the phenomenological description of the
transient was retained enough consistent with data to justify a quantitative accuracy evaluation.
In some cases an incorrect value of initial pressure was introduced from the user in the code
input deck (e.g. in DCMN and JRC pre-test calculations) and this error reflected itself in the
whole transient with the consequence of a worse accuracy evaluation.
Exp

Weight

SP025
RT002
RT008
RT01I
RT012
RT0I7
RT0I9
RT021
RT024
RT025B
HC002
HC008
HC01I
HC012
HC017
HC019
HC02I
HC024
HC025-5

1.0
0.0114
0.0096
0.00823
0.0404
0.00823
0.0184
0.0015
0.00153
0.71
0.0114
0.0096
0.00823
0.0404
0.00823
0.0184
0.0015
0.00153
0.71

Description
Dome Pressure
Temperature in Node 2
Temperature in Node 8
Temperature in Node 11
Temperature in Node 12
Temperature in Node 17
Temperature in Node 19
Temperature in Node 21
Temperature in Node 24
Temperature in Node 25
He Concentration in Node 2
He Concentration in Node 8
He Concentration in Node 11
He Concentration in Node 12
He Concentration in Node 17
He Concentration in Node 19
He Concentration in Node 21
He Concentration in Node 24
He Concentration in Node 25

Location
CV Inside (Dome Centre)
CV Sump Pump
SG Foundation Compartment D
SG Foundation Compartment B
General Compartment C and D
SG Loop Compartment A
Cavity
SG Chimney D
SG Chimney B
Dome 180° El. 16704 mm
CV Sump Pump
SG Foundation Compartment D
SG Foundation Compartment B
General Compartment C, D
SG Loop Compartment A
Cavity
SG Chimney D
SG Chimney B

Dome 180° El. 16704 mm

Table 1: List of selected variables and related weights.
With reference to the FFT analysis of authorised pre-test calculations (ten of twelve
submissions), the obtained results can be summarised as follows:
• pressure predictions are characterised by AA values lower than the reference threshold (Eq.
(6)), identifying acceptable accuracy; in particular, it can be noted that roughly the totality
of calculations exhibit the same accuracy (AA values in the range 0.05 * 0.07, see Fig. 2);
• the same is applied to temperature predictions, whenever no threshold value was fixed for
the related accuracy; temperature results are characterised by a homogeneous level of
prediction by different codes for the dome and the steam generator compartments, whereas
a relevant spreading of results is observed for annulus type compartments and sump pump
cavity (sec Figure 3); this last behaviour is directly related to the modelling of the spray
influence in the various levels below the containment dome;
• helium distribution predictions pointed out major discrepancies together with higher
differences among the various code calculations. In particular, for the compartment 19 (i.e.
the cavity) the results are really unacceptable for the majority of the codes (see Figure 4)
that underestimate the He concentration, due to the fact that the cavity is not involved in
any natural circulation cycle; it is worth to remember that since they had to be calculated in
such a way to be independent from temperatures, they are representative of natural
circulation flows in the compartments.
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Figure 5 shows the comparison among four calculations using the same code (CONTAIN)
by four different users: this picture highlights the user effect in code utilisation. The overall
picture of the accuracy of the NUPEC pre-test code calculations, evaluated using the
weighting factors summarised in Table 1, is reported in Figure 6.
With reference to available post-test calculations, the FFT based method analysis,
performed in the same time window, confirms the better accuracy characterising these post-test
calculations, as a result of improved modelling of boundary conditions, changes in the
nodalisation and sensitivity analyses. The global accuracy for these calculations is presented in
Figure 7. It is worth to note that, the comparison between pre-test and post-test results for a
same participant (where data were available) generally shows better accuracy for the various
analysed quantities, and a global accuracy value of about one-half of the pre-test corresponding
value, thus confirming the better qualitative agreement characterising the post-test calculations.
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A KRMAN
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Figure 2: ISP 35 pre-test - AA vs 1/WF, pressure.
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Figure 3: ISP 35 pre-test - AA vs 1/WF, temperature in CV sump pump (node 2).
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Figure 4: ISP 35 pre-test - AA vs 1/WF, He concentration in cavity (node 19).
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Figure 5: ISP 35 pre-test - AAt<rt vs l/WFtot, CONTAIN code results.
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Figure 6: ISP 35 pre-test - AAtot vs 1/Wftot, global accuracy results (10 calculations).
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Figure 7: ISP 35 post-test - AAtot vs 1/Wftot, global accuracy results (4 calculations).
4. Conclusions
In this work, a method suitable to quantify the code accuracy has been presented, with
reference to its first application to containment code calculations, based on pre-test and posttest calculations submitted in the framework of the OECD/ISP 35 (NUPEC). The obtained
results give objective indications about the capability of addressed codes in the prediction of
relevant quantities characterising this NUPEC test.
Assuming that the qualitative evaluation of the accuracy shows error compensations and
unacceptable discrepancies which could reduce or mislead the meaning of such a quantitative
analysis, the proposed method confirms its capability for a quantitative accuracy evaluation.
Nevertheless, concerning the global code calculation accuracy, further efforts might be
necessary to refine the values of the weighting factor components, to be utilised in further
containment analyses. The comparison between pre-test and post-test results for a same user
confirmed the method sensitivity in pointing out the better accuracy characterising the post-test
analyses, normally subsequent effect of "ad hoc" user choices.
As a further result, the classification of code calculations and the area of code prediction
capability, determined by an user's effect, is achievable by the FFT method in an objective way.
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ABSTRACT - In the latest version of the RELAP5 code - version 3.1 - a new component was built in. The
results of the experiments, made by Tandon et al. [2], pointed out that the models applied in RELAP5 are not
capable to properly predict the condensation when the ECCS injects subcooled water into a two-phase flow. The
ECCMIX component was added to calculate the interfacial condensation in a more appropriate manner under
such circumstances. In order to test the performance of the ECCMIX component in condition of WER pressurized
water reactors, comparison calculations have been performed with test results obtained at the PMK integral type test
facility, which was designed to investigate small-break loss of coolant accident processes of WER-440 type plants.
The SPE-1 and SPE-2 tests were chosen for the reason that final reports [3],[4] indicated a genera! insufficiency of the
computer codes applied to correctly predict the condensation phenomena taking place near the ECC injection points.

1. Introduction
The latest version of the RELAP5 code, made available by the US NRC within the Code
Assessment and Maintenance Program is the version 3.1. This version of the code has improved
models and a new component The results of the experiments, made by Tandon et al. [2], pointed
out mat the models applied in RELAP5 are not capable to properly predict the condensation when
the ECCS injects subcooled water into a two-phase flow. The ECCMIX component was added to
calculate the interfacial condensation in a more appropriate manner under such circumstances.
To examine the possibilities of using the ECCMIX component for W E R type reactors, calculations
performed by RELAP5/MOD3.1 were compared to experimente from the PMK-NVH facility. The
RELAP5/MOD2 input deck converted to RELAP5/MOD3.1 was used. Since the ECCMIX model
differs from the BRANCH component only if there is subcooled water injection in the ECC line, the
modifications of the base input deck were made in two ways. In the first, the ECCMIX component
was added, while a BRANCH replaces the ECCMIX component in the other.

2. Description of the ECCMIX Component
In order to calculate the process of mixing of a jet of cold water injected into a two-phase mixture
and the resulting steam condensation that follows, as in the case of an emergency core cooling
(ECC) injection in a PWR, a special component model, called ECCMIX has been introduced in
RELAP5/MOD3. A new flow regime map for condensation inside horizontal tubes was reported by
Tandon et al. [2], and it was considered a more suitable basis for interfacial heat transfer in
condensation. According to the experiments of Tandon, the two-phase flow patterns during
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condensation inside a horizontal pipe may be identified in terms of the local volumetric ratios of
liquid and vapor, (l-a)/a, and the nondimensional vapor velocity, j g .
The ECCMIX component is a specialized BRANCH, which requires three junctions. The junction
numbered one, should be the ECC line, junction two is the ancestor, and in which the flow leaves
the component is the third junction, assuming normal operation.
For better performance the physical extent of the ECCMIX component should be, if it is possible, a
length three times of the inside diameter, centered around the ECC injection location.
The ECCMIX component calculations are evoked only if there is subcooled ECC injection and if
there is any steam to be condensed in that component. Otherwise, the ECCMIX component is
treated as an ordinary BRANCH in the RELAP5 calculations.

3. Testing of the ECCMIX component by experiments
In order to test the performance of the ECCMIX component in condition of W E R pressurized
water reactors, comparison calculations have been performed with test results obtained at the PMK
integral type test facility.
The PMK facility was primarily designed to investigate small-break loss of coolant accident
processes of WER-440 type plants. The volume scaling is 1:2700, and the reactor power is scaled
down by the same factor. The core is modeled by 19 direct heated rods. The available power allows
transients to start from nominal operating conditions. The elevations are the same as in the plant
except for the lower plenum and the pressurizer. The six loops of the reactor are modeled by a
single active loop with both the hot and cold leg loop seals. The NVH loop serves as the secondary
circuit to the PMK, resulting in the PMK-NVH facility. On the secondary side of the horizontal
steam generator the steam volume is kept, the coolant is at the same operating conditions as in the
NPP.
Two PMK-tests have been analyzed with respect to the effectiveness of the ECCMIX component.
Both tests were selected as Standard Problem Exercises by the International Atomic Energy
Agency. The experiments SPE-J [3] and SPE-2 [4] can be characterized as follows:
•
•
•
•
•
•

the experiments started from steady-state conditions corresponding to normal operation at
100% power of the NPP,
3 mm cold leg break modeling a 7.4% break in the NPP, located on the upper head of the
downcomer,
without injection from hydroaccumulators (HA) in SPE-1,
with injection from HAs in SPE-2 (three of four HAs are modeled by two components),
with high pressure injection system (HPIS), corresponding to the case when only one of the
three pumps is available,
the secondary side is isolated after transient initiation.

The SPE-1 and the SPE-2 tests were selected for the reason that final reports [3],[4] indicated a
general insufficiency of the computer codes applied to correctly predict the condensation
phenomena taking place in the tests.
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3.1 SPE-1 calculations
In the SPE-1 test the HPIS injection tee was modeled as an ECCMIX component. The HPIS inject
cold water to the horizontal part of the cold leg. The ECCMIX component was built in according to
the RELAP users manual, the length of the component is three times the inner diameter. The overall
geometry of the cold leg model was not changed. The HPIS line was modeled in the base input
deck as a time dependent junction, but the ECCMIX component needs an ECC junction from a
volume, so it was added to the system. The corresponding input deck and the calculation is named
CASE1+. In order to examine the impact of the use of the ECCMIX component, two cases were
calculated with the new nodalization. The CASE1- is derived from CASE 1+ by replacing the
ECCMIX component by a BRANCH.
The comparison plots of the two cases show no significant difference in the main parameters of the
transient (Figs. 1-2). The conditions of the coolant at the inlets of the ECCMIX and the BRANCH
components are practically the same, it is easy to compare the performance of the two volumes.
From the viewpoint of the ECCMIX component, the transient can be divided into 3 characteristic
phases as follows:
1. from the break opening until the main circulating pump (MCP) is disconnected [3], from 0
to 165 s;
2.
stabilization of the circulation, 165-245 s;
3.
stagnating phase.
In the first phase, while the pump determines the cold leg flow, the void in the ECCMIX
component is « 0 (Fig. 3). It means that the volume is treated as an ordinary BRANCH in the
RELAP calculations. The HPIS begins to operate at about 63 s. The cold leg loop seal opens at the
end of this phase (at 163s) allowing steam flow to the break.
In the second phase, with some oscillations, the cold leg flow reaches a stable value. Meanwhile, the
void fraction in the ECCMIX component begins to rise. The break flow reduces drastically, because
mostly steam is flowing through the break. The two-phase flow in the cold leg appears, therefore
the ECCMIX model is used in the CASE1+ calculations, and so the graphs begin to differ. The high
oscillations make it hard to find out the impact of the ECCMIX model in this interval of the
transient, but there are two interesting effects. First, the plot of the vaporization (Fig. 4) shows
condensation in the CASE1-, and almost nothing in the CASE1+. Furthermore, the temperatures in
the ECCMIX model show that the vapor is at saturation temperature, and in the CASE1+, the
liquid is as cold as it was in the HPIS surge line. This means no significant heat transfer in the
ECCMIX component from the vapor to the liquid. The second effect can be seen on the plot of the
flow patterns (Fig. 5). As the voiding in the cold leg begins, the flow pattern in the BRANCH
component changes from 4 to 12. According to the RELAP5/MOD3 Users Manual [1], the
number (MFLAG) corresponding to a flow pattern in a horizontal BRANCH component, can have
a value between 1 and 11. Hence, the value 12, shown by the output, is wrong. For the ECCMIX
component this number should be 12 < MFLAG < 22, but it is always 4, so it cannot be right. The
above mentioned graph was decided to be wrong and is rot considered in the analysis.
In the third phase of the transient there are stab'
ameters. The break flow is quite high
corresponding to the cold leg flow, therefore most of \Ui ECC water injected is flowing out through
the break. This is possibly the reason for the similarity oi CASE1- and CASE1+.
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The graph of the steam and water velocities in the ECC line (Fig. 6) shows an excessive countercurrent flow in the CASE1-, compared to the CASE1+.

3.2 SPE-2 calculations
The ECCMIX component was designed to calculate horizontal pipes, because the western type
PWRs have the ECC injection to the legs. In the W E R type reactors the HAs are connected
directly to the reactor vessel. In the case of the SPE-2 these connections are to be modeled.
In the facility, the break model, one of the HAs and the cold leg are connected to the same volume,
to the uppermost volume of the downcomer. Since an ECCMIX component must be a horizontal
volume with three junctions, the hydroaccumulator model was assembled into the cold leg. It makes
the nodalization artificial, but we found no way to make it better.
During the construction of the ECCMIX component, which represents the junction of the HA
connected to the upper plenum, some problems arose. The upper plenum has a relatively large
volume, which was divided into two subvolumes, and the one connected to the hot leg, became the
ECCMTX model. The junction area from the hot leg is 0.0017 m2, while on the other side the
junction is the cross section of the upper plenum, 0.020106 m2.
The nodalization change caused numeric instabilities in the calculation. At certain points in the
calculation water properly error occurred. Reducing the timestep did not solve the problem. Small
modifications near the ECCMIX component, such as changing the position of the HA valve in the
ECC line, had a significant effect on die calculated time interval up to the water property error. A
relatively good nodalization was found and named as CASE2+. The corresponding input deck with
BRANCH component instead of ECCMIX, is called CASE2-.
The calculations do not have significant difference before approximately 230 s. Hereafter reverse
flow appears in the hot leg in the CASE2- calculation (Figs. 7,8). The injected cold water flows to
the reactor vessel through the upper plenum. The condensation in the upper plenum reduces the
primary pressure (Fig. 9), which speeds up the hydroaccumulator flow, resulting in earlier emptying
of the safety injection tank (Fig. 10). The main effect of the ECCMIX model is that the injected cold
water flows in the direction of the hot leg. The cold water enters the steam generator, causing
reverse heat transfer from the secondary to the primary side. It can be seen also from the decreasing
secondary pressure (Fig. 11). The levels in the steam generator and in the loop seals are better in
the case, when the ECCMIX model was applied, but the reactor level was far below the measured
level (Fig. 12).
It is interesting in the hydroaccumulator injection that there is no condensation in the BRANCH,
and a small condensation can be observed in the ECCMIX component, just the opposite of the
SPE-1 calculation. After the flow reversal, the boundary conditions for the hydroaccumulator
injection are different, therefore there is no use to compare the two components. As it can be seen
from the graphs the reality should be somewhere between the two cases.
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4. C o n c l u s i o n s
The ECCMIX component was tested for the SPE-1 and SPE-2 experiments. The results show a
negligible effect in the case of the HPIS, where the ECCMIX component is really capable to model
the condensation process. It is because of the break location was too near to the HPIS junction. The
cold water was flowing out of die system through the break, without any effect in the main
parameters. Although the ECCMIX can only model horizontal pipes, an attempt to model the
hydroaccumulator injections was made too. The result was a little bit better in the CASE2+
calculation, but the necessary nodalization made the input deck very sensitive. The improper use of
the model makes the results unreliable.
In conclusion the ECCMIX component of the RELAP/5MOD3.1 is a suitable model of the HPIS
injection of the WER-440 plants, but not capable to model the hydroaccumulator injections direct
to the reactor vessel.
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Comparison of RELAP5/MOD2 and RELAP5/MOD3.1 calculations using
FFT method
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"Jozef Stefan" Institute, Jamova 39,61111 Ljubljana, Slovenia

ABSTRACT' In the paper is described the comparison of the calculated results of two different versions ofRELAPS
thermalhydraulic computer code. The scenario that all feedwater is lost during Small Break Loss of Coolant
Accident (SBLOCA) was selected for comparison of the calculations. The break spectrum from 2.5 cm to 15.2 cm of
equivalent diameter break size was analysed and compared using FFT method The break was located in the cold
leg. The methodology developed the University of Pisa [1] and at based on the Fast Fourier Transform (FFT) was
applied to quantitatively assess and compare the calculations of small break loss of coolant accident. The analyses
were performed at different steps during the transient.

1. Introduction
In order to select code for application of Code Scaling, Applicability and Uncertainty
(CSAU) evaluation methodology for small break loss of coolant accident comparison between
RELAP5/MOD2 and RELAP5/MOD3.1 code calculations was performed. At Jozef Stefan
Institute (JSI) the comparison calculations were performed at a qualitative level in the past. For
quantitative comparison the methodology based on the Fast Fourier Transform (FFT) developed at
the University of Pisa was used [1]. At JSI the methodology was for the first time applied for the
IAEA-SPE-4 experiment simulation of small break loss of coolant accident [2]. Different code
versions of RELAP5 code were assessed against experimental data. The evaluation of the
calculations includes qualitative and quantitative analysis. It is meaningless performing the
quantitative assessment using FFT method if qualitative assessment shows unacceptable
discrepancies between calculations.
Previous analyses showed that the overall agreement of the calculations was good. The
major discrepancies observed between the RELAP5/MOD2 and RELAP5/MOD3.1 code
calculations were in the core collapsed liquid level, water inventory loss and core heatup [3], [4]
FFT method was applied to show that acceptability factor (the average amplitude) is not exceeded
for the simulation of small break loss of coolant accident.

2. FFT method description
A fundamental property of the Fourier Transform consists in the capability to analyze any
relationship between two quantities in the time domain in a different domain without lack of
information with respect to the original one [1].
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Hie accuracy quantification of a code calculation considers the amplitude, in the frequency
domain, of the experimental signal F ^ t ) and the error function AF = Fcaj^t) - Fgjqj (t). In
particular, the method characterizes each calculation through two values, a dimensionless average
amplitude (AA) and a weighted frequency (WF):

2|Fcxp(fn)|

Z|AF( f »)|

n=0

n=0

m

where fn = n/T, (n = 0, l,...,2 ) and T is the time duration of the sampled signal.
The most significant information is given by AA, which represents the relative magnitude of
the discrepancy deriving from the comparison between the addressed calculation and the
corresponding experimental trend (AA = 1 means a calculation affected by a 100 % error). The WF
factor characterizes the kind of error. High frequency errors can be more acceptable than low
frequency ones. Analyzing thermalhydraulic transient, better accuracy is generally represented by
low AA values at high WF values.
Trying to give an overall picture of the accuracy of a given calculation, average indexes of
performance are obtained by defining:
Nvar

Nvar

(AA)tot= pAA).(wr)

(WF)tot =

with
Nvar

ZW = i
where N y ^ is the number of the analyzed parameters and (wf)j are weighting factors introduced to
take into account the different importance of each parameter from the viewpoint of safety analyses.

3. Scenario, input model and code description
The RELAP5/MOD2 input model constructed and used to study SB LOCA was
developed based on the standard input model for accident analyses. The input model consists
of all major components of PWR plant as reactor vessel, hot and cold legs, loop seal,
pressurizer, emergency core cooling system, steam generators and secondary side [5], [6]. The
RELAP5/MOD2 model was adopted for RELAP5/MOD3.1 calculations. Basic initial
conditions and assumptions are shown in Table 1.
The accident scenario was simulated by several input control cards. The transient is initiated
by the opening of a break in the cold leg. The pressure starts to drop. The reactor trips on
pressurizer low pressure signal. When the pressure drops below 9.9 MPa, the reactor coolant
pumps are tripped manually.
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Table 1: Initial conditions and assumptions
RELAP5/MOD2

RELAP5/MOD3.1

1876 MWt

1876 MWt

RCS average temperature

580.1 K

580.0 K

RCS hot leg temperature

598.2 K

598.1 K

RCS cold leg temperature

562.0 K

561.9 K

15.50 MPa

15.49 MPa

18%

18%

manually, 9.9 MPa

manually, 9.9 MPa

low pressurizer pressure

low pressurizer pressure

No. of high pressure safety injection pumps avail.

1 out of 2

lout of 2

No. of low pressure safety injection pumps avail.

1 out of 2

lout of 2

No. of accumulators available

2 out of 2

2 out of 2

Initial reactor power

pressurizer pressure
SG plugging
RCP trip
SI signal actuation

4. Results of comparison
Taking into account the course of the events during the transients with different break sizes,
these were subdivided in three phenomenological windows. The time duration of
phenomenological windows is different for each break size. The analysis was performed for the
following windows:
l.)Blowdown
2.) Mass depletion in primary loop and core uncovery
3.) Core recovery
For comparison the first 3000s of the transient were taken into account. Break size 2.5 cm
is small enough not to uncover the core in the first hour of transient. The time duration of windows
is shown in Table 2.
Table 2: The
BREAK
SIZE
2.5 cm
5.1 cm
7.6 cm
10.2 cm
15.2 cm

phenomenological windows and time duration for different break
PHASE 1
PHASE 2
blowdown
mass depletion in the primary loop and core heatup
50-1000*
50-2000*
50-650
50-1230
50-350
50-710
50-210
50-550
50-350
50-135

sizes

PHASE 3
core recovery
50-3000
50-3000
50-3000
50-3000
50-3000

•-the time »rbitn«ycho«en, since no core uncovery occurs
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4.1 Selection of the parameters for comparison
For the analysis 20 parameters were selected which are listed in Table 3. The parameters
represent the following relevant phenomena occurred:
- the pressures in the pressurizer and in the secondary side of the steam generators and steam
generator wide range levels are representative of the overall energy balance;
- the temperature distribution of the core reflects safe or unsafe condition during transient;
- the fluid temperature of the primary circuit and core subcooling is representative of the fluid
condition during the transient;
- the total mass in the primary system, the core level, break flow, HPSI flow integral and charging
flow are representative of the primary side mass distribution;
- the core and turbine flow are representative of the reactor trip and reactor coolant pump trip.
Table 3: List of the selected parameters
LABEL
DESCRIPTION
MFLOWJ10603
core flow
break flow
MFLOWJ299
MFLOWJ325
turbine flow
MFLOWJ931
charging flow
MFLOWJ607
HPSI pump 2 flow
CNTRLVAR20
core level
CNTRLVAR469
SGI level wide range (as in plant)
CNTRLVAR369
SG2 level wide range (as in plant)
CNTRLVAR12
total mass - primary coolant
CNTRLVAR901
HPSI flow integraJ
P220
pressurizer pressure
P310
SG2 outlet pressure
P410
SGI outlet pressure
HTTEMP10601
core #1 fuel surface temperature
HTTEMP10603
core #3 fuel surface temperature
HTTEMP10605
core #5 fuel surface temperature
COTRLVAR2t)5
T average-primary coolant
CNTRLVAR111
subcooling in core top volume

4.2 Results of the FFT analysis
The qualitative comparison between RELAP5/MOD2 and RELAP5/MOD3.1
calculated trends for the selected parameters was peril:; med, pointing out some discrepancies
mostly concerning the break flow, core temperatures, core collapsed liquid level and
secondary side pressure.
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Table 4: Summary of the results obtained by FFT method for different break sizes
5.1 cm
LABEL
2.5 cm
7.6 cm
10.2 cm
15.2 cm
WF
AA
WF
AA WF AA WF AA WF AA
0.31
0.04
0.01
0.21 0.04 0.16 0.06
0.2 0.07 0.61
MFLOWJ10603
MFLOWJ299
0.06 0.32 0.03 0.99 0.05 1.16 0.05 1.43 0.05 1.36
MFLOWJ325
0.05 0.38 0.04 0.39 0.11 0.61 0.07
0.1 0.07 0.14
MFLOWJ931
0.06 0.23 0.05 0.04 0.05 0.45 0.07 0.36 0.07 0.33

MFLOWJ607
CNTRLVAR20
CNTRLVAR469
CNTRLVAR369
CNTRLYAR12
CNTRLVAR901
P220
P310
P410
HTTEMP10601
HTTEMP10603
HTTEMP10605
CNTRLVAR205
CNTRLVAR111

0.04

0.13

0.03

0.11

0.03

0.17

0.05

0.13

0.05

0.12

0.05

0.02

0.66

0.04
0.04

0.02
0.16
0.19

0.03
0.02

0.19
0.22

0.03
0.05
0.07

0.5
0.16
0.29

0.04
0.05
0.05

0.77
0.15
0.21

0.05
0.07
0.05

1.05
0.31
0.42

0.04

0.08

0.01

0.15

0.01

0.15

0.02

0.18

0.03

0.33

0.05

0.03

0.02

0.04

0.02

0.01

0

0.11

0.16

0.03

0.16

0.02

0.12

0.04
0.02

0.01

0.04
0.05
0.05
0.06
0.05

0.08
0.08
0.02
0.05

0.11
0.11

0.05
0.05
0.01
0.01

0.54
0.54
0.13
0.52

0.04
0.04
0.02
0.01

0.62
0.62
0.13
0.92

0.05

0.05

0.05

0.44

0.01

0.62

0.06

0.28

0.04

0.39

0.03
0.04

0.9
0.85
0.24
0.74
0.32

0.13

0.05

0.11

0.06

0.04

0.05
0.03
0.05
0.05
0.02
0.01
0.01

0.12
0.87
0.59

0.02

0.02

0.27

0.01
0.03

0.61

0.04

0.21

0.04

0.05
0.03
0.01

0.15

0.33
0.21

On Figure 1 to Figure 3 are shown global accuracy trends for the three windows. It can be
seen that in the first window the calculations agree well but later into the transient this agreement is
not so well. On Figure 4 is shown primary pressure accuracy trend in the whole transient. The AA
limit 0.1 is exceed in the second and third window for most of the calculations. With increasing
break size the AA value increases because the transient is faster. Finally on Figure 5 global accuracy
is shown. The AA limit is exceeded for 15.2 cm break size in the last window what confirm that
with increasing time the disagreement between RELAP5/MOD2 and RELAP5/MOD3.1 is greater.
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Figure 1: Global accuracy trend in the first time window.
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Figure 2: Global accuracy trend in the second time window.
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Figure 3: Global accuracy in the third time window.

538

Nuclear Energy in Central Europe, Portorot Slovenia, 11.-14. September 1995

2.5 cm
5.1 cm
7.6 cm
10.2 cm
15.2 cm
AA limit

1000

1500

2000

2500

3000

Time (s)
Figure 4: Primary pressure accuracy trend in the whole transient.
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Figure 5: Global accuracy.
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5. Conclusions
Quantitative comparison has been performed for small break loss of coolant accident for a
spectrum of break sizes. The quantitative analysis confirmed the qualitative comparison performed
that the major disagreement between RELAP5/MOD2 and RELAP5/MOD3.1 code calculations
are in break flow, core collapsed liquid level and core temperatures.
The overall agreement is acceptable but the primary pressure exceeds the acceptance limit.
The agreement is the worst in the second window when core uncovery and rod heatup occurs. The
global agreement is not improved with increasing time what happens with primary pressure average
amplitude.
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Abstract:

The design of safety systems depends mostly on the results from computer code
calculations. The trend to use more and more realistic code models and realistic
initial and boundary conditions result^ in a need for an assessment pf related
uncertainties.
Uncertainties are discussed for the plant itself the model develppment and code
validation and the user. It is pointed out that sensitivity analyses are mandatory.
Four proposals are given for future actions.
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Uncertainties of the Results of Accident Simulation

The design of safety systems depends mostly on the results from computer code calculations.
Usually Design Basis Accidents are specified? with computer code calculations and
assumptions for initial and boundary conditions and system availability it has to be shown that
conservatively specified upper limits for some variables are not exceeded. For Severe
Accidents - which are not Design Basis Accidents - calculations with - to the extend possible realistic models and assumptions the threat to containment integrity and a possible release of
radioactive products are calculated with computer codes.

It is logic to analyse if codes with realistic models and assumptions for Design Basis Accidents
could be used; this is also necessary because the codes are validated against experiments which
are ,,realistic". Then, the possible range of the uncertainty of the results have to be analysed.

From experience we know that codes cannot be applied to all reactor designs, e.g. for
Germany I would require that codes should be applicable for German PWR and BWR, the
main French designs, EPR and SWR 1000 and with second priority AP 600, SBWR, WWER
and RBMK. It is evident that related test facilities have to be modelled with the codes applied
to reactors.

In a second step the different sequences, loads etc. have to be listed. As an example the
requirements for a PWR containment are listed below:

Design Basis Accidents: Transients, small break LOCA, opening of pressurizer valves, large
breakLOCA, ATWS

Requested:

integral pressure / integral and local temperatures / pressure differences
(structures, walls) / heat exchange with structures and penetrations / ventilation
system / injection and decay heat removal systems / leakages to the
compartments outside the containment / condensation on cold structures or a
water pool (EPR) / spray systems / plate condensers in the atmosphere / heat
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exchangers in water pools / cable fires / venting systems / integral and local
hydrogen concentrations / recombiners (thermal, catalytic) / etc.

Sequences with core melts: In addition to DBA's the V-sequence and the RPV failure

Requested:

integral pressure / local and integral temperatures / heat exchange with
structures and penetrations / local concentrations of H2, O2, CO, steam / DCH
effects / aerosol distribution including superimposed H2 burns / melt-concreteinteraction (penetration, gas and aerosol release) / integral and local hydrogen
bums (deflagration, DDT, detonation) / post inerting / igniters/ recombiners /
venting system with filter / outside spray on steel containments / AM measures /
core catcher / outside cooling of RPV / etc.

In fig. 1 the different components related to a simulation and which can contain uncertainties
are shown. They will be discussed below in some detail.

Simulation of Plant Transients and Accidents
- Components and Uncertainties
Plant data
Initial and boundary conditions
Sequence

exceeded

t

Numerics

\
Sensitivity
Studies

Code

ModelDevelopment

Theory /
Hypotheses

Upper Limits)-*

Validation

Exp. data /
Interpretation
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1)

Plant
Plant data with uncertainties are e.g.
volumes (uncertainties in the range of a few percent)
structures and its materials (< 5 -10%)
capabilities of existing systems (e.g. injection system 0 to + 10%; this is due to
the specifications for the transformer, motor, pump etc. In reality they are
better than specified)
pressures for opening S/R-valves ( ± 0,5 bar)
Initial and boundary conditions, e.g.
Power (< 3 %, due to control systems)
Availability of safety systems (very difficult to asses if only part of time in
operation or failure to operate)
Accident sequence, e.g.
operator actions before, during or after the accident may influence sequence
(AM measures)
stochastic events will influence the sequence (e.g. location and break size in
case of a RPV failure or local hydrogen burns)
In conclusion:
Uncertainties of plant data can be identified and its influence on the final results
evaluated with sensitivity studies. This is also the procedure for varying initial and
boundary conditions and some stochastic effects. The most difficult task are operator
actions. A series of calculation may show its influence.

2)

The User
He can
use wrong data
select the wrong option
Wrong data can sometimes be avoided through an automatic data check (e.g. volumes,
elevations, etc.)
A non-optimal nodalisation leads sometimes to big uncertainties.
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Some experts assess that the user may contribute up to 50 percent to the overall

.

uncertainty.

In conclusion:
, Automatic data checks, a detailed manual including recommendations for nodalizations
should be
mandatory for a code or code system.

3)

Model-Development
The model development is, firstly, dependant on a thorough theory and, secondly, on
good experimental data. An example for a thorough theory are the different models for
2-phase-flows. On the other hand the bubbble collaps in Pressure Suppression Systems
is only based on questionable hypotheses.
From CSNI experimental data are collected, assessed and possibly selected for the
separate-effect or integral test matrices.
Experimental data also show some scatter (e.g. in CCTF tests with some of the 2000
rods instrumented with thermocouples the temperatures at the same elevation and
power density scatter by ± 50 K).

Experimental data could be ,,wrong", e.g.
-

the first chugging tests for BWR Pressure Suppression Systems (a filter cut the
pressure pulses)
the core mass flow for the first LOFT tests (a venturi orifice had a wrong
temperature correction)
the steam flow in one of the HDR tests (wrong calibration of a pressure
differential gauge)

In conclusion:
In my assessment 80 - 90 % of all thermal hydraulic data are existing. In the future the
distribution function of scattered data should be identified.
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4)

Validation
As a consequence of scattering data and simplified modelling differences between
calculations and data will exist.

In conclusion:
The integral and separate-effects-test matrices are good bases for the validation
process.

5)

Numerics
Numerical solutions contain very often small uncertainties resulting from the method
itself, the used limit and the accuracy of the computer.

In conclusion:
Numerical solution methods have to be tested with great care. To the extend possible
self-controlling methods should be introduced. The new generation with massive
parallel computers will require new numerical solutions.

6)

Computers
It has been identified that the type of computer or its compiler has resulted in mayor
deviations from the ,,real" solution (e.g. mass conversation).

In conclusion:
The code developer has to provide the user with several tests to allow a counter-check.

7)

Sensitivity Studies
Because not all input data are exactly known sensivity studies are necessary to assess
the influence of deriations.

Modern methods do allow a limited number of runs (about 50) for about 10 variables;
the results will then be combined in a ,,Surface-Response-Area".

In conclusion:
Sensitivity studies are mandatory to allow an assessment of the influence of deviations.
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8)

Limits
The existing upper limits e.g. for the core
cladding temperatures < 1200°C
cladding oxidation < 17 %
core damage < 10 %
with conservative initial and boundary conditions and conservative models are not
furthermore appropriate upper limits if realistic data and models are used.

My proposal no. 1:

The physical upper limits should be specified related to the probability of
occurance
e.g. for frequent transients the Critical Heat Flux should not be exceeded
also in case of single-failure-criteria
e.g. for the Large-Break-LOCA the core damage should not exceed 10
%; the single-failure-criterion must not be applied
e.g. for sequences with core melt the containment has to stay intact
(with no safety margin).
Problems may arise from low- or zero power situations.

My proposal no. 2:

With sensitivity studies the ,,allowed" upper limits should be identified
e.g. the CHF is influenced by mass flow deviations, rod to rod distances,
local power density, etc. For this variables the distributions have to
evaluated and used in sensitivity studies
e g . the accuracy of calculated core temperatures in LOCA's are
influenced by power densities, availability of systems, break location,
deviatons between calculations and experimental data, scattering of data,
etc. Also for this variables the distributions have to be evaluated and
used in sensitivity studies.

My proposal no. 3:

The code developer has to provide a detail manual, recommendations for
nodalisations, recommendations for options (if any) and several test
calculations.

My proposal no.4:

If the calcultions are used for licensing purposes the user has to
demonstrate his ability to perform confident results.
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LICENSING FSAR TRANSIENTS
WITH A BEST ESTIMATE CODE:
THE BELGACOM APPROACH
Y. Croratnelynck, L. Vanhoenacker
BELGATOM, Avenue Ariane 7, B-1200 Brussels, Belgium
Abstract
Regulatory Bodies generally allow the use of best estimate codes, in the licensing context, provided an
acceptable methodology is developed. This acceptable methodology can make use of an uncertainty
quantification approach or a bounding approach.
BELGATOM has elaborated for the seven Belgian NPFs a general method covering all aspects of the
licensing process, including, but not limited to, a bounding approach which is based on the use of a best
estimate code (RELAP5 M0D2).
This paper describes the successive steps that were applied by BELGATOM to carry out the full licensing
process of SAR transients for which a point kinetic model is acceptable. After having defined the
considered scope of the foreseen project, the licensing process consists in chosing the tools, acquiring the
necessary user's background, setting up plant specific best estimate master decks, qualifying the models by
comparison with real plant data, collecting Safety Analysis Limit data, developing transient specific
bounding approach methodologies and, finally, obtaining the acceptance by the Regulatory Body.

Introduction
In the past, "evaluation" type computer codes were used for plant licensing, to produce
conservative predictions of the thermal-hydraulic plant behaviour in accident situations. These
codes concentrate on some known critical phenomena but lack in rigorous physical models,
which potentially could lead to simply miss out the real physical processes [1].
As a response to this issue, development of methodologies using best estimate codes became a
global tendency in the nuclear safety world. A number of advantages are attached to them :
a single best estimate code can be used for best estimate calculations (PSA for example) and for
licensing purposes; the calculation models and correlations of those codes can be assessed by
comparisons with experimental or real plant data; the actual margins available can be quantified
if necessary in order to optimize procedures and/or equipment
But all those advantages must not hide the fact that such codes are still subject to a degree of
uncertainty for various reasons: nodalisation, numerical approximation, multidimensional
effects or averaging, scaling effect, inaccuracy of experimental results, computer effects, user
effects among others.
Regulatory Bodies, who are the actual clients of any licensing process, allow the use of best
estimate codes provided an acceptable methodology is developed. Collaboration with
Regulatory Bodies is essential to successfully achieve this methodology which can be an
uncertainty quantification approach or a bounding approach [9].
BELGATOM has chosen the bounding approach to provide a cost effective analysis of a
postulated transient, without necessarily quantifying the impact of all the different sources of
uncertainty on the results [1].
The following paragraphs will describe in detail the BELGATOM licensing approach
considered as a project.
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The different steps of this project can be described as answers to the following questions:
• What is the scope of this licensing project ?
• Which code will I select ?
• How to acquire the users' background ?
• How to set up a plant specific master input deck?
• How do I qualify this model ?
• How do I determine the Safety Analysis Limit (SAL) values of the different parameters to
be used?
• What kind of methodology approach can I afford ?
• How can I make it acceptable for my Regulatory Body ?
Quality Assurance was applied throughout this approach, following the lines imposed by
standard ISO 9001, towards which BELGATOM was recently certified [2].
The onset for the development of the BELGATOM approach presented here, was the
discussions with the Belgian Regulatory Body performed in the framework of the replacements
of the steam generators combined with a power uprating in the Doel 3 unit (1993) and the
Tihange 1 unit (1995).
Steps of the BELGATOM licensing project
1. Scope of the Licensing project
The main goal of the BELGATOM licensing project is to provide a cost effective bounding
analysis of a limited number of FSAR transients.
The cost effectiveness and the relative short delays were the main reasons to select a bounding
approach rather than a full uncertainty quantification approach like the CSAU methodology [9].
The accidents considered in this project exclude, till now, all reactivity accidents for which a
point kinetic neutronics / core model is not acceptable (rod ejection, rod drop, steam line break,
...)andallLOCA's.
The FSAR accidents already covered by the BELGATOM approach are listed hereafter:
• primary and secondary overpressure (hot and cold conditions);
• feedwater line break (core uncovery and DNB concerns);
• loss of normal feedwater;
• Mass and Energy Release into the containment for LOCA and steam line break accident;
• loss of external electrical load;
• steam generator tube rupture accident.
The licensing project should be of practical use and should be able to translate the results of the
complete analysis into the Technical Specifications of the plant
2 . Choice of the tools
The RELAP5 code has been chosen by BELGATOM because of its international use and
assessment The Belgian Safety Authorities felt reassured by this choice, and this has certainly
made their acceptance of the final thermalhydraulics me ' xiology easier.
BELGATOM has tried to follow the last development of the computer techniques and has
adopted workstation type computers. The Quality Assurance is definitively very important in
this context.
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During the implementation phase of the RELAP code, the conformity of the results to the
reference code supplier calculations is checked by application of an extensive QA test plan
including specific tests challenging the code [3].
In order to make easier the build-up of an input data set and to reduce mistakes as far as
possible, a RELAP pre-processor, called TROPIC [4], has been developed in house.
When DNB-ratio is to be calculated in the course of a transient, BELGATOM uses the COBRA
code.
Furthermore, the COBRA and DNBOPT codes are used in BELGATOM in order to assess the
influence on the operating conditions of the various key safety parameters [10].
3 . Acquisition of the necessary user's background in the use of the code
BELGATOM has been contributing to the RELAP5 code assessment program for many years.
Without reference to any specific accident, a detailed and realistic standard nodalisation has been
built based on code users' guidelines. BELGATOM has assessed and optimized its standard
nodalisation and code options by comparing simulation results to experimental data from
various small scale integral test facilities (LOBI, ROSA, BETHSY) in the framework of
International Standard Problems (ISP's). This nodalisation has been validated against full scale
plant operational transients [1,5,6,7, 8],
An extensive effort has also been performed to identify and understand the code weaknesses,
deficiencies and errors. The feedback to the code supplier is achieved through the formely ICAP
and now CAMP meetings. Except for error corrections advised by the supplier, no change is
made on the frozen version of the code in order to keep its qualified status.
Inside BELGATOM, a training program is imposed to new users and continuous drills are
offered to experienced users by participation in international seminars on thermal-hydraulics and
RELAP.
4 . Set-up of a plant specific best estimate master deck
Before proceeding with the building of a plant specific master deck, it is necessary to identify
the objectives of the model, the scope of application and the extent of simulation.
BELGATOM has decided to elaborate multipurpose best estimate models of the 7 Belgian
NPP's in order to be able to:
• answer specific requests from the Utilities or from the Regulatory Body;
• qualify the full-scope simulators;
• perform thermal-hydraulics studies in support to the PSA activities;
• develop methodologies acceptable in the licensing process.
The depth of simulation must cover all the thermalhydraulics modes that are encountered during
the simulation of the foreseen transients. This domain obviously depends strongly on the extent
of simulation.
Examples of thermal-hydraulics modes to be represented by the model are given hereafter:
• choked single phase and two phase flows;
• phase separation (evaporation and condensation);
• single phase and two phase natural circulation, reflux condensation,...
The extent of simulation adopted by BELGATOM is linked to the objective of a realistic
simulation of the behaviour of the Reactor Coolant System, of the Steam Generators and the
Main Steam Lines down to the first stage of the turbine. The Balance of Plant is not part of this
domain of simulation as it is not requested for safety analyses. Figure 1 shows an example of
nodalisation for the DOEL3 unit and Figure 2 illustrates one of the logic controls used.
For each component simulated, one can distinguish 3 levels of simulation:
• an explicit geometrical simulation (e.g.: the Steam Generators which are simulated with the
right dimensions, the correct heat transfer area,...);
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a "function" simulation (e.g.: a transfer function is used to simulate the behaviour of the
temperature probes in the primary loops, the bypass lines are not explicitly simulated);
a "boundary condition" simulation (e.g.: main feedwater temperature is given by a boundary
condition).
Adequate assumptions may help to reduce the size of the simulated system. For instance, a
whole loop can be replaced by boundary conditions obtained from other symmetrical loops
calculated in detail, without rescaling the individual loops. Nonetheless, feasible partitions still
produce large size models and it is necessary to lump some components and to optimize the
degree of detail, including nodalization schemes. In addition, there are situations where too a
detailed simulation may unstabilize the calculation or make it less reliable than a lumped
model [3].
Further to the thermalhydraulic simulation, an accurate simulation of automatic actions
(controls, protection and safeguard signals, actuation of safety valves, ...) and operator
interventions is a must. Failure to take into account their feedback effects may lead to
completely different scenarios, for instance to a reactor trip bypass while reactor trip does occur
actually [3].
To build a plant specific best estimate model, it is necessary to be in possession of plant realistic
data. These data can be collected from the Utility or from the components' suppliers. This
collection process is a huge work since this information is very often hard to find or even not
available or may be conflicting from different documents. The data and the corresponding
calculations have to be strictly detailed and documented.
It is important to remind the engineers in charge of that work to ensure to get "as-built" data,
and to demonstrate the consistency of the different data sources.
The model will strictly follow the nodalisation rules adopted during the assessment stage in
order to keep the qualified model concept. The number of volumes and heat slabs used in the
model is the result of a compromise between precision and cost.
The whole model building process is verified by an independent expert and approved by the
management in order to fulfill Quality Assurance rules.
The code input deck is then created by means of the TROPIC pre-processor [4]. The user
friendliness of this tool ensures a minimal amount of mistakes during the implementation phase.
5.
Model qualification by comparison with real plant data
Once the specific plant model has been created, the BELGATOM procedure requests to perform
some model qualification by performing comparison with real plant data. Such plant data are
collected from the Utility.
Two tests are commonly available from the start-up tests: house load operation and scram test.
Obviously, those data are only available if the Utility uses an efficient data acquisition system.
However, the identification of" the measurement errors of those recorded transients is crucial in
order to define the acceptable uncertainty bands for this qualification step.
A comparison report summarizing the results and improvements brought on the model is then
compiled in order to fulfill QA rules.
6.
Safety Analysis Limit Data collection
Since the objective of the licensing project is to set up a bounding analysis of a postulated
transient, this deterministic approach requires to find the upper and lower bounds of the plant
parameters influencing the physical phenomena which are limiting from a safety standpoint
Safety Analysis Limits are thus to be defined for a large set of plant parameters, including
protection and safeguard setpoints and logic channels delays.
A statistical approach is used to perform the determination of the uncertainties, affecting those
parameters based on measurements error bands, environmental impact,...
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This process is once again based on Utility and suppliers data. Hence, the same precautions
have to be taken as for the collection of best estimate data and the corresponding Quality
Assurance rules have to be followed carefully.
7.
The transient specific bounding approach methodology
The BELGATOM methodology [1], as summarized on figure 3, is applied to each specific
FSAR transient to be addressed by the licensing project. Without reference to any specific
transient, the different steps will be described in detail in the following paragraphs.
The specific terms used hereafter are printed in italics and defined in appendix.
7. a Selection of the acceptance criterion
In Belgium, licensing is essentially based on the American Rules (10CFR, Regulatory
Guides and Standard Review Plan, ASME, IEEE codes). In such documents, the
physical phenomenon against which the plant has to be protected is formulated rather
qualitatively: for example, no DNB, limited core damage, assure long term
coolability,... The licensing parameters characterise these phenomena in a quantitative
manner and allow the definition of a quantitative acceptance criterion by defining a
conservative licensing limit which may not be exceeded. The selection of die licensing
parameter should be guided by its ability to properly represent the studied phenomenon
and by the capability of the best estimate code to calculate it with a satisfactory degree of
confidence.
7.b Definition of key phenomena and mechanisms
In order to set up a bounding analysis of a postulated transient, a difficult but necessary
action consists in identifying and understanding the physical phenomena, processes and
mechanisms, henceforth called key phenomena, that impact the licensing parameter. The
understanding of the key phenomena should enable the analyst to choose the bounding
initial and boundary conditions (IIB) with respect to the licensing parameter.
Almost naturally, one is forced to subdivide the initial and boundary conditions into two
categories : those having an evident impact on the licensing parameter and those
requiring sensitivity calculations.
Sensitivity calculations are required due to the coexistence of multiple competing and
coupled key phenomena which do not all act in the same direction on the licensing
parameter. In that case, the analyst is unable to a priori assess the net impact of a I/B
condition on the licensing parameter.
The world would be too simple if one could explain everything and therefore one must
provide a special category of those initial and boundary conditions that have a non
identified impact on the licensing parameter. These uncertainties are then treated as noise
and are combined with the other uncertainties as outlined in section 7.e.
7. c Limit value approach
In this section, it is explained which conservative values must be considered for the
definition of the initial and boundary conditions. In the BELGATOM method, a
deterministic approach based on the plant Technical Specifications is used. This method
seeks to find the upper and lower bounds of the plant parameters: their limit values. The
underlying assumption is that limit values cover all intermediate values in a conservative
manner. If this assumption is not met, the limit value approach cannot be used and
sensitivity studies will have to be performed in order to identity the bounding value.
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Limit values for the initial and boundary conditions which cover the operational bounds
mentioned in the Technical Specifications are used as input for the safety analyses. This
establishes the link between the real world and the world of the safety analyst. The limit
values used in the safety analysis may be hypothetical values (but enveloping the bounds
of the Technical Specifications), i.e. never existing or occurring, but allow a simplified
safety analyses and thus reduce manpower and computer time and give additional
freedom when setting up new plant Technical Specifications. On the other hand, this
approach tends to introduce additional conservatism. A trade-off between cost
effectiveness of the licensing effort and the gain in plant performance and flexibility due
to increased margin should guide the choice to be made (iterative process).
7. d Code models uncertainties and code deficiencies
Most best estimate codes, including RELAP 5 MOD 2 use physical models and
correlations still subject to a degree of uncertainty for various reasons, e.g.:
• the limited accuracy of the experimental data on which the code correlations are
based;
the inherent error when representing experimental data by a mathematical expression
of limited order,
• the extrapolation of the application of empirical correlations, set up from small scale
experiments, to a large scale system;
• the discretisation in time and space of the mathematical equations and the accuracy of
the numerical solution schemes;
the reduction of dimension or averaging (many codes are one dimensional);
• the absence or the poor quality of a correlation or a model (this is a code deficiency).
In parallel to the identification of the key phenomena, all code models and correlations,
or the absence of these, which could affect the licensing parameter must be identified.
Code manuals provide lists of code deficiencies and uncertainty ranges for correlations
as a result of the code validation process.
The code uncertainties (uncertainty on code physical models, correlations and numerical
solution scheme) are quantified during the code validation process by comparing
predicted values to experimental data from separate tests.
The code deficiencies (shortcoming in a code model, correlation or numerical solution
scheme resulting in a bias in the calculated parameter(s)) could be overcome by
implementing better models or correlations which is only possible if the code is not
frozen.
Since in a licensing context one prefers to use a frozen code once it has been validated,
two categories of uncertainties or deficiencies may be distinguished and are accounted
for in a specific manner:
• those which can be offset by adjusting input parameters to the code : e.g. if a code
systematically overpredicts or underpredicts the critical flow, a corrective discharge
coefficient may be defined in the input; or for a valve, the critical section may be
calibrated so as to obtain its prescribed capacity at a given pressure;
• those which cannot be offset via the input parameters : in that case special
techniques must be invented to cover the uncertainty. For example, uncertainty in
convective heat transfer can be accounted for by modifying conductive heat transfer
which in turn can by modified via the input. From the technical point of view,
correcting the anomaly in the code itself would be a more sensible action, but this
operation would require a new validation of the code.
For the first category, code uncertainty is eliminated and need not be investigated any
further, but for the second one it must be combined with other uncertainties as discussed
in the next section.
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7. e Combination of uncertainties, biases
In the BELGATOM deterministic approach, uncertainties are combined either via the
input data or added algebraically to the highest value of the licensing parameter as is
illustrated by the flow chart in figure 3.
The uncertainties related to initial and boundary conditions and component performance
are combined as follows. Those conditions for which the direction of the impact on the
licensing parameter can be justified based on the key phenomena, are combined in the
input data. The remaining are treated as a bias and added algebraically to the result of
previous calculations.
The code uncertainties and deficiencies are treated in a similar way.
7. f Margin to the licensing limit
The margin to the licensing limit, resulting from an analysis following the above
outlined process, is not necessarily an optimum margin due to the limit value approach
for the initial/boundary conditions. Indeed, some conditions are chosen in an over
conservative way in order to simplify the analysis. Hence, there still remains an
unquantified conservatism in the result.
In case of a negative margin, the analyst can first try to eliminate some of the
conservatisms. If this approach does not provide sufficient margin, the analyst can
propose corrective actions on the plant protection and safeguard systems or equipment
performance.
8.
Acceptance process by Regulatory Bodies
It is of uppermost importance to mention that the acceptance of a new methodology by the
Regulatory Body (specially when using best estimate codes) can be a very long and tedious
process. Therefore in order to improve the acceptance process, regular meetings with the
Authorities during the project are a must
After acceptance of the analysis by the Authorities, the Safety Analysis Report (Chapter 15) is
updated, as well as the Plant Technical Specification.

Conclusion
All the steps of a full licensing process described hereabove are evenly important to achieve the
final objective of building SAR transient methodologies with use of a best estimate code.
The BELGATOM methodology shows to be practical and cost effective in comparison to full
statistical methods [9].
The benefit of using a best estimate code consist in obtaining a better insight in the real physical
processes. Cost effectiveness is achieved without adversely affecting safety by the application
of a limit value approach for the initial and boundary conditions resulting in an inherent but not
always quantified conservatism.
The methodology can be applied to other best estimate codes without major modifications, only
the code biases have to be re-evaluated [1].
It was accepted by the Belgian Regulatory Body and applied in the framework of the recent
replacements of steam generators in the DOEL3 unit (1993) and the TIHANGE 1 unit (1995).
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Appendix:

Definition of terms used in the description of BELGATOM's
methodology

initial condition:

the steady state value of a plant parameter at the initiation of a postulated
transient.

boundary condition:

functional relationship between parameters at the boundary of a system.

licensing parameter:

parameter that characterises the physical phenomenon against which the
plant must be protected : e.g. Departure from Nucleate Boiling (DNB)
is characterised by the minimum value of the DNB ratio (DNBR).

physical limit:

defined in the context of the acceptance criterion as the value of the
licensing parameter representing the physical phenomenon against
which the plant should be protected : e.g. the peak core cladding
temperature of 2000°C, corresponding to the actual fusion point.

licensing limit:

maximum (or minimum) value tolerated for the licensing parameter in
the licensing context: e.g. a peak core cladding temperature of 1204°C.

acceptance criterion: this is the comparison of the value of the licensing parameter with its
licensing limit.
bias:

measure of the systematic difference between a true mean value and a
predicted or measured mean.

key phenomena:

basic physical phenomena on which the selection of the adverse initial
and boundary conditions is based.

uncertainty:

interval around the true mean of a parameter resulting from the inability
to either measure or calculate that parameter (scatter).

accuracy.

difference between measured and predicted quantity taking into account
uncertainties and biases in both.

code uncertainty:

uncertainty on code physical models, correlations and numerical
solution scheme.

code deficiency:

shortcoming in a code model, correlation or numerical solution scheme
resulting in a bias in the calculated parameter(s).
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Code S-RELAP5 for

Performing Loss-of-Coolant Accident Analysis (LOCA) in
Pressurized Water Reactors (PWRs)
Klaus Kochskamper
Siemens AG KWU
Erlangen, Germany

SI9900072
Abstract
Siemens Power Corporation (SPC) has developed S-RELAP5, a RELAP5/MOD2 based thermal
hydraulic system code with main modifications and improvements relative to RELAP5/MOD2 concerning Multi-Dimensional Capability, Energy Equations, Numerical Solution of Hydrodynamic,
Constitutive Models, Heat Transfer Models, Choked Flow, and Counter-Current Flow Limiting.
S-RELAP5 was exercised over a range of integral and separate effects tests in order to demonstrate that the code could predict the important phenomena associated with PWR LBLOCA. A
methodology for calculation of statistical uncertainties has been developed and applicated to
analyses of hypothetical large break loss-of-coolant accidents (LBLOCA).
To extend the application capability of S-RELAP5 to small break loss-of-coolant accidents problems (SBLOCA) an investigation program for appropriate experiments was launched and largely
carried out.
1.

Introduction

During the last decade the RELAP5/MOD2 computer code was the basic tool for Siemens/KWU to perform analyses of LB- and SBLOCA simulations. The code is a LWR
transient analysis code developed at IN EL for US-NRC. The assessment contributions of
RELAP5/MOD2 by so many organizations demonstrate the robustness and technical
adequacy of this code for a wide range of experiments and applications in the field of
Small Break Simulation. The use of the code for Large Break LOCA events remained a
rather difficult task. This lack of accuracy and stability led INEL to several modifications
of the ..constitutive package" to provide a better congruency with LB-experiments.
Simultaneously Siemens Power Corporation (SPC), Richland, USA, a subsidiary company of Siemens/KWU, has developed a RELAP5/MOD2 based thermal hydraulic system code, for additional covering realistic analysis of LBLOCA in PWR-plants, further
referred as "S-RELAP5".
S-RELAP5 incorporates features of RELAP5/MOD2 and Siemens improvements. In general, the improvements concern unmodified literature correlations and those required to
obtain adequate simulation of key LBLOCA experiments.
2.

Modifications and Improvements in S-RELAP5

The S-RELAP5 code evolved directly from SPC's modified RELAP5/MOD2 version, used
at SPC for performing PWR plant licensing analyses including small break LOCA analysis, steam line break analysis and Non-LOCA evaluation. The field equations are basically in the same form as RELAP5/MOD2 with the addition of full two-dimensional momentum equations. No modifications were made to the conduction solution method, the reactor kinetics, control system and trip system given in RELAP5/MOD2.
The following summarizes major modifications in S-RELAP5.
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Multi-Dimensional Capability
Full two-dimensional treatment was added to the hydrodynamic field equations. The
2-D capability can accommodate the Cartesian, and the cylindrical (z, r) and (z,0) coordinate systems and can be applied anywhere in the reactor system. Thus far Siemens has
applied 2-D modeling to the downcomer, core, and upper plenum. Some improvements
were also made to the RELAP5/MOD2 cross flow modeling. If necessary, 3-D calculations can be approximated by 2-D plus one direction of cross flow. The application of a
2-D component in the downcomer is essential for simulating the asymmetric ECC water
delivery observed in the Upper Plenum Test Facility (UPTF) downcomer penetration
tests.
Energy Equations
The energy equations of RELAP5/MOD2 and M0D3 have a strong tendency to produce
energy error when a sizable pressure gradient exits between two adjacent cells (or control volumes). This deficiency is a direct consequence of neglecting some energy terms
which are difficult to handle numerically. Therefore, the energy equations were modified
to conserve the energies transported into and out of a cell (control volume).
RELAP5 uses the phasic thermal energy equations expressed in terms of phasic internal
energies. Simplifications and assumptions are made to neglect most energy dissipation
terms, which are obtained by eliminating the phasic mechanical energies (derived from
the momentum equations) from the phasic total energy equations. The approximated
formulation has the shortcoming of producing energy error when the pressure gradient
between the two adjoining volumes is not small. This energy error becomes more noticeable in applications to containment analysis.
To mitigate the energy error associated with large pressure gradients between two adjacent volumes, the phasic energies are written in terms of internal energy and kinetic energy. Again, the equations have to be simplified for numerical implementation. Omission
of some energy terms is still needed to make numerical computation feasible.
For LOCA calculations, no significant differences were calculated in the key parameters
such as clad surface temperature, break mass flow rate, void fraction, and others between the two formulations of the energy equations.
Numerical Solution of Hvdrodvnamic Field Equations
The reduction of the hydrodynamic finite-difference equations to a pressure equation is
obtained analytically by algebraic manipulations in S-RELAP5, but is obtained numerically by using a Gaussian elimination system solver in RELAP5/MOD2 and M0D3.
State of Steam-Noncondensible Mixture
Computation of state relations for the steam-noncondensible mixture at very low steam
quality (i.e., the ratio of steam mass to total gas phase mass) was modified to allow the
presence of a pure noncondensible gas below the ice point. The ideal gas approximation
is used for both steam and noncondensible gas at very low steam quality. This modification is required to correctly simulate the accumulator depressurization and to prevent
code failures during the period of accumulator ECC water injection.
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Hydrodvnamic Constitutive Models
Significant modifications and enhancements were made to the RELAP5/MOD2 interphase friction and interphase mass transfer models. The constitutive models are flow
regime dependent and are constructed from the correlations for the basic elements of
flow patterns such as bubbles, droplets, vapor slugs (i.e., large bubbles), liquid slugs
(i.e., large liquid drops), liquid film and vapor film. Some flow regime transition criteria of
RELAP5/MOD2 were modified to make them consistent with published data. When possible and applicable, literature correlations are used as published. A constitutive formulation for a particular flow regime may be composed of two different correlations. Transition
flow regimes were introduced for smoothing the constitutive models. Partition functions
for combining different correlations and for transitions between two flow regimes were
developed based on physical reasoning and code-data comparisons. Also, the
RELAP5/MOD2 approximation to the Colebrook equation of wall friction factor is known
to be inaccurate and was, therefore, replaced by an accurate explicit approximate formulation of Jain.
Heat Transfer Model
The use of a different set of heat transfer correlations for the reflood model in
RELAP5/MOD2 was eliminated. Some minor modifications were made to the selection
logic for heat transfer modes (or regimes), single phase liquid natural convection and
condensation heat transfer. The Lahey correlations for vapor generation in the subcooled nucleate boiling region were implemented.
Choked Flow
The computation of the equation of state at the choked plane was modified. Instead of
using the previous time step information to determine the state, an iterative scheme is
used. Some minor modifications were also made to the under-relaxation scheme to
smooth the transition between subcooled single phase critical flow and two-phase critical
flow.
Counter-Current Flow Limiting
A CCFL correlation was implemented in S-RELAP by the Bankoff form, which can be
reduced to either a Wallis type or a Kutateladze type CCFL correlation.
Component Models
The EPRI pump performance degradation data was included in the S-RELAP5 pump
model. The computation of pump head in the fluid field equations was modified to be
more implicit. A containment model was added. The accumulator model was eliminated
because of its well-known problems. With S-RELAP5, the accumulator is to be modeled
as a pipe with nitrogen or air as noncondensible gas.
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S-RELAP5 Validation

3.

Because the basic models, coding and numerics of RELAP5/MOD2 and S-RELAP are
widely identical, assessments of RELAP5/MOD2 are principally applicable to S-RELAP5.
Selection of Assessment Matrices
In order to prove the applicability of S-RELAP to PWR LBLOCA phenomena, the code
was exercised over a range of integral (IET) and separate (SET) effects tests IM. Table 1
deliniates the PIR-Table (Process Identification and Ranking Table) developed for
PWR/LOCA phenomena and associate experiments analyzed by Siemens with SRELAP5. Not listed are simulations of LBLOCA in PWRs. These simulations are part of
the assessment procedure because they demonstrate S-RELAP's ability to model all
PWR LBLOCA phenomena 121.
It can be shown that the assessment matrix covers all items of the extended PIRT
LBLOCA table. Although S-RELAP5 does not explicitly model 3-D flow, the 2-D flow
model in S-RELAP5 was assessed against appropriate 3-D experiments. The test facilities in considering scale effects are of significantly different scales. Therefore, the tests
conducted in these facilities provided sufficient geometric, kinematic, and dynamic diversity to encompass the physical processes occurring in a PWR during LBLOCA.
Table 1: Experimental Data Base Used for LBLOCA Assessment
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Legend:
1. Break Flow, Critical Flow
2. DNB, Post-CHF and Reflood HT
3. Rewet, Reflood, Quenching
4. Flow Reversal, Stagnation in Core
5. 1/2-phase Convection, Countercurrent Flow, Critical Flow

6. Void Generation, Condensation
7. Void Distribution', Liquid Level
8. Stored Energy, Gap Conductance
(Fuel Rod Model)

The calculated and measured rod surface temperatures of the FLECHT SEASET Test
31504 at different elevations are plotted in Figure 1 and 2 in the annex. The calculated
values are specified by HTTEMP. For the FLECHT SEASET Test 31504, which is a demanding low flooding rate test, PCT occurs in the region above but close to the core midplane (Fig. 2).
For CCTF Test Run 54 the Figures 3 and 4 in the annex show the comparisons of calculated and measured heater rod surface temperatures at three elevations for high and
medium power core regions. Test 54 simulated the reflood phase of a cold leg injection
PWR LBLOCA with best-estimate decay power.
LOFT Test L2-5 and L2-6 was an LB loss-of-coolant experiment simulating a cold leg
guillotine break. Figure 5 and 6 in the annex show a selection of the cladding temperature comparisons of the high power rod in the central assembly at two axial locations for
Test L2-5 (75% initial power instead of 100% full power in Test L2-6).
The simulations of these tests demonstrate that the code is capable of predicting the
LBLOCA phenomena in full scale PWRs as well as reduced scale test facilities.
For the assessment procedure of SBLOCA phenomena a sample of integral and separate effects test facilities (IET, SET) have been selected.
Table 2 lists already completed and short-term to be exercised calculations and the phenomena to be observed. Not listed are simulations of SBLOCA in PWRs. These calculations were exercised for 3-loop and 4-loop plants and offer results which correspond very
closely to those gained with RELAP5/MOD2.

Table 2: Preliminary Assessment Matrix for SBLOCA calculations
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Legend:
1. Break Flow
2. Natural Circulation
3. Loop Seal Clearance

4. ECC Flow
5. SG Heat Transfer
6. Phase Separation

The PKL III B3.2 experiment examined the heat transfer from the primary to the secondary side for different, i.e. single phase and two phase natural circulation conditions in
dependence of the primary side mass inventory. Fig. 7 in the annex shows good agreement between the RELAP results and the experimental data for the entire flow regime.
The zero flow value at 63% mass inventory describes the beginning of the reflux condenser mode.
4.

Conclusions

Siemens has developed S-RELAP5, a RELAP5/MOD2 based thermal hydraulic code.
The modifications became necessary to extend the code application to LBLOCA phenomena.
Application of S-RELAP5 resulted in the following conclusions:
(1) The S-RELAP5 code with the changes made by Siemens is applicable for large
break LOCA analysis. The code is capable of calculating the dominant LOCA phenomena over the complete LOCA transient and requires no adjustment to be applied
to facilities varying over a range of scale from small separate effect experiments to
the large PWR systems.
(2) Appropriate system representation and nodalization has been developed to consistently apply the S-RELAP5 code for a variety of experimental and large PWR systems.
(3) The S-RELAP5 code has been assessed and has demonstrated capability to predict
LBLOCA phenomena over the range observed in SET and IET experiments and
over the expected range in large PWRs.
(4) In correspondence to the historical development the application of S-RELAP5 can
be extended also to SBLOCA phenomena. Consequently an assessment matrix of
suitable test devices was elaborated.
(5) The examination of parts of the investigation program documents the capability of
S-RELAP5 to simulate the fundamental processes of SBLOCA scenarios. Especially
the weakness of RELAP5/MOD2 in predicting CCFL processes could be removed.
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Ideal Scaling of BETHSY 9.1.B Test Results to NPP
S. Petelin, I.Gunel
"Jozef Stefan" Institute, Reactor Engineering Division
Jamova 39, 61111 Ljubljana, Slovenia
Abstract
The transient scenario of international standard problem 27 (ISP-27) was implemented in the
RELAP5 analysis of small break loss of coolant accident for Krsko nuclear power plant (KrSko
NPP). The objective was to evaluate the effectiveness of ISP-27 proposed accident management
procedure for real NPP and to compare the physical phenomena known from experimental
background with the phenomena predicted by RELAP5 simulation of real plant transient. The
analyses showed that, if relevant break, power scaling criteria, primary and secondary pressure are
fulfilled the RELAP5 model of KrSko NPP cannot completely ensure the simulation of typical
thermal-hydraulic phenomena observed in BETHSY facility during ISP-27. Much better satisfaction
is observed on ideal scaled up model.

Introduction
The ISP-27 transient scenario was applied in the analysis of SB-LOCA for NPP. The
BETHSY experiment scenario involved a 5.1 mm diameter cold leg break without
available high pressure safety injection (HPSI) and delayed operator procedure for a
secondary system depressurization. The procedure starts by full opening of both steam
generator relief valves, when maximum fuel rod cladding temperature reaches 450°C.
This allows the reactor coolant system (RCS) to depressurize down to the accumulator
and low pressure safety injection (LPSI) threshold. Consequently, the conditions
required for stable residual heat removal system (RHRS) operation can be obtained. The
objective of this work was to evaluate the ideal scaling up of BETHSY facility proposed
accident management procedure for real NPP and to compare the physical phenomena
known from experimental background with the phenomena predicted by RELAP5
simulation of real plant transient. In addition, the ISP-27 transient scenario was realized
in the analysis of SB LOCA for KrSko NPP two loops plant. The scenario involves a
two third 2" cold leg break with the same transient scenario as above.
Similar analysis has been previously performed applying BETHSY Test 9.1.b
transient scenario to NPP KrSko. The analyses showed that the SB LOCA accident
managing implementing the ISP-27 scenario cannot be adequately simulated for KrSko
NPP in spite of well considering scaling of break flow and reactor decay power without
additional safety injection simulation was. A core was uncovered and overheated for a
long time.
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RELAP5 modeling of KrSko NPP and BETHSY facility
BETHSY integral test facility is a scaled down model of a three-loop 2775 thermal
MW FRAMATOME pressurized water reactor (PWR) power plant. The facility is
situated at the Centre d'Etudes Nucleaires de Grenoble, France. Its purpose is the
investigation of postulated pressurized water reactor accidents. The overall scaling
factor applied to every volume, mass and power level is close to 1:100 (more precisely
1.032.10"2), while elevations are 1:1 in order to preserve the gravitational heads and to
simulate the natural circulation phenomena [1]. The US RELAP5 model of BETHSY
facility contains 306 volumes, 317 junctions and 299 heat structures as small input and
large input 398 volumes, 408 junction and 396 heat structures with 1554 mesh points.
On the other hand, Kr§ko NPP is the Westinghouse two loop PWR power plant of
1876 MW thermal power [2]. The US RELAP5/MOD2 plant model [3] describes
the primary system with safety injection and the important parts of the secondary
system from main and auxiliary feedwater pumps to turbine control valves. It consists
of 183 volumes, 198 junctions and 201 heat structures. All essential control systems are
simulated: rod control, pressurizer pressure and level control, main and auxiliary
feedwater control, etc. The reactor point kinetics involves the influence of primary
coolant boron concentration on reactivity transients. The plant model also considers heat
losses of reactor coolant system to the surroundings.
Table I: NPP KrSko and BETHSY facility RCS elevations comparison
elevations difference
low elevation
reference point

reactor vessel bottom

NPP KrSko

BETHSY

reactor vessel top

11.212 m

10.421 m

highest elevation of steam
generator U-tubes

18.564 m

20.499 m

pressurizer top

21.730 m

22.819 m

high elevation
reference point

Table II: Comparison of NPP Kr§ko and BETHSY facility free volumes
NPP KrSko

BETHSY

(A)

volume of reactor coolant system without
safety injection systems (HPSI, LPSI,
accumulators)

170.7 m3

2.877 m3

(B)

SG secondary side free volume (without
main steam lines and feedwater system
piping

2 x 167.2 m3

3 x 2.002 m3

(A:B)

volumes ratio

1 : 1.96

1 : 2.09

Very similar reactor coolant system elevations and similar ratios of primary to
secondary free volumes can be observed in Tables I and II. The reactor coolant system
free volume ratio between BETHSY facility and KrSko NPP is relatively close to the
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ratio l:(2/3xlOO), which is expected for the comparison of the 1:100 scaled down three
loop facility with the two loop real plant [4].
Scaling up BETHSY facility
In this study, BETHSY input was used, and scaled up. To find the ideal scaling,
every volume, mass and power level was increased 100 times from BETHSY
experiment. The Froude number is maintained for the hot legs in order to simulate as
well as possible phenomena relevant to countercurrent flow, transient regimes and
stratified flow in horizontal parts. For cold legs, the BETHSY to PWR piping length
ratio is l/L=(l/100) I/5 , the PWR piping length is L=l*1001/5 for intermediate legs, the
elevation of the horizontal part being preserved. The BETHSY to PWR hot leg inner
diameter ratio is d/D=(l/100)2/s, the diameter of PWR is D= d*1002/5. The thermal
power of BETHSY is limited to the decay power level-up to the 10% scaled nominal
reactor power. The thermal power of PWR is calculated the same way. For a primary
coolant pump volumetric flow rate is increased 100 times and cold leg fluid velocity is
calculated according to new diameter, D. In BETHSY experiment, the overall heat
transfer coefficients for heat losses had been derived from separate tests. The heat
transfer surface taken into account corresponds to the external piping surface, without
insulation material.
Initial conditions
The thermal power of BETHSY facility is limited to the decay heat power level - up
to the 10% scaled nominal reactor power. Therefore, in ISP-27 scenario the actual core
power trip from 10% scaled power starts 17 seconds after the scram signal. It is
considered, that in this time interval the real plant core power following the reactor trip
at full power operation reaches the 10% decay heat power level. Furthermore, the ISP27 power trip curve below the 10% scaled nominal power limit corresponds to the
decay heat transient for initial full power plant operation. Temperature and pressure in
primary and secondary system will remain the same.
Scaling of break area
The break nozzle is located on the cold leg No. 1 downstream of the outlet flange of
the reactor coolant pump. Trying to equalize the relative coolant loss the break area in
KrSko NPP was scaled to the ratio between RCS mass inventories of BETHSY facility
and KrSko NPP (1:57.3). Introducing this break area ratio, which is relatively close to
the ratio l:(2/3xlOO), comparable coolant losses were obtained (Fig. 1).
The analysis of SB LOCA in KrSko NPP considering the ISP-27 scenario was
performed by RELAP5/MOD2 and M0D3.1 computer codes [5], For a selected set
of parameters, the calculations for KrSko NPP are plotted together with experimental
data for each parameter (Figs. 2 to 4). Similar agreement in break flow is obtained for
ideally scaled up model (Figs. 10).
NPP KrSko transient considering the initial full power plant condition
The managing of SB LOCA accident regarding to the ISP-27 transient scenario can
not succeed in KrSko NPP. Total failure of HPSI system requires a timely operator
action for a secondary system depressurization. The delayed operator action (ISP-27
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2" SB LOCA from 10X power, RELAP5/MOD3.1
Break discharged mass (t)
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Figure 1: Comparison of break flow integral for BETHSY experiment and RELAP5
prediction of NPP KrSko transient
scenario) with full opening of Steam Generator Power Operated Relief Valves (SG
PORVs), when maximum clad temperature reaches 723 K, is too late and cannot
prevent the serious core damage (Fig. 2).
SB LOCA from full power, RELAP5/MOD2
Maximum clad temperature (K)
I-TPP Krsko: simulation, failure for
local unavailability of
HPSI q w e u
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300,
90
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Figure 2: SB LOCA analysis considering ISP-27 transient scenario, full power plant
initial condition: maximum clad temperature
At least one HPSI pump has to be available to realize the successful delayed accident
managing in KrSko NPP when depressurizing the secondary side applying only SG
PORVs without the steam dump system activation (Figs. 2 ) . The condenser is assumed
to be unavailable in ISP-27 transient scenario.
NPP KrSko transient for 10% power plant initial condition
Since the simulation of the ISP-27 accident scenario in KrSko NPP resulted in core
damage and RELAP5/MOD2 calculation failure, an attempt was made to perform the
transient calculation also for initial conditions regarding to the 10% power operation of
KrSko NPP. Main parameters of RELAP5/MOD3.1 models of KrSko NPP and
BETHSY facility, were initialized to the 10% power operation, NPP KrSko decay
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power was scaled from BETHSY power curve (ISP-27 measurement) considering the
RCS mass inventories ratio 1:57.3.
In case of 10% power initial plant condition the plant predicted RCS phenomena
became in a way similar to the physical phenomena observed in BETHSY facility
during ISP-27. However, the time shift of key transient events can be observed from
Figs. 3 and 4.
2" SB LOCA from 10* power, RELAP5/M0D3.1
Max. clad wall temperature (K)
[SP-27 measured

1300.0 J l

time shift of
first core heatup

noo.o
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Figure 3: ISP-27 considering 10% power plant initial condition: max. clad temperature
2" SB LOCA from 10* power, RELAP5/MOD3.1
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Figure 4: ISP-27 considering 10% power plant initial condition: pressurizer pressure
The investigation, which aimed to determine the causes for this time shift, was based
on ISP-27 simulations by RELAP5/MOD3.1 model of BETHSY facility. The RELAP5
model of the three-loop BETHSY facility was transformed to the model of a fictive twoloop facility - observing the influence of this change on the prediction of ISP-27. This
transformation was performed in two stages:
1. Stage "2/3: RCS+RV" - two loop BETHSY facility with scaled down reactor
model (volumes and flow rates).
2. The same as 1. and homogeneous model was introduced for a reactor vessel
Results for both stages of this model transformation are shown on Figs. 5 and 6.
Behavior of reduced model for 1/3 remains in very good agreement with experimental
data. Homogeneous model of reactor vessel causes delay of key transient. It can be
concluded that the homogeneous reactor vessel model essentially changed the result,
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especially the core uncover. The core was completely uncovered early in transient
around 15 minutes without core overheating.
KBUPS/K0D3.I

REUF»/K0D3.1

Cm ctllipiei li<«M level (n)

Hti. t|t< >• Mil lenpentore (K)
ISM.I

Ifl

Figure 5: ISP-27 for fictive "2-loop"
BETHSY facility: core liquid level

Figure 6: ISP-27 for "2-loop"
BETHSY facility: max. clad temperature

Scaled up model and RELAP5 results
To find the ideal scaled BETHSY model every volume, mass and power level was
increased by factor close to 100 ( more precise 96.899,i.e 1/1.032.10"2) and remained
the same elevation and heights. Relatively detailed three loop model was developed
containing 398 volumes, 408 junction and 396 heat structures with 1554 mesh points.
PRESSURE VESSEL
The cylindrical core of fictive NPP model is composed of 42800 rods what is 100 times
more than in BETHSY. Hydraulic diameters of the core with rods rest the same. The
spacer grids are the same elevation as in BETHSY. Core by-pass volume is scaled-up,
where the hydraulic diameter is calculated according to annulus geometry. In BETHSY
data base by-pass hydraulic diameter is prescribed value.
PRIMARY COOLING PIPING
According to BETHSY general description, all diameters in primary cooling piping are
scaled D=d*96.8992/S (d=0.118mD=0.735m) to preserve the Froude number in order
to simulate as well as possible phenomena relevant to countercurrent flow, transition
regimes, stratified flow.
In theory when combining the Froude criterion with volume scaling,horizontal part of
the piping length is found to be L=l*96.899l/5 and length of vertical parts and elevation
is kept. The L/D ratio is preserved in all vertical components of primary cooling
piping. Froude number could not to be preserved in such circumstances.
PRESSURIZER AND SURGE LINE
Pressurizer volume is scaled-up, while elevation and length are kept. A new hydraulic
a diameter is calculated from the ratio of D(surge line)/D(hot leg) which must be
preserved. Scaled up cross area is found from diameter ratio not from volume scaling.
The lengths and elevations remain the same as at BETHSY.
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STEAM GENERATOR
U-tubes lengths and diameters are same as in BETHSY. The nuvnuer of U-tubes is
increased 100 times (one BETHSY steam generator contains 34 U-tubes).
PRIMARY COOLANT PUMPS
Pump volume and pump volumetric flow rate is scaled-up without changing pump head.
HEAT STRUCTURES
Heated rods and U-tubes heat structure were changed increasing their length. Beside
that, reasonably good agreement was obtained for most of the variables observed.
Primary pressure on Fig. 7 seems to be identical with BETHSY model results. Faster
pressure decrease is probably due to lower heat accumulation in structures which have
not been scaled up yet. Reactor core level is in very good agreement for first 40
minutes of the transient time. The core remains uncovered for about 20 min. what was
not the case at the experiment neither at BETHSY calculation. Loop seal clearance
happened around 65 min. late in transient. Wrong heat accumulation model could be
again important for core level oscillation and loop seal clearance prevention. The clad
temperatures on Fig. 9 directly reflect the core level behavior.
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Conclusions
The analysis performed by RELAP5 computer code demonstrates that, if considering
the initial full power plant operation, the SB LOCA accident managing regarding to the
ISP-27 transient scenario cannot succeed in KrSko NPP. The presumed delayed operator
action for a secondary system depressurization is too late and cannot prevent the core
damage. When considering the 10% power initial plant condition and introducing the
scaled decay power curve, the plant predicted RCS phenomena become similar to the
physical phenomena observed during ISP-27 on BETHSY facility with four core
dryouts.
Ideal enlargement of three-loop BETHSY facility model to the real NPP size (1:100)
and comparison of associated ISP-27 transient scenario shows reasonably good
agreement with experimental data especially for first 40 min. of transient time.
Similar conclusion is valid also for reduction from three to two loop BETHSY model.
RELAP5 reproduces similarity lows satisfactorily.
This analysis does not answer what would be transient behavior in real plant. In cases
with mainly ID physical phenomena the results of ideal scaled, up model should be very
similar to real plant.
The next step, considering the transition from 3-loop to 2-loop system, will represent
exclusion one complete loop with steam generator and reduction for 1/3 pressure vessel
volume, structure and flow.
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DEVELOPMENT OF A GENERAL NODALIZATION SCHEME FOR PWR
SIMULATORS
S. Belsito, F. D'Auria
Dipartimento di Costruzioni Meccaniche e Nucleari - Universita di Pisa -Via Diotisalvi, 2 56100-Pisa (I)
ABSTRACT - The paper deals with the development of four nodalizations of PWR simulators for
Cathare 2 VI.3E code. The nodalizations have been set up using the same general scheme for the
considered facilities (Lobi, Spes, -Bethsy, Lstf). The geometrical configuration of the various plants
considered has been reproduced representing the different zones with the same elements in the code.
Criteria already tested for nodalizations development have been followed to assure the geometrical
fidelity to the represented systems and new criteria have been introduced to assure the maximum
possible similarity among the nodalizations. This activity will lead to reduce the effect of differences
in the nodalization when comparing calculations of similar experiments, in particular counterpart tests
performed in differently scaled facilities. The nodalizations that have been set up are suitable for
every kind of transient. The four nodalizations have been tested at a steady state level against
experimental data derived from the facilities.
1. INTRODUCTION
Evaluation of the accuracy of large thermalhydraulic codes and of the safety margins
of light water reactors are among the objectives of international research programs.
Solving these problems would ensure the effectiveness of engineered safety features
and, eventually, lead to cost reductions through better design. These activities could also
contribute to the determination of a uniform basis on which to assess the consequences of
reactor system failures in nuclear power plants [1] [2].
A fundamental aspect in code utilization is the code-user interaction. The code
performance is strongly dependent upon several user choices. In particular, in the frame of the
input deck set up, engineering judgment has to be exercized to a wide extent. As a
consequence, the importance of establishing a standard methodology for the nodalization set
up and management must be stressed.
In addition, when considering nodalizations of different plants or facilities of the same
type (e.g. PWR reactors or simulators), a similar degree of detail in the representation of the
system must be achieved to compare the results given by the code. This is of particular
importance in the case of counterpart tests performed in differently scaled facilities [3]:
similar nodalizations should be used when comparing the results of code simulations of
similar experiments in different plants. Counterpart tests have been used for the application of
the UMAE methodology for the evaluation of the uncertainties related to the use of computer
codes [3]. In this frame the different choices done in the representation of different facilities
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(all PWR simulators) and plant (the Krsko plant, to which the analysis was addressed)
represent a further source of uncertainty. Therefore it is necessary to define a qualification
process in order to achieve reliable nodalizations [4] [5].
The development of four nodalizations of PWR simulators for Cathare 2 V1.3E code
[6] is presented. The geometrical configurations of the involved facilities have been
reproduced assuring the maximum possible similarity among the nodalizations. The main
purpose of this activity was to reduce the effect of differences in the nodalization when
comparing analyses of similar experiments.
2. OVERVIEW OF THE FACILITIES
2.1 Lobi/Mod2
The Lobi-Mod2 facility is a high pressure integral system test facility which simulates
the geometrical and operating configuration of a four-loop 1300 MWe PWR. More
specifically it reproduces the KWU plant installed at Biblis (Germany) [7].
It consists of a pressure vessel containing the heated bundle with 64 directly heated
rods arranged in 8x8 square matrix, a small vessel which simulates the Upper Head of the
PWR vessel, two loops respectively called "intact" loop and "broken" loop. The former
represents the three unbroken loops of the four-loop reference plant. The latter simulates the
"broken" loop in which pipe ruptures of various sizes can be mounted at different locations. In
each loop a steam generator models the geometry of the reference plant.
Volume, primary circuit coolant mass flow and power input were scaled down by a
factor of 712 while to preserve the gravitational head the absolute heights and relative
elevations of the individual system components were kept at reactor values with the exception
of the pressurizer which is shorter.
2.2 Spes
The SPES Integral Test Facility [8] is designed to simulate the whole primary circuit,
the relevant parts of the secondary circuit (steam generator secondary sides, main feedwater
lines up to the isolation valves, main steam lines upstream the turbine valves), and the most
significant auxiliary and emergency systems (safety injection system, including high pressure
and low pressure system, accumulators, emergency feedwater system and so on) of the Italian
Standard Nuclear power plant (PWR-PUN, Westinghouse 312 type, 3 loops, 2775 MWth ).
The basic design of this facility has:three active loops to simulate a three loop reactor,
design pressure 20 MPa, design temperature 365 °C. The power channel is heated with 97
electrically supplied rods, with uniform flux (local hot spots can be simulated by means of
three rods with a peaking factor of 1.19). Maximum channel power corresponding to about
140% of the reactor nominal power. The volume scaling factor and power scaling factor
(nominal power about 6.5 MW) equal to 1:427 while the height of all the components is the
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same as in the real plant, except for the pressurizer which is shorter, in order to preserve the
volume scaling ratio and to maintain at the same time an acceptable flow area.
2.3 Bethsy
BETHSY is an integral test facility which investigates PWR transients [9]. The
reference nuclear power plant is a three loop, 900 MWe (2775 MWth), Framatome PWR. The
three primary loops of the reference PWR are simulated by three scaled down identical loops
in order to address asymmetrical conditions.
The overall volume scaling factor from the reference plant is 1/100. The scaling factor
for elevations of every component is 1/1. BETHSY is a full pressure facility: the maximum
operating pressure of the primary coolant system is 17.2 MPa, while the secondary side can
withstand pressures up to 8 MPa. The BETHSY core power is only 10% of the scaled value,
roughly (2.86 MW): this is sufficient to reproduce decay heat transients, though it poses some
limitations in scaling initial conditions, and means that BETHSY cannot be used to simulate
transients without scram.
2.4Lstf
The LSTF facility is a scale model of a Westinghouse type PWR (3423 MWth, 4
loops) with a volume scaling ratio of 1/48. In mis facility the major components of the
primary system of the reference reactor are simulated, e.g. pressure vessel, steam generators,
pumps, pressurizer and reactor protection systems that affect system behaviour during small
break LOCAs and operational transients [10]. The four primary loops of the reference PWR
are represented by two equal volume loops. The elevations of the main components or zones
in the loop are preserved assuming a 1/1 scaling factor. As a consequence the flow areas are
reduced by the same ratio as the volumes, apart from the steam generators, where a half
reduction is adopted (owing to the fact that two components simulate four components in the
plant) and the recirculation lines where a different scaling approach is adopted to better
reproduce flow regime transitions.
Core power is only 14% of the volume scaled value but sufficient to reproduce the
nuclear heat decay transient.
3. GENERAL OVERVIEW OF CATHARE 2 V1.3E
Cathare 2 VI.3E is the last released code of the Cathare family. Cathare has been
designed to perform best estimate calculations of pressurized water reactor accidents. It has
been developed in Grenoble by a joint team from Electricite de France (EDF), Framatome and
the French Nuclear Authority (CEA). It includes several independent modules which take into
account mechanical and thermal nonequilibrium occurring during PWR loss of coolant
accidents. The code is based on a one dimensional, two fluids, six equations model making
use of a well qualified set of constitutive laws [6]. Cathare analyses are limited to transients
during which no severe damage occurs to fuel rods; in particular, fuel ballooning and clad
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rupture are supposed to have no major effect on water flow in the primary circuit. The
numerical scheme used is fully implicit and large time steps can be used in order to obtain the
minimum computing time.
The Cathare code subdivides the plant in elements connected by junctions. The
elements are then characterized by mean of modules and submodules which allow the
definition of the physical behaviours.
The monodimensional module (Axial) is used to simulate parts of the plant with axial
geometry. Various submodules are available. Examples are the wall submodule to define a
heat transfer wall, the fuel submodule to define a fuel element, the 1-D neutronic submodule,
the pump submodule, the break submodule to simulate guillotine ruptures, submodules to
simulate heat and mass sinks or sources, etc.
The volume module is used to simulate large capacities. Submodules similar to those
available for the axial module can be used as well.
The tee module is used to represent tee elements in the plant.
4. DESCRIPTION OF THE NODALIZATIONS
Detailed nodalizations which reproduce each geometrical zone of the four facilities
have been developed: each of these is suitable for different types of transients.
Because the Cathare 2 V1.3E code was used, the user manual was followed carefully
[11] [12]. Nevertheless, the manual is generally not exhaustive for the development of an
adequate set of input data. So, a few supplementary criteria were fixed to set up a
"homogeneous" nodalization, so as to avoid disequilibrium in the distribution of hydraulic and
thermal meshes. This obviously entails good user knowledge of the reference facility
characteristics. Moreover, predicting the phenomena to be simulated in the calculation, can
also have a role. There may be compromises in the number of nodes: the model needs to
adhere to the geometric and material particularities of the physical system, but computer
capabilities (essentially CPU time) limit the maximum number of nodes.
The criteria that have been fixed to obtain similar nodalizations of the four facilities
are the following:
1) The length of a mesh in an axial element is between 0.15 and 0.7 meters, with the
exception of pressurizer surge line and steam generator downcomer for which larger
meshes are used. The maximum height of a volume element is fixed to 1.4 meters;
2) A mesh cannot have length greater than double or less than half length of the neighbouring
meshes;
3) The elements and the junctions representing the facilities must be the same in each of the
four nodalizations;
4) The largest number of elements must be "similar" in the facilities scheme. To have similar
elements two additional conditions have been stated:
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i) for elements in the pressure vessel, the length and the elevation change of similar
elements must be the same;
ii) for elements in the loops the axial elements must have the largest number of meshes
of the same length; the volume elements must have the same height;
4) the various junctions must connect the same correspondent elements.
Figs. 1 and 2 report the schemes of the nodalization of the pressure vessel and of the
loop 1 of the four facilities. The nodalizations of the other loops are identical to loop 1 with
the exception of the pressurizer.
In Fig. 1 the elements drawn with continuous line are similar in the four nodalizations.
In Fig. 2 the meshes of the axial elements drawn with continuous line have the same length in
the different nodalizations while the dotted meshes have different length. The similar volume
elements are represented with continuous line.
When it is possible, the meshing of similar axial elements is the same. This is not
possible for example in the CORE1 element which meshing depends by the axial power
profile. The number of nodes used in similar elements is the same anyway.

NUMBER OF AXIAL ELEMENTS
Primary side
Secondary side
Total
NUMBER OF VOLUME ELEMENTS
Primary side
Secondary side
Total
NUMBER OF JUNCTIONS
Primary side
Secondary side
Total
NUMBER OF NODES
Vessel
Loops primary side
Loops secondary side
Total
NUMBER OF HEAT STRUCTURES NODES
Primary side
Secondary side
Total

LOBI

SPES

BETHSY

LSTF

23
6
29

29
9
38

29
9
38

23
6
29

16
8
24

20
12
32

20
12
32

16
8
24

54
23
77

67
36
103

67
36
103

54
23
77

82
193
98
373

80
285
180
545

80
298
168
544

83
237
130
450

2271
640
2911

1019
450
1469

1434
693
2127

1415
720
2135

Table 1 - Code resources used in the nodalizations.
The item 3) implies that some elements that are not present in some facilities have to
be included in the nodalizations of the others. An example of this is core bypass which is
present in Bethsy and Spes while is not present in Lobi and Lstf. In this and in similar other
cases a fictitious element is added, and the hydraulic losses coefficients in it were set very
high and its cross section was chosen very low compared with the section of the elements to
which it is connected. This was done to avoid flowrate in the element and to have a negligible
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mass in it. In this way the presence of the fictitious elements has no impact on the result of the
calculation. The other vessel bypass flow paths have been represented with the same criterion.
For example the DC-UH bypass is represented for all the facilities by the element
DCUHBY and the junctions uhl.dby and dby.dcl while the junction del.gap representing the
downcomer-upper plenum bypass via gap in Lobi and the downcomer-hot leg path in Lstf
while it is closed in Bethsy and Spes.
The connections of the bypasses to the volumes are generally different to respect the
plant geometry. The loops to which the pressurizer is connected has been considered as loop
1. The elements DEADE1, DCE1, DDl, have been introduced to represent the dead-end that
are present in the cold leg of Lstf. Table 1 presents some data about the resources used in the
schematization of the facilities.
VESENO
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Fig. 1: Pressure vessel nodalization.

Fig. 2: Loop 1 nodalization.

5. STEADY STATE SIMULATION
One steady state for each simulated facility has been calculated by the code. The
considered steady states are relative to four counterpart tests performed in the four facilities.
Owing to limitations in the maximum power available in Bethsy and Lstf, the initial
conditions of the four experiments were established at a core power of around 10% of the
reference reactor nominal power.
The steady states have been simulated performing transients calculations with constant
boundary conditions. The pressurizer and steam generator levels have been regulated
following the recommendations of the user manual.
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Table 2 reports the comparison among the calculated and measured parameters. In any
case the agreement between the considered quantities is good.
PARAMETER
Pressurizer pressure
Steam generator 1 pressure
Steam generator 2 pressure
Steam generator 3 pressure
Lower plenum temperature
Upper plenum temperature
SGI feedwatertemperature
SG2 feedwater temperature
SG3 feedwater temperature
Downcomer mass flow
Cold leg - loop 1 mass flow
Cold leg - loop 2 mass flow
Cold leg - loop 3 mass flow
Pressurizer level
Steam generator 1 level
Steam generator 2 level
Steam generator 3 level
Primary system mass
Secondary system mass
Core power
Primary heat losses (w/o prz)
Secondary heat losses

MPa
MPa
MPa
MPa
°K

°K
°K
°K
°K
Kg/s
Kg/s
Kg/s

Kg/s

m
m
m
m
Kg
Kg
KW
KW
KW

LOBI/MOD2
SPES
BETHSY
EXP CALC EXP CALC EXP CALC.
15.47 15.47 15.06 15,06 15.38
15.38
6.91
6.91
6.87
6.87
6.86
6.86
6.91
6.91
6.94
6.94
6.84
6.86
6.88
6.94
6.84
6.86
556
558
557
557
557
560
585
587
589
589
588
588
409
409
436
436
523
523
436
436
415
415
523
523
436
436
523
523
3.58
3.48
4.30
4.30
19.5
19.6
0.93
1.4
1.4
6.5
0.86
6.5
1.4
6.5
2.69
2.67
1-4
6.5
1.4
1.4
6.5
6.5
4.7
3.23
3.28
7.45
7.46
4.7
8.4
8.4
11.2
10.8
11.1
10.9
8.0
11.2
10.8
11.2
10.9
8.0
11.2
10.8
11.2
10.9
441
423
418
1984
1946
436
608
455
442 2342
2992
620
630
630
766.3 766.3 2863
2853
85
83
150
146
54
48
15
16
61
55
50
42

LSTF
EXP CALC
15.4
15.4
7
7
7
7
560
560
589
589
523
523
523
523
48.4
48.4
24.3
24.2
24.3
24.2
1.7
1.7
11.24 11.38
11.23 11.39
6042 6159
5560 4238
7930 7930
167
158
70
79

Tab. 2 - Comparison of steady state results for the four facilities.
6. CONCLUSIONS
The development and the qualification at steady state level of four nodalizations have
been performed. The Cathare nodalizations of four facilities simulating pressurized water
reactors have been realized adopting a common nodalization scheme for the four considered
facilities.
Specific criteria introduced in the nodalization set up made it possible to obtain
nodalizations similar among each other in which the same elements are used in the
representation of the same geometrical zones of differently scaled facilities.
To this aim elements not representing any real component have been introduced in the
general nodalization, reducing their influence on the nodalization behaviour.
The performed activity leads to reduce the impact of the different user choices in the
preparation of input decks of nuclear plants or facilities for the thermalhydraulic codes.
Finally, with reference to the application of the UMAE methodology for the evaluation
of the uncertainty in Nuclear Power Plant by thermalhydraulic codes, the source of
uncertainty deriving from different user choices or from different degree of detail in the
nodalizations of the facilities, will be reduced.
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ABSTRACT
This paper deals with a critical review of activities, performed at the DCMN of Pisa University, in
relation to the thermal-hydraulic oscillations in two-phase systems.
Stability analyses, including model development and achievement of experimental data, arc
generally performed for BWRs in order to achieve the following objectives:
• to reach a common understanding in relation to the predictive capabilities of system codes and to the
influence of various parameters on the instability;
• to establish a data base for the qualification of the analytical tools already or becoming available;
• to set-up qualified tools (code/models + nodalizalion + user assumption) suitable for predicting the
unstable behaviour of the nuclear plants of interest (current BWR, SBWR, ABWR and RBMK).
These considerations have been the basis for the following researches:
1) proposal of the Boiling Instability Program (BIP) [1]
2) evaluation of stability tests in PIPER-ONE apparatus [2]
3) coupled thermal-hydraulic and neutronic instabilities in the LaSallc-2 BWR plant [3]
4) participation to the "NEA-OECD BWR Benchmark" [4]
The RELAP5/MOD2 and RELAP5/MOD3 codes have been used.

1. INTRODUCTION
Thermal-hydraulic oscillations in two-phase systems have been well known since the
beginning of the use of boiling water as a reactor coolant at the end of 1950s. Neutronic
kinetics strongly interacts with thermal-hydraulics in boiling channels as the water is
simultaneously both moderator and coolant (at least in western type BWRs). Notwithstanding
the large amount of resources invested in this area, the problem of a full characterisation of
instability including the coupling with neutronics has not been solved.
Following the observation of unstable situation in operating plants (e.g. [3]), the interest in
this problem by the scientific community recently renewed. The following activities have
recently been completed at DCMN of Pisa University:
1) a degree thesis performed in the framework of the Boiling Instability Program [1];
2) design of two-phase flow instability tests in a down sealed BWR simulator [2] [5];
3) the study of the coupled thermal-hydraulic and neutronic instabilities in the LaSalle-2
BWR plant [3.1;
4) the participation in the "NEA-OECD BWR Benchmark" [4].
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In the first work the RELAP5/MOD3 code has been used to design the modifications in
the PIPER-ONE facility1 hardware which were needed to make it suitable for the BIP
objectives and to define the scenarios of the BIP experiments. This work aimed at
demonstrating the "extrapolability" [6] of experimental data obtained in PIPER-ONE, thermalhydraulic oscillation in two-phase systems, to boiling water reactors.
In the second work the experimental program planned for the study of instabilities in
boiling channels by the PIPER-ONE simulator is described. Analytical tools have been
developed to predict instability conditions both in the time and in the frequency domain [2].
In the third work analyses made by the RELAP5/MOD2 code are presented highlighting
the effect of different parameters on the predicted reactor stability behaviour. The basic
thermal-hydraulic instability mechanisms (single channel density waves, parallel channel
instabilities, loop instabilities) and reactor kinetic dynamics and feedback effects are considered
in this work. The purpose is to give a contribution to both the evaluation of the phenomena
occurred during the LaSalle reactor accident2 and to the assessment of the capabilities of the
RELAP5/MOD2 code in simulating the reactor behaviour.
In the frame of the last research the RELAP5/MOD2 code has been used for predicting
stability performance of Ringhals-1 reactor. The activity has been carried out with the main
purpose of extending the validation area of the adopted code and of the used methodology
attempting to characterise the link between neutronics and thermal-hydraulics.
2. BIP ACTIVITY
The work carried out by using a qualified RELAP5/MOD3 code nodalization, can be
subdivided into four main lines:
a) demonstration that unstable situations are predicted by the code in PIPER-ONE when
power and core flowrate are in a range where instability occurs in BWR; typical values for
these range are:
- core power 40% - 60% of the nominal value;
- core flowrate 20% - 35% of the nominal value.
b) demonstration that the prediction of unstable situations at item a) can be extrapolated by
changing the geometrical dimensions and the number of parallel channels in the noding
scheme [6];
c) demonstration that unstable conditions predicted at item a) are similar to those predicted
at core power values allowed in PIPER-ONE apparatus (<25% core power);
d) planning of the experiments [7].
The range of parameters in the natural circulation flow maps where instabilities have been
calculated can be seen in Fig. 1.
The matrix of the calculations [6] includes different nodalizations of multichannel ideal
facilities that were set-up starting from the PIPER-ONE nodalization. The dimensions of the
models and the number of parallel channels are increased to fully use the computer (IBM RISC
6000 320H) memory; the largest dimensions are those characterising the reference BWR and
the maximum number of parallel channels is 50.
The results of the calculations performed by the developed nodalizations are compared
with the reference calculation R5M3 (P7QC in ref. [7]). Table I shows the initial and boundary
conditions of PIPER-ONE and ideal nodalizations.
U'll'ER-ONE is an integral test facility designed for reproducing the behaviour of BWRs in thermalhydraulic transients
dominated by gravity forces.
-During a routine surveillance test, an instrument technician inadvertently caused the automatic shut-down of both
recirculation pumps. As a consequence, the core flow rate was rapidly reduced to 29% of rated value, corresponding to
natural circulation conditions, and this in turn decreased the fission power from 84% to about 45% of full power. The rapid
power decrease, in turn, lead to the isolation of some of the steam extraction lines leading to the preheaters. The result of
this action was a colder feedwater supply to the core, and oscillation in neutron flux that were stopped by SCRAM when
maximum average power was 120% of nominal power.
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Four types of instability have been distinguished, refs. f 1 ], |6J:
a) loop instability 1, i.e. an oscillation mode involving all the circuit, which occurs before
saturation conditions are reached in the lower plenum;
b) loop instability 2, i.e. an oscillation mode involving all the circuit, which occurs after
saturation conditions are reached in the lower plenum;
c) local instability, characterised by oscillations in void fraction and flow rate occurring in the
central core region and having small or no influence on core inlet and outlet parameters;
d) channel to channel instability, i.e. out-of-phase oscillations of flow rate and void fraction in
separated channels.
Fig. 2 shows the "instability curve". This is obtained by calculating two quantities: the
subcooling number (N su |j) and the phase change number (N^-h). N s u b and N ^ h are defined
as:
N
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This figure shows the instability map in the plane N s u b vs. NpCh, obtained by reporting the
values of the above quantities during unstable periods.
2.1 DATA EXTRAPOLATION
In this report same concepts from the UMAE methodology [8] are applied to evaluate the
"extrapolability" of the PIPER-ONE scenario to the reference plant. In the absence of
experimental data, the calculation P7QC, [7], is used as reference.
Single valued parameters which identify the transient scenario have been used. The results
are reported in ref. [6j: on the vertical axis, the ratio Yr/Yc-' (reference calculation R5M3 over
generic calculated value) is represented; on the horizontal axis the volume scaling factor is
reported (K v ). Y is the value of any relevant quantity in a given transient. Examples of results
are given in Figs. 3 and 4.
3. STABILITY TESTS IN PIPER-ONE APPARATUS
In the frame of the test program performed by the PIPER-ONE apparatus two
experiments, for the investigation of instability phenomena, were run: PO-SD-5A and PO-SD5B |9J. These tests were studied making use of techniques for data analysis in the frequency
domain. In particular, by crosscorrelating the measured pressure drop signals, characteristic
oscillation frequencies were identified (Fig. 5). Furthermore, the application of the Fourier
analysis to the calculated and the measured trends, pointed out a qualitative agreement (Fig. 6).
4. INSTABILITIES IN THE LASALLE-2 BWR PLANT
The LaSalle accident has raised new concern about BWR stability, demonstrating the
possibility that an instability event occurring during reactor operation could lead to scram
because of high neutron flux. Other relevant instability events and incidents have been recorded
all over the world in operating plants and constitute an experimental basis on which codes are
currently validated. The basic thermal-hydraulic instability mechanisms (single channel density
waves, parallel channel instabilities, loop instabilities) and reactor kinetic dynamics and
feedback effects must be considered all together.
A detailed nodalization reproducing each geometrical zone of the reactor has been
developed by RELAP5/MOD2 [10].

•Mn this case (he ratio Yr/Yc was used. It is different with respect to the UMAE methodology, where the ratio
Ye/Yc (experimental over calculated value) was considered.
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Thermal-hydraulic analysis. Two different series of calculations have been performed. In
the first series, the core power time trend has been imposed according to the information
recorded during the event (STARTREC system). In the second series, the point neutron
kinetics model available in the code has been used.
Three important conclusions were obtained:
1) power has an dominant effect on stability; high power levels favour the onset of core flow
rate oscillations;
2) the phenomena are very sensitive to the variation of thermal-hydraulic parameters and in
particular of the localised pressure drop coefficients;
3) sustained oscillations are calculated also without the neutronic feedback.
Neutronic and thermal-hydraulic analysis (reference case). Concerning the neutronic
feedback, the bypass and the channel representing the central (roughly 1/3) part of the core
have been considered. The comparison between experimental data and calculated results is
shown in Figs. 7 and 8.
Neutronic and thermal-hydraulic analysis (sensitivity to parameters). Sensitivity analyses
were carried out, basing on the reference case and changing some parameters (Figs. 9 and 10).
The selected parameters are:
1) weight associated to the bypass channel in the evaluation of reactivity feedback effects;
2) number of core channels considered for the neutronic feedback;
3) void reactivity coefficient;
4) feedwater mass flow rate.
Since the bypass channel is generally full of liquid, it significantly contributes to lowering the
average void fraction to be considered for reactivity feedback and significantly affects the
system behaviour (Fig. 9). The increase of parameters at items 2) and 3) also leads to more
unstable scenarios; while feedwater flowrate has a relatively smaller effect on the overall
stability behaviour.
5. INSTABILITIES IN THE RINCHALS-I BWR PLANT
The participation in the NEA-OECD BWR benchmark had the main purpose of extending
the validation area of the adopted code and of the used methodology, attempting to
characterise the link between neutronics and thermal-hydraulics.
The RELAP5/MOD2 including a 0-D kinetic model,, has been used. An independently
developed I-D kinetic model has been coupled with the same code and applied to the
benchmark problem.
Five main phases of the activity could be distinguished:
1) nodalization development;
2) nodalization qualification, trough the application to the calculation of the known Decay
Ratio (cycles 14 mid 15);
3) nodalization use - sensitivity analyses definitive of a methodology for code use;
4) nodalization use - prediction of situations relevant to cycles 16 and 17 ("blind" cases)

141;
5) use of 1-D neutronics.
Following step 2), after selecting a reference test, void coefficient was varied in the input
deck up to matching the assigned DR (Decay Ratio) value (Fig. 11). This value of the void
coefficient was used in all the subsequent analysis: the consideration of other tests led to
confirm the validity of the choices (step 3)). In this same frame, thermalhydraulic parameters
(N su h and N^i,) were calculated for all the available tests. The "availability" of tests was
judged considering these parameter values and the available axial power profile.
Blind predictions were carried out with reference to similar tests leading to the results in
Fig. 12.
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6. CONCLUSIONS
The applicability of RELAP5 code to the study of instability event was derived from
analysing the comparison between calculated data and experimental results from PIPER-ONE
tests (activity 2)).
The first work aimed at demonstrating the "extrapolability" of experimental data measured
in PIPER-ONE. The main principal results are:
- identification and characterisation of four types of instability that are potentially present
in the reference plant;
- demonstration of the global similitude of the scenario in the PIPER-ONE apparatus and
in the facilities with increasing dimensions until the same dimensions of the reference
plant had been reached;
- demonstration that PIPER-ONE apparatus is suitable in simulating only two of the four
instability situations, i.e. a) and c) in sect. 2).
This analysis also showed that instability may be a system phenomenon and the
applicability of simplified models (in reference to a boiling monochannel) is questionable;
furthermore, the parameters N s u j, (subcooling number) and Npch (phase change number)
appeared to be not sufficient to fully characterise instability situations.
From the LaSalle work (activity 3)) it can be stated that small variations of the input
parameters, in the typical uncertainty ranges of plant data bring about great changes in
calculation results. This does not apply to the simulation of other transients types, particularly
the LOCA, and must be considered as a combined effect of both the characteristics of the
instability mechanisms and of the code. On the other hand, it was seen that by "tuning" relevant
parameters, it is possible to obtain a phenomenology in agreement with reality. The weight
assigned to the bypass in the input data for neutron kinetics and the criteria adopted for core
nodalization (e.g., number of parallel channels) have a strong effect on the prediction of system
stability.
The participation to the NEA-OECD BWR Benchmark (activity 4)) confirmed
independently the above findings making possible also use of "blind" test points. The trials to
derive Decay Ratio values from noise analysis need additional developments; the strong
influence of axial power profile on the stability behaviour was also confirmed.
As a general conclusion, meaningful qualitative information was provided by the
calculations, clearly showing the influence of different boundary conditions and modelling
assumptions on the obtained results. Nevertheless, at present the great sensitivity of
phenomena to parameter changes, together with scarcity of information on relevant plant
details and intrinsic code limitations, make difficult to obtain reliable code predictions of BWR
stability behaviour with the adopted codes.
NOMENCLATURE
ABWR
Advanced Boiling Water Reactor
Boiling Instability Program
BIP
DCMN
Dipartimento di Costruzioni Meccaniche e Nucleari
LOCA
Loss Of Coolant Accident
SBWR
Simplified Boiling Water Reactor
UMAE
Uncertainty Methodology based on Accuracy Extrapolation
SYMBOLS
n
Ah
subcooling
liquid saturation enthalpy
SAT.L
sub
n
latent heat of vaporization
hfB
steam
saturation enthalpy
SAT.V
phase change number
power
P
Nnch
sub cooling number
core flowrate
Gc
Nsub
liquid enthalpy
hL
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Fig. 4 - Local instability: core inlet
temperature
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ABSTRACT
The computer code ATHLET is being developed by GRS as an advanced bestestimate code for the simulation of breaks and transients in Pressurised Water Reactors (PWRs) and Boiling Water Reactors (BWRs) including beyond design basis accidents. A systematic validation of ATHLET is based on a well balanced set of integral
and separate effects tests emphasizing the German combined Emergency Core Cooling (ECC) injection system. When using best estimate codes for predictions of reactor
plant states during assumed accidents, quantification of the uncertainty in these calculations is highly desirable. A method for uncertainty and sensitivity evaluation has
been developed by GRS where the computational effort is independent of the number
of uncertain parameters.

1

ATHLET Thermal-Hydraulic Computer Code

The computer code ATHLET (Analyses of Thermal-Hydraulics for Leaks and Transients) is being developed by GRS as an advanced best-estimate code for the simulation of the whole spectrum of breaks and transients in PWRs and BWRs including
beyond design basis accidents [1]. The code has features that are of special interest
for applications to breaks and transients without and with accident management (AM),
e.g. initialisation by a steady-state calculation, critical discharge model, full-range driftflux model, and dynamic mixture level tracking. The General Control Simulation Module of ATHLET is a flexible tool for the simulation of the balance-of-plant and control
systems including the various operator actions in the course of accident sequences.
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A version for calculating severe accidents ATHLET-CD (Core Degradation) includes
modules for core melt and fission product release and fission product transport in the
coolant circuit [2]. Adaptation and validation of the code for VVER- and RBMKreactors is in progress.

2

Validation of the ATHLET Code
a?"

In 1987, OECD/NEA/CSNI issued a report [3] compiled by the Task Group on the
Status and Assessment of Codes for Transients and ECC. It contained proposed validation matrices for Loss of Coolant Accidents (LOCA) and transients, selected according to the dominating phenomena and the available test facilities. Meanwhile, the Task
Group on Thermal Hydraulic System Behaviour extended their work also to separate
effects tests [4] and is in the process of updating the integral test matrices [5].
The systematic validation of ATHLET is based on a well balanced set of integral and
separate effects tests derived from the CSNI proposal emphasizing, however, the
German combined ECC injection system which was investigated in the UPTF, PKL
and LOBI facilities. The ATHLET validation matrices actually comprise 101 integral
and 91 separate effects tests, including VVER-specific tests. The ATHLET matrices
consist of a matrix for large breaks in PWRs, small and intermediate breaks in PWRs
with U-tube steam generators and with once-through steam generators, transients in
PWRs, transients in shutdown conditions in PWRs, AM for a non-degraded core in
PWRs, LOCA in BWRs and transients in BWRs. Table 1 lists the facilities versus accident classes (large break, small break, etc.) for PWR and BWR integral experiments.
For each accident class the number of selected tests is given. The specific selection
of tests is based on the intention to cover each relevant thermal-hydraulic phenomenon and each test type in the matrices by at least three facilities of different scale, if
available. A total of approximately 30 test types results in about 90' integral tests for
code validation.
Validation work is shared between GRS and independent organisations. By the end of
1995, 57 integral tests and 71 separate effects tests will have been calculated.
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Pressurized Water Reactors*1
Facility or Plant

Scale

UPTF/TRAM
CCTF
LOFT

1:1
1:25
1:50

LSTF

1:50

BETHSY
PKL
ROSA-III
FIST
LOBI
GERDA

1:100
1:134
1:424
1:642
1:712

Large
Breaks

AM

TranSmall
Leaks sients
Intermediate
Leaks

4

2

2
1

4

1

2
7

2

3

2

1:1686

6

7

Boiling Water
Reactors
LOCA's Transients

3

3
7

6

5
3
5
2

1
1

7

3
2
7

2

1

German Konvoi
Brokdorf
Gundremmingen

3
3

Krummel
12

29

25

13

*} Experiments for WWER reactors not included
n = no. of tests

Table 1: ATHLET Assessment Matrix with Number of Integral Experiments.

Nuclear Energy in Central Europe, Portoroi, Slovenia, 11.-14. September 1995

593

Uncertainty and Sensitivity Analysis
3.1

Uncertainty Analysis

Computer codes can approximate the physical behaviour with more or less accuracy.
The inaccuracies are stated during the usual code.validation process. Agreement of
calculated results with experimental data is often obtained by choosing specific code
input options or by changing parameters in the model equations. These selected parameters usually have to be changed again for different experiments in the same facility or a similar experiment in a different facility in order to obtain agreement with data.
Even if a frozen code version is used the comprehensive range of uncertainty cannot
be readily obtained from this validation process.
When "best estimate" codes are used to evaluate the safety margins of nuclear power
plants, quantification of the uncertainty in their predictions is highly desirable. Therefore, methods have to be developed and applied to determine the uncertainty of code
calculations. The information from the validation is a very useful basis for the uncertainty quantification.
Uncertainty analyses have been proposed to be used in the nuclear reactor licensing
procedures in combination with the use of "best estimate" computer codes. These
codes attempt to calculate postulated accidents in a realistic and not in a conservative
way. A further interest in performing uncertainty analyses is related to code development. Determining the major sources of uncertainty in code applications can help
guide its further development in a cost effective manner.
A method for uncertainty and sensitivity analyses has been developed by GRS where
the computational effort is independent of the number of uncertain parameters [6].
The implementation techniques are primarily based on tools from statistics. Statistics
is used in order to evaluate the uncertainty and sensitivity with a reasonable number
of calculations.
Code validation results are a fundamental basis to quantify the uncertainty of physical
models or their mathematical formulation. Experts specify the ranges and probability
distributions of uncertainties that best express the state of knowledge. State of knowledge dependence between parameters can be taken into account. Computerised support is provided for an interactive construction of the probability distributions and for
the state of knowledge dependence.
All potentially important parameters are included in the analysis, based on judgement
of the analyst. Finding the optimal noding, to describe the important phenomena, is a
task of code validation. However, uncertain alternative noding schemes can be included in the uncertainty analysis. No ranking of input parameters to reduce their
number is needed in order to cut computation cost.
The number of calculations does not grow with the number of parameters. The reason
is the simultaneous variations of all uncertain parameters for each code run, and the
statistical evaluation of these results. The uncertainty and sensitivity results have a
well founded probabilistic statistical interpretation.
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The number of calculations depends only on the desired probability content of the
probability distribution of the code response (for example at least 95% of the calculated peak cladding temperatures are below a determined limit), and a desired confidence level. The confidence level is specified because the probability content is not
analytically determined. It accounts for the possible influence of the sampling error
due to the fact that the probability statements are obtained from a random sample of
limited size.

3.2

Sensitivity Analysis

Another important feature of the method is that one can determine sensitivity measures of the influence of uncertainties in input parameters on the uncertainties of results. This information can provide guidance as to where to improve the computer
code or to perform additional experiments (improve the state of knowledge) in order to
reduce the output uncertainties most effectively. These sensitivity measures like Standardized Rank Regression Coefficients and Correlation Ratios permit a ranking of input uncertainties with respect to their relative contribution to code output uncertainty.
The difference to other uncertainty methods is that the ranking is a result of the analysis, not of prior estimates and judgements. Uncertainty statements and sensitivity
measures are available simultaneously for all single-valued (e.g. peak cladding temperature) as well as continuous valued (time dependent) output quantities of interest.
The GRS method relies only on actual code calculations without using response
surfaces.

3.3

Application

The GRS method has been applied to several nuclear and non-nuclear safety related
computer code calculations. An application to a thermal-hydraulic separate effects experiment will be briefly discussed.
The experiment which was selected for the analysis is the French OMEGA Rod Bundle test no. 9, a blowdown with a PWR type bundle [7]. The bundle consists of 36
electrically heated rods arranged in a 6 x 6 array and 3.66 m heated length. The test
was calculated by the computer code ATHLET.
A total number of 60 uncertain parameters was investigated. These consist of 40
model parameters which were considered to be possibly important for those ATHLET
code models which describe relevant physical phenomena of the selected test, 11 parameters for selection of different correlations, 3 properties of heater rod (Inconel), 2
parameters for closing times of hot and cold side valves, 1 parameter for heater
power, 1 parameter for heater power shut-down, 1 numerical parameter for accuracy
criterion for mass flow rate, 1 parameter for noding change. A total number of 31 key
output parameters were selected to determine uncertainty ranges and sensitivity
measures. These are single values: 1 peak cladding temperature (PCT), 1 time when
peak cladding temperature occurs, 1 total CPU time, and time dependent values: 7
cladding temperatures, 6 fluid temperatures, 6 pressures, 6 mass flow rates, 3 void
fractions.
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the high power level in the middle of the bundle). The thermal inertia of the
thermocouples is the reason why the measurements are not within the
band of the computed cladding temperature.
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A total number of 100 ATHLET code calculations were performed. A minimum of 93
runs is necessary for (95%, 95%) two-sided statistical tolerance limits. The uncertainty
range of the calculated PCT extends from 788°C to 1078°C (95%, 95% statistical tolerance interval), figure 1. The measured PCT is 914°C after correcting for the thermal
inertia of thermocouples. The experimental data of all other selected output values are
within or very close to the calculated uncertainty range over the 40s experiment time
as well.
The main contributions (according to correlation ratios as sensitivity measures) to the
uncertainty of the peak cladding temperature are shown in figure 2:
1.
time of heater power shut-down (varied within 0.5s), (parameter 60),
2.
correction factor in the correlation for minimum film boiling temperature (parameter 46),
3.
correction factor in the heat transfer correlation for forced convection of vapour (parameter 42),
4.
correction factor of drift model for side branch (parameter 34),
5.
pressure loss coefficients in the bundle outlet (parameter 17), and
6.
correction factor for pool boiling heat transfer (parameter 51).

4

Conclusion

The validation concept of the ATHLET thermal-hydraulic computer code is presented.
A method to derive uncertainty statements quantifying the combined influence of all
potentially important model, noding, numerical and experimental uncertainties of the
code results is discussed. The method does not resort to simplifying approximation of
a response surface but is relying only on actual code calculations.
A second important result of the proposed uncertainty analysis method are sensitivity
measures permitting the ranking of input parameter and model uncertainties with respect to their contributions to the code output uncertainties.
The application of the method to separate effects tests and integral tests will enhance
our ability to perform this type of analysis and to apply the methodology. Based on this
experience the method will be finally applied to the analysis of the uncertainty in code
results for nuclear power plants.
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