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FOREWORD

This, "4th Regional Meeting Nuclear Energy in Central Europe", evolved from the annual
meetings of the Nuclear Society of Slovenia. This year the number of participants, coming
from 15 countries reached 132, which confirmed the determination of organisers to convene a
get together of scientists and experts also from geographical region far outgrowing the Central
Europe.

The main goal of the meeting was to exchange the information and experience between
scientists and professionals engaged in research, education, operation or regulatory activities
related to the peaceful use of nuclear energy. At the meeting, invited lecturers addressed three
interesting subjects:

> Safety Analysis and Best Estimate Codes by M. Reocreux,
> Relative Impact of Natural Radioactivity by A. Faanhof,
> Overview of Recent Activities at the Nuclear Research Institute, Rez by F. Pazdera.

The meeting participants presented 82 interesting papers covering the following areas
related to nuclear energy:

> Ageing and Integrity
> Environmental Aspects
> Operational experience
> Other Related Topics
> Probabilistic Safety Assessment
> Public and Nuclear Energy

> Reactor Physics
> Replacement of Steam Generators
> Research Reactors
> Severe Accidents
> Thermal-hydraulic analyses

Special attention was dedicated to Steam Generator Replacements and Plant Upratings.
This issue in many aspects dominates the Slovenian nuclear stage since the Krsko NPP is
planning to complete such project by the year 2000. In a special session, representatives from
Spain, Sweden, USA, Belgium and Slovenia gave an overview of completed and planned
projects in their respective countries. The panel of experts followed these introductory
presentations. The panel started with a presentation of the Krsko Nuclear Power Plant
modernisation plans and the Slovenian Nuclear Safety Administration views regarding the
licensing of this major modification project. A stimulating and lively discussion, in front of a
full auditorium, clearly showed the interest and the state-of-the-art attained by the
participating organisations.

To motivate young scientists to enter the nuclear domain the Programme Committee
decided to open a Contest for Young Authors for the best scientific paper. The awards were
given for two outstanding contributions prepared and presented by scientists younger than 32
years:

> Marko Maucec (Slovenia) was awarded for the contribution entitled Criticality
Analysis of the Multiplying Material Inside Chernobil Sarcophagus, co-authored by
M. Ravnik and B. Glumac;

> Cesare Frepoli (Italy) was awarded for the contribution entitled Thermofluidynamic
Study of a Sodium-Sodium Heat Exchanger.

At the end the editors would like to acknowledge the contributions of numerous
individuals, institutions and companies who immensely helped to make the meeting so
successful. Looking forward to the next meeting of Nuclear Society of Slovenia in 1998.
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SAFETY ANALYSIS AND BEST ESTIMATE CODES

M.REOCREUX

Institut de Protection et de Surete Nucleaire
Departement de Recherche en Securite

CE Cadarache
13108 Saint Paul Lez Durance Cedex France

E-Mail michel.reocreux@ipsn.fr

ABSTRACT

Best Estimate (BE) codes have been developed in order to replace the conservative approach used in
the last decades in safety analysis. Different kinds of use of BE codes are analysed. The Ordinary
Direct (OD) use is the most common but it cannot give real quantitative evaluation of the acceptability
of the results. For getting this, BE codes should be used together with an uncertainty evaluation. The
different methods for uncertainties evaluation are presented and discussed, and a review of questions
raised in safety analysis by the use of BE codes either in the OD case or in the uncertainty evaluation
case is given. From the discussion, research themes have been highlighted, which appear necessary in
order to get a full application of the BE codes in safety analysis.

1. INTRODUCTION

n several activities related to safety analysis, codes are often required in order to provide evaluations
of potential nuclear plant accidents. Those accidents for which a prediction is needed are part of the
/vhole list of accidents defined as consequences of all possible accident initiators. In the deterministic
approach a review of the list of initiators is performed and only those events which lead to a violation
Df safety principles are selected. This selection gives then a list of accident scenarios to be studied. In
[he probabilistic approach all the initiators are evaluated in terms of probability of occurrence and
svent trees are built.

n both approaches, the objective in predicting the accidents is to evaluate their consequences. But
:he detailed reasons differ from one approach to the other. In the deterministic approach, the question
s to be sure that the consequences of the accident should not go beyond the safety criteria. In the
orobabilistic approach the question is to evaluate for each sequence the combined values of
probability and consequences. It is clear that the constraints on the accident evaluation will not be the
same for each of these cases. Historically, safety has focused first on the deterministic approach. As
[he final objective was to verify that the safety criteria were not violated, it was possible to use
avaluation methods wtiere the consequences were majored. This led to what is called the
xtnservative approach. The evolution of this approach in safety analysis will be discussed in the next
paragraphs. In the probabilistic approach more or less exact evaluations are required. Very often
simple dichotic answers are needed such as only "yes" or "no", like for example, the core melt
accurrence in level 1 probabilistic analysis. In some other cases, more detailed best estimate values
are required, like for example, estimation of radioactive releases in level 2 probabilistic analysis.

Besides these two preceding approaches, there is in safety analysis an other very important area
-vhere one needs prediction of accidents: this is the determination of the Emergency Operating
Procedures (EOPs). The determination of the actions which the operator should take, requests clearly
an exact knowledge of what would be the plant thermalhydraulic response to the corresponding
action. Prediction by code of the plant behavior is consequently a key point for EOPs studies.
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This paper will discuss next how the safety analysis will proceed in order to get the required accident
predictions and more precisely by using Best Estimate (BE) Codes. But before going further in this
discussion it is important to realize why codes are really needed. In order to answer this question, we
should enter indeed in quite fundamental physical considerations.

When a scientist is faced to a physical phenomena occurring in a system, his first reaction is to try to
reproduce this phenomena in an experiment in order to proceed to its study. This constitutes what is
commonly called, the experimental approach. In this approach two cases can be distinguished:
- In the first case, the phenomena to be studied are such that a realistic mock up can be built. By
realistic, one means either a mock up at scale 1 or a mock up at reduced scale but where the scaling
laws are well known. In this case, the experiments will provide directly the information requested to
predict the phenomena. No code will be really necessary, except for improving the capabilities in
"interpolating" between the experimental data.
- In the second case, the phenomena are such that no realistic mock up can be used. This means that
a mock up at scale 1 cannot be practically built and that, in addition, the scaling laws are not known
for extrapolating the data obtained at reduced scale to the scale 1 system. In this case, it is absolutely
necessary to establish a strategy of evaluation based on codes, where the codes will have in fact the
function to make the scale extrapolation.

It is this second case which is most often encountered in our safety problems. This explains why
codes are so important in safety analysis. One should never forget this importance and in particular
one should have always in mind the strong underlying connection to the scaling question, of almost all
the safety problems.

2. THE CONSERVATIVE AND THE BEST ESTIMATE APPROACHES

2.1. The conservative approach

This approach has been the first one used in safety analysis. The basic reason for developing this
method has been in the early seventies, the need to circumvent the lacks of knowledge of the
physical phenomena. This method is based oti the notion of consequences and criteria, majored for
the first ones and restricted for the second ones. In order to encompass the code limitations,
conservative assumptions were taken everywhere a phenomena was insufficiently known. These
assumptions could be of different kinds: they were either global majoration of consequences, or they
consist in applying penalizing boundary conditions or penalizing assumptions in the models. By this
way the accident consequences were maximized and as a result an upper safety bound which could
not be exceeded was obtained. This bound was then compared to the safety criteria which, on the
other hand, were defined sometimes with restrictive measures.

The codification of such an approach has been done by the USNRC in the early seventies, and has
given the well known 10 CFR50.46 appendix K which has been largely and world-wide used in safety
analysis.

The main problem raised by the conservative approach is that there is practically no way to prove,
using uniquely this approach, that the conservatism's which are verified on scaled down experiments
are also valid at scale 1. Consequently safety margins cannot be really evaluated for plant
application. Moreover due to non linearities, the additivity of several conservative measures cannot
be verified. Other major limitations lie also in the fact that there are several accident situations where
the knowledge of the real plant response is needed like the EOPs evaluation. This limitation became
especially obvious after TMI2 accident where the role of operators appeared of the first importance.

All those limitations have been the main motivation for developing Best Estimate (BE) codes [1], [2]
and for launching in the late seventies the considerable experimental programme we are still using for
validating our thermalhydraulic codes.

10 Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997



2.2. The Best Estimate approach

The general objective of the Best Estimate approach is to get an evaluation of the plant behavior
which will be as realistic as possible. This mainly means that:
- the modelling of phenomena and processes is made as physically as possible. Especially this
means that no measures deliberately penalizing are taken and that the modelling is sufficiently
detailed in order to describe the most important phenomena.
- the modelling should be made as accurately as possible. Especially, it should include the best
physical knowledge.

One can easily'understand from this definition that "Best Estimate" does not mean entirely realistic. A
Best Estimate evaluation has its own limitations. It is especially those limitations which will lead, as
we will see next, to the introduction of the concept of uncertainties.

3. THE DIFFERENT METHODS FOR DEVELOPING CODES

Before discussing the use of BE codes and the problems raised in safety analysis by this use, it is
important to differentiate the methods which have supported the development of these codes. Since
these methods define several characteristic features of the codes, they interact strongly with the
potentialities in their application and consequently in the way safety analysis can utilize their results.
In the following, the discussion will be restricted to two extreme methods which have been chosen for
their representativity, taking into account that several other methods exist using intermediate
practices.

3.1. The UE (Unstructured Evolutionary) method

This method is the first extreme way to develop a code. In this method the initial set of models which
are built in the code, is generally developed from one or from at least a pair of tests. These tests are
chosen mainly because of their availability and because they are felt of physical interest but neither
for their generality that they generally don't have. Later, the comparisons of models with experiments
are made case by case without any global strategy and when new experiments become available the
models are modified in a continuous manner to match the new data. This method, as a result, is
characterized by an unstructured strategy and a highly flexible evolution. The elaboration by
laboratories of small physical modules is certainly the first example of application of such a method.
But this concerns also larger codes. One should recall that twenty years before, a great number of
codes and almost the majority of them were developed in this manner. Today there are still codes
which are more or less developed with this method and one of the active area of concern is certainly
the severe accident area. Such unstructured methods are today more difficult to use especially
because application of quality insurance rules are forcing the introduction of some structure. But
many of the features corresponding to the UE (unstructured evolutionary) method are still found in
some of the present codes.

3.2. The DQV (Development, Qualification, Verification) method

This method is characterized by a strategy based on 3 steps:

- In the first one, the development of models is performed on the basis of separate effect tests
(SETS):
-The second one consists in the qualification of the physical models which have been introduced in
the code on a set'of separate effect tests (SETs) which should cover all the phenomena to be
described.
- In the third one, one proceeds to the global verification of the code on integral tests (ITs). By this
verification one should check the ability of the code to couple the separate phenomena and in some
way to extrapolate in scale.

The DQV method is highly structured and the main feature of this method is the use of a strategy
aimed at getting an answer to the scaling problem. The DQV method produces codes which are
structurally assessed on a structured experimental data base. It is clear also that it requires an
iterative process and that it induces consequently a strict formalization of the code versions and of
the code evolution.
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4. THE DIFFERENT USE OF BE CODES

4.1. The Ordinary Direct (OD) use

The OD use of BE codes is one of the most wide-spread. The evaluation of the plant transient is here
obtained by a unique calculation in a deterministic way. The calculation results are considered as
"THE" response of the plant and they are used directly for drawing safety conclusions. A qualitative
judgement on the code applicability to the calculated transient and some sensitivity studies are
sometimes but not always added to this process.

This method is in fact largely used in several domains (determination of EOPs, calculation of PRAs
sequences, evaluation of severe accident consequences, calculations of fuel accidental behavior, of
hydrogen combustion, of fires, of mechanical loads, ). Of course this method can be used and is
presently used with either UE or DQV developed codes.

4.2. Questions raised in safety analysis by the OD use of codes

In order to be sure that the results of plant calculations obtained with the OD method can be used
correctly in the safety analysis, several questions will have to be answered:

The first category of questions is quite general and will apply also to other modes of code use. These
questions are connected to the pertinence, in relation to the safety problems, of the conditions defined
for performing the calculation. Among those questions which the analyst should ask himself, the most
important deal with the boundary conditions, the system assumptions and the operator actions. For
example:
-the analyst should question the choice of boundary conditions (plant state, pressure, pump
operation...) and specially whether those conditions have been taken in a realistic, optimistic or
sufficiently extensive way,...
-the analyst should verify whether the assumptions of system or component failures during the
transient have been correctly made regarding the safety problematic: should other additional or less
failures be taken into account ? ' • / - . -
-the analyst should check whether the actions of the operator are correctly taken in to account? could
we imagine other actions which may l.ead to more severe consequences ?...

The second category of questions deal with the pertinence of the calculation itself:
-On this aspect, the first question concerns the evaluation of the validity range of the code. For UE
developed codes, it can be hardly answered and it requires certainly specific and probably quite
extensive analysis. For DQV codes, the answer should come from the analysis of the models and
from the analysis of the existing qualification and verification documents. At this stage we should note
that the notion of validation matrices (c.f. OECD matrices) will be obviously of great help for such
analyses {3], [4].
-In the next question the analyst should ask himself is if the code has been used in it's range of
validity. To answer this question, the phenomena which could occur during the calculated transient
should be first identified. For those identified phenomena, one should check that they are well
covered in the set of integral experiments (ITs) used for the code verification and that the range of
parameters of those phenomena are well investigated and covered in the SETs and in the ITs. It is
clear here also, that the answer to such questions will'be highly easier if Validation matrices have
been defined [3], [4], and that the situation of UE codes is certainly there very "uncomfortable".
-The last question refers to the examination whether the code has been correctly tised ? It comprises
several sub-questions related to:

The validation of input deck (geometrical data, justification of simplified representation of
some components or of some actions,...): which kind of validation has been performed ?
. The use of standard version of codes.
. The choice of options: which one has been made and why ? Is this pertinent ?
. The choice of nodalization: has a convergence study been performed ?
. The independence of the results from the computer used
. The check that there are no other "user effect" dependencies.

To answer all those questions, several independent control calculations are certainly necessary. They
should investigate the scenarios (first category of questions), the code validation (second category of
questions) and the input decks, options, nodalization,... (last questions). These calculations may be
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performed either with the same code or with an independent code or with both. It is only after this
procedure that it will be possible to make statements on the initial safety analysis question.

4.3. The need for uncertainty analysis

In order to evaluate the adequacy for safety analysis of the results obtained by the OD use of BE
codes, it has been shown that several qualitative judgements should be given. Those qualitative
judgements do not or hardly provide an idea on "how good" really are the results. This approach is
moreover uncomplete and consequently raises often contradictions for example when different code
versions are used or when we are faced to an insufficient knowledge of the phenomena. It comes out,
at that time, that all those problems could be at least partly solved if the process was going from
qualitative to quantitative i.e. if a quantified uncertainty band of the calculation results was available.
For these reasons the use of uncertainty evaluation in the BE codes application to safety analysis,
appears as an unavoidable way to apply the BE codes in the future.

5. THE UNCERTAINTY EVALUATION

5.1. Specification of the uncertainty evaluation problem

In order to specify the uncertainty evaluation problem we should go back to the formulation of the
physical model.

If X is the vector of the state parameters of the physical system, the equations of the model can be
written:
(1) F(X,C(X)) = O
where the transfer laws C can be written as function of the vector X and of empirical coefficients EJ :
(2) C = C(X, 8,-)
If we add the boundary conditions:
(3) l i ( X , C , z , t ) = O • .
The solution of the model can be written as
(4) X = X ( E i t l i , z , t )

The modelling process consists in establishing first the F and the C functions. The correlation work
which follows consists in adjusting the coefficients ej on experimental data namely on separate effect
tests. Qualification will give a judgement on the quality of the SJ using the SETs, whereas verification
on ITs provides a judgement on the global quality of the solution X = X( SJ , l i , z , t).

The analysis of the equations (1) to (4) in terms of physical uncertainties, gives logically the following
sources of code uncertainties:

- The first source is the uncertainty in the formulation of the functions F and C. This uncertainty is
mainly due to the simplifying assumptions which have always to be made during the derivation of
these functions.
- The second source consists of the uncertainties in the determination of the coefficients EJ and on the
knowledge of the boundary conditions l i .
- The third source comes from the uncertainties in the resolution of the equations which are related to
the numerical methods.
- The fourth source is made from the errors related to the way the code is used (user effect).

As a consequence of these uncertainties sources, three steps can be distinguished in the process of
uncertainty evaluation:

- Step 1 where one verifies the "adequacy" of the formulation of F = 0 and of C
- Step 2 where one evaluates the uncertainties in the adjustment of EJ and in the determination of li
- Step 3 where, from the AEJ and the Ali, one evaluates the uncertainty on the response R(X).

All three steps can generally be found in the different uncertainty evaluation methods. However one
should notice that in the present applications there is a clear tendency to forget the step 1. This is
certainly a major mistake because step 1 is really mandatory before going further in the uncertainty
evaluation. Step 1 is a prerequisite for checking if the models used are physically based and
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consequently if the next steps can be started with some chance of success. To perform this step, one
should proceed to actions of verification which are in fact for several of them, identical to the ones
performed in the evaluation of the code validity range described in the OD use of BE codes.

5.2. The different methods

Three categories of method can be distinguished for the evaluation of uncertainties:

-The first category includes the methods based on the quantification of accuracies.
In fact, the only method of this type is the UMAE method developed by the Pisa University. It consists
first in the measurement of the differences between code calculation and experimental values (called
also accuracy of the code) Those accuracy measurements are performed on integral experiments
similar to the analysed plant transient. They are used next to derive directly the code uncertainty on
the plant (i.e. the difference between the code calculation and the expected real value).

- The second category consists in the methods based on uncertainties propagation.
These methods are more and more numerous. In this category [5], we find the British AEA-T method,
the American CSAU method, the German GRS method, the French IPSN method and the Spanish
method. Those methods are based first on an evaluation of the As; and of the Ali. The uncertainty on
the response R(X) is calculated using the code itself for propagating into the output of the code R(X)
the elementary uncertainties ASJ and Ali taken as input.

- The last category of methods gathers the intermediate methods which are in fact combination of
uncertainty evaluation and of conservative measures.

5.3. Differences and similarities

In this analysis of the differences and similarities we will exclude , because of their specificities, the
methods based on quantification of accuracies.

The first difference between the methods based on propagation of uncertainties, relates in the number
of coefficients EJ which are considered in step 2 for the evaluation of the elementary uncertainties ASJ.
In the AEA-T and CSAU methods, only a restricted subset of SJ are treated. This selection is made on
the basis of the predominant phenomena by expert judgement (using P1RT or not). For the other
methods, no restriction is taken on the number of EJ and this requires of course much lower expert
judgement. By this way the subjectivity which is always attached to expert judgement is decreased as
much as possible. Moreover when a restricted subset of SJ is used, one should be aware that the sum
of the contributions of the non predominant phenomena to the total uncertainty can be non negligible.
Some of these methods take into account the error which can be done by this way and are proposing
specific corrections in the uncertainties evaluation (CSAU).

The determination itself of ASJ is always based on the comparisons between calculations and
experiments. Some methods like CSAU are using in an undifferentiated way SETs and ITs, whereas
the AEA-T or the IPSN method are using SETs only, the ITs being used for further verification. For
the quantitative evaluation of AEJ some methods rely only on expert judgement (AEA-T), whereas
others (IPSN- GRS) are making sensitivity studies or use more sophisticated statistical methods [7].

The way the propagation of elementary uncertainties is performed in order to obtain the uncertainty
on the response is also an important point where the methods differ [5], [6]. CSAU method for
example makes sensitivity studies and adds at the end on the plant case the uncertainties and the
biases. In some other applications, an approximation of the surface response is calculated and is
used with a Monte Carlo method. AEA-T method uses bounding values of the EJ in order to bound the
plant results. For IPSN or GRS method, the AEJ are expressed in the form of probability distributions
of e, .Sampling are made in the distributions and using the Wilks theorem, a finite number N of
calculations are made which provides intervals where we can say that n% of the responses stand with
a confidence level of p%. Additional statistical analysis of these results can be performed. Biases can
be added to take into account the contributions to uncertainties which have not been included in the
As, and the Ali.

All the weak features of the methods are very similar. They include [2]:
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- The way to take into account the contribution to the total uncertainty of the incompleteness of the
modelling and of the physical laws (F and C functions).
- The way to take into account the scaling effect
- The way to take into account errors due to numerical methods and computer effects
- The way to take into account errors due to the user effect.

The intermediate methods are combining uncertainties evaluation and conservative measures.
Consequently they differ structurally from ali others. Some are starting from a global conservative
approach where some conservatisms are relaxed. Some are starting from an uncertainty analysis
where some conservatisms are added (like conservatisms on boundary conditions for example).
Those added conservatisms are sometimes introduced by using in the BE formulation extrema for the
physical laws.

The main advantages of such methods are that they can appear as only evolution, since the margins
of the global conservative approach are reduced progressively. On the contrary, there is a loss of the
consistency of the initial conservative approach without obtaining the exhaustivity of the uncertainty
evaluation. The "forgiving character" of the initial conservative approach is also partially lost, and the
prior difficulties remain especially the difficulty in demonstrating the conservatism in the scaling
process and the difficulty to prove additivity of conservatisms.

5.4. Questions raised in safety analysis by the use of uncertainty evaluation

When compared to the OD use of BE codes, application of BE codes together with uncertainty
evaluation (UE use) appears as a basic change of methodology. Therefore it can easily be stated that
the use of uncertainty evaluation will change greatly and basically the environment of safety analysis.
In order to be sure that the results obtained with the uncertainty evaluation can be used for safety
analysis, several questions will have to be answered which by comparison with the OD use will be
more focused on the uncertainty bands.
The first question will concern the step 1 where an evaluation of the adequacy of models and physical
laws should be produced. Checking this evaluation will require the same kind of analysis than the
ones we have discussed for the OD use of BE codes, that is namely a detailed analysis of the
physical models and a detailed analysts of the qualification and verification documents.
The second question deals with the evaluation of As\ (step2). This is a key point since the Aej values
will determine almost entirely the magnitude of the overall uncertainty bands from which the safety
conclusions will be drawn. Checking the values of AEJ will require a detailed analysis at the basic level
of the modelling process and of the experiments used in this process. This means for the analyst an
absolute need of a complete change of method and a complete change of level in the physical details
compared to what he is doing now. Moreover, in order to be able to arrive at practical decisions, he
will be obliged to take conservation measures for all technical problems which are still unsolved in the
AEJ evaluation. Among these problems let us recall some of them, the fact for example that normally
the AEJ should reflect the range of validity of the code by taking very high values outside this range.
This has never really been done. The ASJ have also often to be estimated without real experimental
data by using extrapolation technique. In this case such evaluation should be carefully analysed.
When the Aej and the Ali have been determined, one should check the global uncertainty(step3). The
part of the uncertainty coming from the propagation of ASJ and Ali should not ask severe questions.
However, one should be sure that all other sources of uncertainties are taken into account with a
sound evaluation. This of course is particularly true for all uncertainties which are difficult to evaluate:
the uncertainties due to numerics (convergence, nodalization,...), the uncertainties related to scaling,
the uncertainties related to the incompleteness of the functions F or C ( for example use of a 1D
model for obviously multidimensional phenomena), the uncertainties related to users effect.

It is clear from this picture that much more effort will be required for safety analysis with uncertainty
evaluation than in the previous safety studies. But we have to recognize that, on the other hand, the
evaluation of uncertainty will be the only mean to really and entirely take benefit from the capabilities
of BE codes.

6. FRENCH AND INTERNATIONAL STATUS OF USE OF BEST ESTIMATE CODES

On the French IPSN side, the work performed on uncertainty evaluation has consisted first in the
development of a statistical software called SUNSET. This software allows now the generation of
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samples, the statistical analysis of the responses providing for example confidence intervals,
adequacy tests, sensitivity analysis by regression methods. This software has been coupled to
CATHARE and ICARE. This allows in particular to perform systematic sensitivity studies. Concerning
the ASJ, an evaluation is underway with a statistical method called CIRCE. This evaluation is part of
the qualification process of CATHARE. In parallel a preliminary evaluation of AEJ has been performed
by IPSN which has been used in the UMS activity of the CSNI/PWG2 from OECD.

On the international side, we can say that several uncertainty methods are at various stages of
development. A study made in CSNI/PWG2 from OECD has shown that the use of BE codes for
safety evaluation is practically agreed everywhere. However, the practical application of this
agreement varies greatly from one country to the other. Few practical applications have been really-
done which confirm in fact that there are still difficulties and that more developments of the methods
are still needed.

7. CONCLUSIONS

From the general status of the use of the BE codes and from the discussion of the questions raised in
safety analysis, it appears that more research is needed in order to achieve a full application of BE
codes with uncertainty analysis. Among the main directions for research [2], we can mention:
- The research required forgetting the basic models uncertainties (evaluation of ASJ,) which should be
strongly connected to the code qualification process
- The scaling issue
- The development of new models in order to suppress some "unrealistic modelling" (multi D models)
- The investigation of uncertainties due to numerics.
- The research in order to control or reduce the user effects.

Several examples are showing that there is a general tendency of using Best Estimate approaches in
licensing activities. This will clearly substitute the conservative approach in the near future. This
should bring certainly, under certain conditions, more rigour and less subjective judgements, and
consequently make easier and more significant the application of quality insurance measures to
codes. This should modify greatly not only the methods of code application and of safety analysis but
also the practical approach of physical modelling, code development and assessment.
Thermathydraulic is playing here a pioneering role but this approach will certainly extend to other
disciplines.
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In the Republic of South Africa the generation of nuclear power compared with the use of
fossil fuel, mainly coal, is relatively modest. They have only one power plant situated at
Koeberg near Cape Town in the south with a maximum capacity of 2 x 600 MW. Besides
this, a small nuclear research reactor at the AEC, Pelindaba, near Pretoria in the north, is
operated at a maximum power of 20 MW. The AEC formerly enriched its own uranium and
manufactured fuel elements both for the Koeberg and Pelindaba sites. Nowadays, the research
reactor is mainly used for production of medical and industrial isotopes, colour modification
of gemstones, neutron diffraction for industrial applications and neutron activation analysis.

Natural radioactivity goes with the vast mineral resources in such concentrations that the
nuclides from the natural uranium, thorium and actinium decay series are found to pose
concern for occupational exposure at certain mining and mineral processing industries, and
public exposure to communities living around these areas. The main industries concerned are
the gold, copper, heavy mineral sand and the coal mining and processing operations.

The radiological impact of all operations is monitored as part of the license obligations,
..imposed by the South African Nuclear Energy Act. The Council for Nuclear Safety is mainly
concerned about the impact on workers and the release of effluents and dust to the
environment, while the Department of Water Affairs is intensively studying the concentration
of radionuclides in identified catchment areas around the mining and mineral processing
industries to assess the impact on the public using these water sources as part of their dietary
intake.

The occupational exposure at the Koeberg Nuclear Power Station showed an average value of
about 0,90 mSv for the years 1994 and 1995. Liquid and gaseous effluents discharged from
this plant in 1995 resulted in a calculated radiation dose to the public of about 0,45 uSv per
year. Data for the operation of the AEC site showed an average occupational exposure of 0,59
mSv for the year 1995, while the public exposure due to airborne effluent discharges was
calculated at a maximum of 12 [iSv per year for 1995.

Compared with the nuclear industry, the occupational and public exposure imposed by the
mining and mineral processing industries is more difficult to assess due to the numerous
potential transport mechanisms and pathways of the natural radioactivity. Preliminary data
show that occupational exposure due to inhalation of respirable dust could be substantial if no
proper preventions are made. Yearly doses could be as high as 20 to 40 mSv per year in
certain areas of the copper and heavy mineral processing industries. Recent monitoring of
surface, underground and borehole water in a catchment area around one of the major
goldmining activities revealed that public exposure could accumulate up to a few mSv per
year, if these water source were the main sources of drinking water available to the
communities living in and around this area.

Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997 17



„ „ SI0100004
THE OVERVIEW OF RECENT REZ ACTIVITIES

Frantisek Pazdera
Nuclear Research Institute, Rez

Rez, Czech Republic

It is necessary to mention that the Nuclear Research Institute, Rez was 4 years ago
transformed into a joint-stock company. Since then the NRI, Rez has been successful in its
main research efforts so that the resulting profit helped fmance the ongoing investment
projects.

The NRI, Rez is continuing, with even greater involvement, its traditional activities:
• Support of the Czech Power Company in:

• Assuring operational safety of NPP Dukovany and its enhancement,
• Preparation of NPP Dukovany modernization,
• Tasks related to NPP Temelin completion and commissioning,

• Professional assistance to the State Office for Nuclear Safety related to nuclear and
Radiation safety,

• Advisory services to the Emergency Center,
• Co-ordination of the Deep Geological Repository project,
• Irradiation services for a number of customers in the Czech Republic and abroad
• Production of radiopharmaceuticals.

With new customers the research has been extended also to the following areas:
• Chemical industry,
• Aircraft engineering,
• Disposal of old environmental loads,
• Transmutation of the transuranium and fission elements.
Some of these activities would have been impossible without: extending the license for

LWR-15 Reactor operation till 2005, obtaining the operational license for the Institute's
interim high-level waste storage facility, completing reconstruction of the "Hot Chemistry
Building", the start-up of the test operation of the fragmentation and decontamination facility,
completing the large water loop BWR-2 at LWR-15 reactor and preparing for the
bitumenation unit operation.

The necessary measures were taken to comply with the Atomic Act provisions and some
organizational changes were implemented to enhance the Institute's overall efficiency

Institute maintains its close contacts with a number of Czech universities and basic
research centers; it is an active member of the Association of Research Institutes, Czech
Nuclear Society and Czech Nuclear Forum. Our international partners have significantly
contributed to many of the Institute s achievements. One should point out our new
membership in five of the CSNI/NEA working groups.

It is worthwhile to stress that everyone at the NRI Rez is aware of the challenge
represented by the third millennium technologies, hoping to contribute to the future
development.
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ABSTRACT - The paper describes the new version of the general 2D-multiphase flow code ESE. The ESE code
has been developed to model the interaction of molten core debris with water. In case of a steam explosion, a
trigger produces locally enhanced heat transfer and pressurization that can propagate through the coarse mixture.
The propagation phase of the interaction is not modeled by the code, however, the ESE provides for initial
condition evolution. The indication of the amount of well-mixed melt at the time of the trigger occurrence can be
deduced based on the code's results.

Main drawbacks of our old model were problems with inaccurate numerical treatment of the
probabilistic multiphase flow equations. In this paper we strive to solve the transport equations using a high-
resolution finite difference method. High-resolution methods are at least second order accurate on smooth
solutions and yet give well resolved, nonoscillatory discontinuities.

To examine the accuracy of the improved code ESE2.0 and to test the behavior of different numerical
schemes (upwind, Lax-Wendroff, high-resolution) the premixing experiment "MIXA06" with corresponding
geometry and initial conditions is simulated. The results of the simulation are compared to experimental data and
presented in form of graphs depicting the melt velocity, temperature and phase presence probability fields, the
depth of melt penetration and the steam flow rate for different times.

1. Introduction

The paper describes the improved version of the general 2D-multiphase flow code ESE [1,2]
which has been developed to model the mixing process and interaction of molten core debris
with water. It takes into account the violent steam generation when melt pours into water, the
interaction between the melt,, water and steam, and the resulting fragmentation and cooling of
the melt. In case of a steam explosion, a trigger may produce locally enhanced heat transfer
and pressurization and may evolve into a shock propagating through the coarse mixture. The
propagation phase of the interaction is not modeled by the code, however, the ESE provides
for initial condition evolution. The indication of the amount of well-mixed melt at the time of
the trigger occurrence can be deduced based on the code's results.

Main drawbacks of our old model were problems with inaccurate numerical treatment
of the probabilistic multiphase flow equations [3-6]. In this paper we try to solve the transport
equations using a high-resolution finite difference method [7,8]. High-resolution methods are
at least second order accurate on smooth solutions and yet give well resolved, nonoscillatory
discontinuities.
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To examine the accuracy of the improved code ESE2.0 and to test the behavior of
different numerical schemes (upwind, Lax-Wendroff and high-resolution) the premixing

riment "MIXA06" [9] with corresponding geometry and initial conditions is simulated.

2. Numerical model

The transient computational fluid dynamics code ESE2.0 is based on a 2D, 3 fluid, 9 equation
model. Each fluid (melt, water and vapor) is described using the probabilistic conservation
equations for mass, momentum, and energy in cylindrical coordinate system and is
•characterized by its phase presence probability, velocity and temperature fields in each
computational node [6]. A common pressure field is assumed. The interfacial friction and the
interfacial heat transfer are calculated using different correlations and are treated
probabilistically [2]. That means that they take a probabilistic value of a given probabilistic
distribution at each time step of the calculation.

In ESE2.0 the probabilistic multiphase flow equations are solved on a staggered grid
using a high-resolution finite difference method [7,8]. High-resolution methods combine first
and second order accurate numerical schemes in such a way that the weaknesses of both
schemes, the poor numerical accuracy and large amount of numerical dissipation of first order
accurate numerical schemes and the oscillations of second order accurate numerical schemes
occurring in the vicinity of non-smooth solutions, are suppressed. To achieve second order
temporal accuracy the high-resolution method used in ESE2.0 is based on second order Lax-
Wendroff scheme and first order upwind scheme [8]. For better clarity the derivation of the
used high-resolution method is presented in only one dimension.

In one dimension the first order upwind discretization of the common convection term
• + d*¥

appearing in the probabilistic multiphase flow' equations u+ , with positive velocity
dx

M+> 0, may be written as'
VUW X-l/2

14 •— II •

dx Ax Ax
and the second order Lax-Wendroff discretization of the convection term as
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U It , M; LSI 1 ,

dx 2Ax 2 Ax7 Ax
where Fuw, FLAX represent the first order upwind and second order Lax-Wendroff fluxes.
The high-resolution finite difference method is a combination of the first order and second
order fluxes

dx Ax\-\
where the part of second order flux is determined by limiters O M / 2 = 3\-+i/2(«9,-) which are a
function of the smoothness of the solution

If the solutions are smooth a larger part of second order flux is used, otherwise on non-smooth
solutions a larger part of first order flux is used. To satisfy the total variation diminishing
(TVD) condition [7,8] for the high-resolution method the smooth van Leer flux-limiter
function is chosen
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1 +
High-resolution methods assure second order accuracy on smooth solutions and yet give

well resolved, nonoscillatory discontinuities [7,8].

3. Initial and boundary conditions

To examine the accuracy of the improved code ESE2.0 and to test the behavior of different
numerical schemes (upwind, Lax-Wendroff and high-resolution) the premixing experiment
"MIXA06" [9] with corresponding geometry and initial conditions is simulated. The molten
jet comprised of 81 % uranium dioxide and 19 % molybdenum metal at a temperature of 3500
K is penetrating the body of saturated liquid water at temperature 373 K and pressure 1 bar.
The mixing vessel has a diameter of 0.37 m and a pool depth of 0.6 m.

Since the solution domain is axisymmetric the equations could be applied in two
dimensions in cylindrical coordinate system. The melt velocity and the melt presence
probability in the jet which are changing with time as shown in Fig. 1 and Fig. 2 are

0,005

= 0,004
a
CO

£ 0,003

I 0,002
£

! = 0,001

Figure 1: Approximated and measured melt velocity in
ESE and MIXA06

approximated in the ESE simulation with
simple smooth second order polynomials.
These jet parameters are implemented in the
code as molten fuel boundary conditions.
Since the boundary velocity of water was
unknown to the authors, the value of 2.5 m/s
was assumed as reasonable assumption
between bounds of 0 m/s (still surface) and 5
m/s (velocity of jet).

The melt fragment size is
determined probabilistically with a random
generator using the fragment size
distribution measurements as presented in
Fig. 3 which are approximated with a 4.
order polynomial.

4. Results

A

ESE

-*— MKA06

0,2 0.3 0,4

Tlme(s)

Figure 2: Approximated and measured melt
presence probability in ESE and MIXA06

Figure 3: Approximated and measured melt fraction
below melt fragment size in ESE and MIXA06

The results of the simulation with the upwind, Lax-Wendroff and high-resolution schemes are
presented in Figures 4 through 8.
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Melt phase presence probability field Melt temperature field

Upwind scheme
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Lax- Wendroff scheme

5 10 IS 20 25 30 5 10 15 20 25 30 5 10 IS 20 2S 10 10 IS 20 2S 30 S 10 IS 20 2S 30 5 10 IS 20 2S 30

High-resolution method

5 10 15 20 25 30 S 10 IS iQ 2% 30 S 10 15 20 25 30

t=0.2s t=0.4s t=0.6s

Figure 4: The predicted melt phase probability
field for different numerical schemes. The contour
levels correspond to phase presence probability
5*10"5, 5*10^, 5*10'3.

S 10 IS 20 25 30 S 10 IS 20 25 30

t=0.2s t=0.4s t=0.6s

Figure 5: The predicted melt temperature field for
different numerical schemes. The contour levels
correspond to temperature 500 K, 1750 K, 3000 K.
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Figure 6: The predicted melt velocity field for
different numerical schemes. The arrows present
the direction of the velocity vector, while the
shading of the surrounding field shows the absolute
value of the velocity (white: 0 m/s -> black: 5 m/s).

Figure 4 shows the calculated molten fuel
phase presence probability field after 0.2 s,
0.4 s and 0.6 s of the simulation, with
contours showing S*^"5^*^"4 and 5*10"3

value for the melt phase presence

probability. The simulation is performed
with the upwind, Lax-Wendroff and high-
resolution scheme. The upwind scheme
'produces the highest spreading of the
molten fuel due to the large numerical
diffusion of first order accurate numerical
schemes. On the contrary the biggest melt
distribution disturbances occur at the
simulation with the Lax-Wendroff method
due to the oscillations typical for second
order accurate numerical schemes. As may
be seen on the last three pictures the high-
resolution method suppresses the
weaknesses of both numerical schemes.
There are no problems with the melt phase
presence probability oscillations and there
is less additional mixing of melt and water
caused by numerical diffusion.
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Penetration depth Cumulative steaming rate
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Figure 7: Comparison of melt penetration depth
between ESE and MIXA06 for different numerical
schemes.

Figure 8: Comparison of cumulative steaming rate
between ESE and MIXA06 for different numerical
schemes.

The weaknesses of both numerical schemes, the high numerical diffusion of the upwind
scheme and the numerical oscillations appearing at the Lax-Wendroff scheme, may be seen also
on Figure 5 where the melt temperature field development is presented. These problems do not
occur at the simulation with the high-resolution method. The melt temperature field is presented
with a color scheme, where darker the color, colder the fluid. The contour levels correspond to
temperature 500 K, 1750 K and 3000 K. The heat is transferred from the hot melt to saturated
water and also directly to superheated steam. In the model the radiative heat transfer is also
taken into account.
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Figure 6 presents the melt velocity field for different numerical schemes after 0.2 s, 0.4 s
and 0.6 s of the simulation. The arrows show the flow direction and the shadowing of the
surrounding field presents the flow speed in the range of zero flow (white) to maximum speed
flow 5 m/s (black). For enhancing the presentation clarity two cells in each direction are lumped
into a single cell. The calculation with the upwind scheme produces only one big vortex, which
is moving with the penetrating melt front, whereas the simulation with the Lax-Wendroff and
high-resolution schemes creates an additional vortex following the first vortex at the melt front.
The Lax-Wendroff scheme again produces fluctuating results, which are successfully
suppressed by the high-resolution method.

On Figure 7 and 8 the results of the ESE simulations are compared to the measured one
in experiment "MIXA06". Figure 7 shows the comparison of melt penetration depth defined by
melt presence probability of 1E-5 and Figure 8 shows the comparison of the cumulative steam
flow rate. As seen on the diagrams these global results of the simulation agree quite well with
"MIXA06" experimental data. The best, nearly perfect agreement shows the simulation with the
upwind scheme. Excellent coincidence of the melt penetration depth is achieved also with the
Lax-Wendroff scheme, whereas the poorest, but still satisfying agreement of the results has the
high-resolution method.

It would be wrong to conclude that the best numerical scheme for such problems is the
simpl upwind scheme, followed by the Lax-Wendroff scheme and to put the numerically most
accurate high-resolution method on the last place, since the agreement of the results is the
poorest. Global parameters like melt penetration depth and cumulative steaming may agree
because of different reasons, but agreement does not necessarily indicate that the numerical
methods and physical models are correct.

Let's try to understand the strange results. The first order accurate upwind scheme has
the largest numerical diffusion so the melt penetrates the fastest and the radial melt spreading is
the highest. Since the melt is well mixed with water over the largest area the steaming rate is
also high. At the simulation with the second order accurate Lax-Wendroff scheme oscillations in
the melt phase presence probability occur and so the melt phase is present in some areas with
much higher probability than at the simulation with the upwind scheme. Therefore the heat
transferred from melt to water is higher and so also the steaming rate. Since the problems with
the oscillations and numerical diffusion of the Lax-Wendroff and upwind schemes do not occur
at the simulation with the high-resolution method, the melt penetrates a little slower and because
of less melt spreading there is also less steam production. That is the real cause of such strange
results.

The excellent agreement of ESE simulation results with the upwind scheme and
"MIXA06" global measurements is just a special case where the inaccurate numerical solution
of the uncomplete physical model of the mixing process gives perfect global results. The right
way to improve the ESE code further is not to use lower order numerical methods but to develop
more sophisticated models, which will better describe the physics of the phenomena.

5. Conclusions

A new version of the general 2D-multiphase flow code ESE which was developed to model the
interaction of the molten core debris with water is presented. The main improvement is in the
more accurate numerical treatment of the probabilistic multiphase flow equations, which are
solved using a high-resolution finite difference method.

To examine the accuracy of ESE and to test the behavior of different numerical
schemes the premixing experiment "MIXA06" is simulated. The global results of the simulation
like depth of melt penetration and steam production agree reasonably well with "MIXA06"
experimental data but depend much on the used numerical scheme. The best, nearly perfect
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agreement shows the simulation with the simple, first order upwind scheme, whereas the
poorest, but still satisfying agreement of the results has the numerically most accurate high-
resolution method.

This strange results show that one should be very carefully when interpreting results and
making conclusions, since global parameters like melt penetration depth and cumulative
steaming rate may agree because of different reasons and so the agreement itself does not
necessarily indicate that the numerical methods and physical models are correct. The excellent
agreement of ESE simulation results with the upwind scheme and "MIXA06" global
measurements is just a special case where the inaccurate numerical solution of the uncomplete
physical model of the mixing process gives perfect global results. •"••••

The right way to improve the ESE code further is not to use lower order numerical
methods but to develop more sophisticated models, which will better describe the physics of the
phenomena.
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Abstract

The severe accident including loss of coolant scenario using'computer program MELCOR
1.8.3 was modeled. There have been number of analysis using other integral computer
packages performed in the past including MAAP and STCP programs as well as mecha-
nistic computer packages such as RELAP5.

MELCOR is state of the art program maintained by United States Nuclear Regulatory
Commission and is currently used at University of Maribor to assess some of the accident
sequences.

Advantages and shortcomings of the nodalization are discussed and future plans are pre-
sented, accompanied by few test run results applied to NPP Krsko geometry.

Introduction

At the University of Maribor the database describing Krsko Nuclear Power Plant was
developed to be used with MELCOR 1.8.3 computer code. The database was developed
using mainly Updated Safety Analysis Report, and other available documentation col-
lected both through Slovenian Nuclear Safety Administration and Krsko nuclear power
plant. This database optimization and further development is subject of this work.

The special attention was given to optimization of nodalization of Reactor Coolant Sys-
tem. There are number of tasks involved in this work including the nodalization study to
determine the most suitable cost (number of nodes) vs. benefit (accuracy of the results)
ratio. Also, the database is currently modified for loss of off-site power scenario used as
benchmark as it has been studied previously using MAAP integral code so several as-
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sumptions embedded therein were contemplated.

An attempt at consistent nodalization analysis with different numbers of control volumes
on the primary side was made. This work was primarily motivated by a desire to compare
the results to the results of other computer programs. Several thermodynamics parameters
were followed: time to open safety valves on steam generator, time to rupture disk failure,
time for the core to uncover, time to reactor vessel failure and time to containment failure.

Additionally, initialization criteria were addressed. In particular, the system pressure, the
-temperature of primary medium and the energy transfer through the steam generators
were chosen.

For melting criteria, the temperature of Zircalloy cladding at different levels in core, the
temperature of the melted material in the cavity and the concentrations of hydrogen and
carbon monoxide in the containment were selected.

Division into nodes

To investigate the influence of nodalization six meshes with different mesh density of the
primary side were made. The models consist of mainly two types of elements: control
volumes and flow paths. The program solves the continuity equation in control volumes,
and momentum equation in flow paths. For solving energy equation heat structures were
used. The secondary side, containment and the environment are also modeled albeit at
this stage rather simplistically. The turbine is not modelled, because it has no influence
on solved scenario. For all calculations the same nodalization of secondary side was used.
In the table 1 the number of control volumes, flow paths and heat structures on the
primary side of Power Plant are presented.

P-18
P-21
P-24
P-27
P-31
P-38

CVH
18
21
24
27
31
38

FL

25
28
31
34
38
45

HS
19
21
21
21
25
29

Table 1: Number of CVH, FL and HS on primary side for different nodalizations

The core consists of three main segments: a reactor vessel wall, a lower plenum and a
lower head, and an active core. It is modeled with seven radial nodes and fourteen axial
levels, the first two modeling the reactor vessel wall, the second two the lower head and
the lower plenum, and the remaining ten the active core. The active core nodes are linked
to the three control volumes and ten heat structures, in accordance with MELCOR re-
quirements for dTfdz model.

Among engineered safety features, only accumulators are modelled. Neither pressurizer
sprays nor low/high pressure injection are used during loss of off-site power sequence thus
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omitted in the current version.

On the figure 1 the nodalization with 27 control volumes on primary side is presented.

CVVli

FL454]

PUMI\

CV5KI

3V901

[FL3S4

3UMP

3V503

Figure 1: The nodalization with 27 control volumes on primary side

Initialization

Parameter initialization focusing on stationary and quasi-stationary (i.e. stability in the
appointed time period) criteria is shown, the following parameters accounted for:

- system pressure (on primary and secondary side)
- temperature of primary coolant media
- transfered heat power on secondary loops

1 he stationary criterion is that the system must work 300 seconds on full power without
essential (less than 1 %) change of parameters. In all calculations the initialization time
of 1000 5 was used. It was established that 100 5 of initialization is enough and it should
be used in ensuing calculations.

In the figures 2 and 3, the system pressure on primary and secondary side, and transfered
heat, power in steam generators during initialization time (1000 s) for nodalization with 18
control volumes (to be compared with to MAAP computer code nodalization) are shown.

Scenario

As stated previously, loss of off-site power was chosen as the benchmark, with rather
simple scenario consisting of the following assumptions:

0-1000 s . . . full power, normal operating conditions
1000 s . . . loss of off-site power
1000 5 . . . reactor scram, all pumps start the coastdown
2800 s . . . seal leak developed, 125 gpm
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Figure 3: Transfered heat power on secondary loops

Results

There were roughly 50 thousand second simulated for each nodalization. The summary
of important events are given in table 2.

Figure 4 shows the containment pressure, showing the vessel breach as the rapid change
in pressure rate. In the figure 5, pressure on primary and secondary side is represented.
Both the effects of steam generator boil-off and accumulator discharge are shown. Figure
6 shows the discharge through the seal leak. It is evident that when lower head became
open, the mass flow rate through seal leak became zero.

In the figure 7 the mass of H2, CO and CO2 in containment are shown. The presumption
of vessel failure is justified if (a) the cladding temperature rise is evident, (6) melted mate-
rial is present in the cavity, evidence of which is given through the rise of its temperature
and (c) presence of H2 and CO2 in containment is established, this being possible only
through concrete dislocation and/or Zircalloy cladding oxidation.
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SAFETY VALVE OPEN
RUPTURE DISK BROKEN

CORE UNCOVERING
REACTOR VESSEL FAILS

CONTAINMENT FAILS

P-18
1641
1686
5120
18872
27349

P-21
1828
1880
5326
26980
27984

P-24
1787
1826
5515
22599
25610

P-27
1752
1813
5649
18979
25151

P-31
1721
1779
5479
20083
25305

P-38 |
2418
2503
6821
20430
30540

Table 2: Summary of important events

In the figures 4-7, the results for nodalization with 18 control volumes on primary side
are presented, to wit:

- reactor vessel fail are at pressure of 30 bar after 18872 s,
- containment fail after 27349 s,
- pressure in containment rises fast before containment fails,
- mass of #2 rises to attain max. at 400 kg before containment fails.
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Figure 4: Containment Pressure

In the figures 8-12, the results for nodalization-with 27 control volumes on primary side
are presented.

Figure 8 shows temperatures of debris and water steam in the cavity.

Figures 9, 10, and 11 show the temperatures of the cladding on the top, middle, and
bottom of the core, respectively. An interesting phenomenon is shown. The core starts
to slump in the center of the bundle in the upper third of the active core, however, the
outer layers of the core are first melted in the middle third of the active core. After the
debris has been relocated to the support plate the melt refreezes, and reheats. Several
hours later the lower vessel fails and the melt is ejected into the cavity. Figure 12 shows
the temperature of the particulate debris on the bottom of the lower head with nicely
shown step function after the. debris has actually been formed.
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Conclusion

In the present paper the sucessful evaluation of the following problems are described:
initialization, simulation of vessel failure and renodalization of primary RCS side.

For the evaluation of the presented problems MELCOR 1.8.3. computer code, which en-
ables beyond design analysis of nuclear power plant, was used.

According to the results of the described work it is advisable that the guide lines of the fu-
ture research should be: steam generators primary side nodes increase, decrease of nodes
within the rest of the primary side, better containment description, i.e. discretization ,
and more detailed description of the source term.
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Abstract

The work presents some possibilities for the animation of MELCOR 1.8.3 predictions
with NPA graphical interface software for the case of a hypothetical LB LOCA accident
scenario, for Krsko NPP, a two-loop Westinghouse plant. A model of Krsko NPP has been
developed, at-US, consisting of 21 hydrodynamic volumes, 26 flow paths and 47 heat
structures. SGI and SO2 secondary side, turbine and environment are modelled each with
only 1 volume, while the multi-compartment containment model has 4 volumes. Reactor core
is modelled with 13 axial segments in 3 radial rings, initially occupying upper 10 axial layers
with later possibility to relocate into 3 lower axial segments, before penetrating through the
reactor vessel wall. The purpose of the work was to demonstrate the animation of some main
basic phenomena predicted by MELCOR code during severe accident progression. Some
masks have been developed for observing the main phenomena during the severe accident
progression.

Introduction

MELCOR [1] is a modular, fully integrated engineering-level computer code for
modelling progression of severe accidents in light water reactor nuclear power plants. It was
developed at Sandia National Laboratories as the successor to the Source Term Code Package.
The phenomena treated by MELCOR code are thermal-hydraulic response of the reactor
coolant system, heat conduction within intact, solid structure and energy transfer across its
boundaries into control volumes. Core and lower plenum structures relocation during melting,
slumping and debris formation, including failure of the reactor vessel and debris ejection into
the cavity is treated by MELCOR code. The thermal response of the core and lower plenum
internal structures including the lower portion of the reactor vessel is also taken into account.
Hydrogen production is assumed during the fuel cladding interaction with coolant. The attack
of the basemat concrete by hot or usually molten core materials is modelled. The effects of
heat transfer, concrete ablation, cavity shape changes and gas production are included.
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Radionuclide release and transport behaviour of fission product vapours and aerosols are also
tracked by MELCOR.

Since the computer capabilities develop constantly and rapidly and the nature of work
with computers inclines more and more towards transparency instead of handling with bare
input and output numbers, a need arose to develop a graphical interface for a severe accident
code as MELCOR. Large number of output data produced by an integrated computer code
like MELCOR requires an interface tool to display or partly interpret results from the
simulation. Further, the analyst might wish to interact with the computer program while
running, not only in the sense of time step and performance control, as it is already possible
within MELCOR, but by actual control over some flow paths or boundary conditions.

The interfacial routines for coupling MELCOR 1.8.1 and NPA have been attached to
the distribution of/NP^11.3 and later version 1.3.4 [2, 3]. NPA was primarily developed to
animate the results from RELAP5/MOD3 [4] thermal-hydraulic computer code. The
animation of thermal hydraulic processes and the interaction with RELAP5 code during some
operational transients, where operator interventions are expected, might seem to be more
attractive, but observing simulation results from MELCOR has other advantages. For instance
an expert in core melt and relocation processes may need some support in radionuclide
transport visualisation. Besides, a certain process can be visualised in detail to any extent
where MELCOR provides data, or even beyond, depending on the analyst experience and
imagination. This can be accomplished by simple tools and objects and may serve as a
demonstration tool to other experts, students or public. It may as well enhance the view of the
analyst himself who had produced the animation masks.

MELCOR Model of Krsko NPP

A model of Krsko NPP, developed at US [5, 6], consists of 21 hydrodynamic volumes,
25 flow paths and 47 heat structures. Hydrodynamic volumes were distributed into 10 groups:
vessel, loops, pressurizer, secondary sides, turbine, containment, etc. to use some plotting
capabilities of the radionuclide (RN) package. SGI and SG2 secondary side, turbine and
environment are modelled each with only 1 volume. Containment has 4 volumes, starting with
the reactor cavity, lower cylindrical part, including containment sump, upper cylindrical part
and containment dome. An additional flow path was added for simulating large double-ended
break of the cold leg. Lower vessel head failure and containment failure flow paths are
assumed to be part of the master input model. Reactor core is modelled with 13 axial
segments in 3 radial rings, initially occupying upper 10 axial layers with later possibility to
relocate into 3 lower axial segments, before penetrating through the reactor vessel lower head.
Cavity is modelled by 50 shape points, which are moving along the beams and are focusing
0.1 m above initM elevation of the cavity floor. 30 points are describing cavity floor
movement, 10 are distributed around the corner and 10 along the cavity vertical wall.
Radionuclide deposition on heat structures is enabled inside the primary and secondary
system. Deposition on the outside surface of the primary and secondary system components is
not yet possible. However, radionuclides can be deposited on the containment heat structures
(miscellaneous equipment, piping and platforms, electrical equipment, HVAC, polar crane
and containment walls). Material from the core package is transferred to fuel dispersal (FDI)
package into the cavity with two transfer processes (TP), where control rod poison is
discarded along the way and does not reach the cavity (CAV) package.
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In parallel with the MELCOR model development, the graphical interface has been
upgraded [7], using NPA (Nuclear Plant Analyzer) software, developed at INEL (Idaho
National Engineering Laboratory). In the beginning phase some masks have been developed
for observing main phenomena during the severe accident progression. These include thermal-
hydraulic phenomena during the initial blowdown phase, core melt and relocation after the
core heatup and cavity shape changes during the interaction of concrete and molten core
material. During the process of animation mask creation some drawbacks of MELCOR code
have showed. Many variables in MELCOR can only be used as parameters to control
functions or as plot variables, but not for both purposes. So the coding had to be modified and
the list of the recognized variables was extended.

Example of a LB LOCA Scenario Animation

A simple hypothetical severe accident scenario in Krsko NPP has been chosen for
animation with NPA [6, 7]. A double-ended large break has been opened in one of the cold
legs at the beginning of the simulation. The primary coolant inventory was released into the
containment in some seconds. No safety injection was provided from any of the plant systems
(high pressure, low pressure injection systems or passive accumulators). These assumptions
were made to reach the conditions for core degradation and meltdown as soon as possible. No
containment safety systems ware modelled. Core support plate was the only structure
modelled in the reactor vessel, besides the core itself. This was assumed to hold the debris till
it own meltdown and failure. Vessel penetrations were modelled in all the 3 radial core rings,
but it showed that the great majority of the molten core material was released to the cavity
only after vessel creep rupture. Deflagrations and detonations were allowed by BURN
package, but no coolant ever reached the cavity, since it was all spilled into the containment
sump. CORCON model was used to describe core-concrete interactions in the cavity.

After the initial blowdown the core started to heat up almost adiabatically, so cladding
oxidation started after only 100 seconds. Control rods started to melt and relocate shortly after
that. Cladding started to melt in the middle radial ring about 200 seconds after the break
opening. Core support plate failed in the middle radial ring after 750 seconds and 1/3 of the
core slumped to the bottom head. The inner part of the core relocated into the bottom head
after 1200 seconds, while in outer radial ring this happened after 1400 seconds. Vessel
penetrations failed between 2000 and 2500 seconds, but the molten material was refrozen, so
the penetrations remained plugged. The majority of the core inventory was released to the
cavity after the vessel creep rupture at about 5500 seconds, while the last remainder of the
core material dropped into the cavity after about 10000 seconds. Core-concrete interaction
started after 5500 seconds and a great portion of the cavity concrete has been molten and
mixed with the core material by the end of simulation at 100000 seconds.

Three snapshots of different masks have been taken during the MELCOR simulation,
to get the general view of the main phenomena. In Figure 1 the synoptic mask is presented
depicting the thermal-hydraulic state of the primary and secondary side shortly after the break
opening in the cold leg. On black&white picture lighter grey color in the primary system
(originally green) represents nodes where there is still subcooled liquid. Darker areas
represent (originally light and dark blue) saturated conditions, while white color means water
vapor inventory only with the possible presence of air or some other non-condensable gasses.
Secondary system is also in the state of saturation. Cold leg break is represented by dashed
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flow path with a valve, connecting cold leg and containment lower part. Valve color is white,
which represents opened flow path..
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The next snapshot, shown in Figure 2, was taken at 1.000 seconds from the core model
mask. Three radial rings have been represented, divided in 13 axial segments. Different core
materials are represented in parallel columns: fuel, control rods, cladding, zirconium oxide,
stainless steel and its oxide. The last column is reserved for inconel, but the structures made of
this material are presently not modelled, so these columns remain empty. The portions of
different materials have been represented by their masses, normalized to the maximum mass
of each material in a core cell during the whole accident sequence. So only the presence of
different materials in certain core cells can be tracked through this mask, but not also their
volume fractions. It can be seen that at 1.000 seconds the core material in the middle core ring
has already slumped into the bottom head, while in other two radial core rings fuel pellets are
still intact and in place.

The last snapshot, shown in Figure 3, was taken at the end of simulation, after 100.000
seconds, from cavity state mask. It gives the information about cavity shape after a long
period of core-concrete interaction. It can be seen that cavity has been eaten about 0.75 in
depth and more than 1.2 m in radial direction. Since the interaction still continued at the end
of simulation, it could be expected that the cavity concrete would eventually been failed, if no
cooling could be provided for the molten pool inside the cavity.
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Conclusions

A full two-loop model of Krsko NPP with multi-compartment containment model, for
predicting severe accident phenomena has been developed at US.

Coupling of NPA 1.3.4 and MELCOR 1.8.3 code has been successfully accomplished.
The necessary changes have been performed in the software for coupling NPA 1.3 and
MELCOR 1.8.1, provided by INEL. Some modifications have been introduced to enable
better animation of the core melt and relocation phenomena.

NPA coupled with MELCOR provides a powerful tool for analyzing phenomena
during severe accident progression. Originally NPA was developed as a graphical interface for
RELAP5 thermal-hydraulic code, but has fully shown its advantages and transparency also in
the connection with MELCOR severe accident code.

Three most explanatory masks have been developed to observe hypothetical severe
accident progression in Krsko NPP. These are synoptic thermal-hydraulic mask, core model
mask and cavity state mask. The means of interacting with the simulation code during the
execution have been identified, but not yet introduced in the present MELCOR model of
Krsko NPP.

References

1. MELCOR 1.8.3. Computer Code Manuals, SNL, NUREG/CR-6119, SAND93-2185,
September 1994, •

2. D.M.Snider, K.L.Wagner, W.H.Grush, K.RJones: Nuclear Plant Analyzer Computer
Visual System (CVS) Reference Manual, Version 1.4, EGG-EAST-9095 Rev.2, August
1994,

3. D.M.Snider, K.L.Wagner, W.H.Grush, K.R.Jones: Nuclear Plant Analyzer Reference
Manual, Version 1.4, EGG-EAST-9096 Rev.2, September 1994,

4. RELAP5/MOD3 Code Manual, NUREG/CR-5535, INEL-95/0174, June 1995,

5. M.Khatib-Rahbar: Upgrading of Krsko NPP: Severe Accident Modelling, IAEA End-of-
mission Report, Vienna, December 1993,

6. I.Parzer: Phenomena During a LB LOCA Accident Predicted by MELCOR Code, Proc. 3rd

Regional Meeting: Nuclear Energy in Central Europe, 16 to 19 September 1996, Portoroz,
Slovenia,

7. B.Mavko, I.Parzer: MELCOR Code Integration with NPA, SARM - International Topical
Meeting on Severe Accident Risk and Management, June 16-18,1997, Piest'any, Slovakia.

42 Proceedings of4 Regional Meeting Nuclear Energy in Central Europe, 1997



SI0100008

NUMERICAL INVESTIGATION OF TURBULENT NATURAL CONVECTION IN
REACTOR PRESSURE VESSEL LOWER PLENUM DURING CORE MELTDOWN

SCENARIO

Andrej Horvat, Ivo Kljenak
Reactor Engineering Division

"Jozef Stefan" Institute
Ljubljana, Slovenia

E-mail: andrej.horvat@ijs.si

ABSTRACT - A possible severe accident scenario is a general meltdown and relocation of the reactor core
during which molten core material accumulates in the lower plenum of the reactor vessel. The decay heat
generated in a radioactive material would have to be removed through the walls of the lower plenum in order to
ensure the integrity of the reactor pressure vessel. Numerical simulations of turbulent natural convection in a
geometry representing the lower plenum cavity of a reactor pressure vessel were conducted. A two-dimensional
numerical code based on a finite-volume method was developed to simulate turbulent natural convection in a
fluid with internal heat generation using large-eddy simulation. Simulations were performed at Rayleigh
numbers 1010 and 2-101 and Prandtl numbers 1.2, 7 and 8, which corresponds to conditions in the numerical
investigations made by Nourgaliev et al. (1997) and in the experimental work done by Asfia and Dhir (1996).
The results are shown to be in satisfactory agreement.

NOMENCLATURE

b
G
h T
I
I

L
Nu

Pr

q
Ra

S

Z
V

X, Z

modified pressure
filter operator
temperature
heat generation
filter width
length scale
Nusselt number {qL0)/(a (Tw -Taver))

Prandtl number v 0 / o 0

heat flux

Rayleigh number (|g|po/0Z5
0 )/(vo>,ouo )

tensor of subgrid stresses

strain tensor
velocity
spatial coordinates

Greek Letters
P
V

A,

C,

P
u

thermal dilatation
kinematic viscosity
thermal conductivity
specific heat
density
thermal diffusivity

Subscripts / Superscripts
0
res

tr
w

scale value
residuum (k-Ji)

\ i

trace of tensor
value at the wall

INTRODUCTION
Natural convection heat transfer in liquid pools with internal heat generation has been the

subject of a considerable number of fundamental and applied research programmes. This process
determines the thermal and fluid dynamic behaviour of many natural systems and industrial
instalations, such as the earth's mantle, welding pools, electrically heated melt pools in metallurgy and
material processing, etc.
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Recently, natural convection heat transfer in internally heated liquid pools has been related to
molten core behaviour during severe accidents in nuclear reactors. A possible severe accident scenario
is a general meltdown and relocation of the reactor core during which molten core material
accumulates in the lower plenum of the reactor vessel. External cooling of the lower plenum by
flooding of the concrete cavity with subcooled water is one of the management strategies currently
being considered for this type of accident. Our purpose was to study natural convection behaviour in
the lower plenum during this specific scenario. In the past, a considerable amount of experimental and
analytical effort was used to obtain heat transfer correlations for natural convection of internally
heated fluids in various geometries, such as in a fluid layer, in rectangular, semi-circular and elliptical
"slice-type" cavities and in hemispherical pools. A review of experimental and theoretical results is
presented in the work of Nourgaliev et al. (1997).

Among recent analytical efforts to predict these phenomena, two major approaches can be
distinguished. The first approach can be recognized, for instance, in the works of Henry and Fauske
(1992), Henry and Suh (1994), and Suh and Henry (1993), who developed integral models using
discrete volumes. The second approach has been used, among others, by Dinh and Nourgaliev (1997),
Dinh et al. (1997), and Nourgaliev et al. (1997), who used a differential model of transport equations.
The first approach provides only integral values of thermal-hydraulic variables but requires less
computer time. The second approach, which was also selected in the present work, provides a more
detailed picture of the physical phenomena but requires extensive computer capacities due to modeling
of the fluid turbulence.

The fluid behaviour in the considered process depends on two dimensionless parameters,
namely the Prandtl (Pr) and Rayleigh (Ra) numbers. When the Rayleigh number exceeds a certain
value, transition from laminar to turbulent flow occurs. There are very little published simulation
results at Rayleigh numbers beyond Ra-1010. Because of the scale of fluid motion, which is smaller
than the numerical grid spacing, a proper model of turbulence is necessary to ensure the consistency of
numerical results.

In the past, attempts to model turbulence jn fluids with internal heat generation were made by
using various k-s models. In this work, a modified Smagorinsky-type of large-eddy simulation (LES)
was used. This model proved to be a robust and reliable numerical tool for solving turbulent natural
convection cases in a fluid with internal heat generation.

GEOMETRICAL CONSIDERATIONS, BOUNDARY AND INITIAL CONDITIONS
Although some experimental and numerical results for semi-circular and ellyptical cavities are

already available, a square cavity was assumed to simplify calculations at high Rayleigh numbers. Fig.
1 shows a schematic of the lower plenum arrangement and boundary conditions during a core
meltdown scenario, whereas fig. 2 shows the supposed qualitative behaviour of a fluid with internal
heat generation in a rectangular geometry, based on the calculated results.

v=0

T=TW

n ju:,, n

Figure 1. Lower plenum arrangement and Figure 2. Schematic of qualitative behaviour
boundary conditions during a core meltdown of fluid with internal heat generation in a
scenario. rectangular geometry.
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The comparison of experimental results from natural convection cases in rectangular and
spherical cavities reveals the similarity of heat transfer processes in both geometries. Moreover, it is
safe to assume that the maximum heat transfer, based on Nusselt number, is similar for rectangular and
spherical cavities of similar dimensions. The maximum heat transfer occurs in the upper corners of the
cavities. Larger discrepancies between heat transfer in rectangular and spherical cavities occur only in
the lower parts (Asfia and Dhir, 1996; Nourgaliev et al., 1997).

Experimental and numerical results presented by Dinh et al. (1997) and Nourgaliev et al.
(1997) suggest that the fluid pattern is basically two-dimensional. A two-dimensional model should
thus be adequate for simulation of the considered phenomenon.

In the present calculations, the wall was considered isothermal because of melting and
solidification processes which occur in the lower plenum during meltdown scenario. No-slip boundary
conditions were prescribed for velocities. A homogeneous isothermal temperature field was applied
for the initial stage of simulations.

PHYSICAL MODEL
The above presented phenomenon may be described with the continuity, momentum and

energy equations for an incompressible fluid with variable density using the so-called Boussinesq's
approximations :

V-v=0 , 0)

dt g

dt

In the derivation of eq. (2), it was assumed that density differences result only from
temperature variations. Composition variations were thus neglected. When equations are discretized,
they have to be filtered in order to remove the unresolved motion. In this work, a spatial "top-hat"
filter was used, which is also widely used in large-eddy type of turbulence models (Eidson, 1985;
Germano, 1991).

(4)

0 ,\R-r\>Ar
L ' I I -OS

where r is any of the space coordinates. Although the choice of filter width is in principle arbitrary, it
seems plausible to prescribe it as proportional to the size of the numerical grid. Application of the
filter operation (4) to equations (l)-(3) leads to:

v-?=o , <*>
+ V ( ^ ® ^ ) V 6 P ( v f ) R P A | V ( r e s 5 ; )|

Ol

where the last terms of eqs. (6) and (7) represent the unresolved part of the velocity and temperature
fields:

Using Boussinesq's approximation of turbulent stresses and turbulent thermal fluxes (Hinze,1959),
these terms are added to the strain tensor in eq. (6) and to the energy diffusion fluxes in eq. (7).
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We write:
(10)

and further:

dt
(13)

The eddy viscosity was modeled with the Kolmogorov assumption (Hinze ,1959):

vf = const. I*/* zu *.

It was further assumed that the filter splits the spectra of subgrid motion somewhere in the
Kolmogorov equilibrium region and that the turbulence viscous dissipation is equal to the turbulence
production. The turbulence production can be easily defined from filtered values. Thus:

where

vy = const.

1
S = -

- \
,. = [PrRajf

PiV S g

(15)

(16)

(17)

The constant in eqs. (14) and (15) is case-dependent and determined empirically. In our case its value
was prescribed as (0.21)2, whereas the turbulent Prandtl's number P/y was set equal to 0.4, as reported
byEidson(1985).

As the above described turbulent model is too dissipative in the vicinity of the wall (Eidson,
1985), wall functions had to be used. In our case, we selected van Driest's function (Patankar and
Spalding, 1970), which was modified to account for buoyancy forces:

where f(Ri)=

/M=l-exp(-x/26

l + tanh(-7ri?/) ,Ri>0

Ri<0

(19)

NUMERICAL METHOD
A finite-volume numerical method was used to solve the set of equations (5), (12) and (13)

with no-slip boundary conditions for the velocity field and Dirichlet's type of boundary conditions for
the temperature field. A 128x128 points staggered grid was used for spatial discretisation. The
convection term in the equation of motion (12) was discretised using a second-order accurate Harlow
and Welch scheme (1965), whereas the energy equation convection term was discretised using a
second-order up-wind scheme. This was necessary to ensure stability of integration.

The time integration of the equations was performed using an explicit second-order accurate
Adam-Bashford method. The method was slightly modified to account for time step variations during
integration. Calculations, which were performed on a Sun Ultra 2 workstation, required from 24 to 120
hours of CPU time till steady-state conditions were reached.
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RESULTS AND DISCUSSION
Numerical simulations were performed at Rayleigh numbers Ra = 1010 and 2-1011 and Prandtl

numbers Pr = 1.2, 7, and 8. A picture of general circulation pattern of a fluid with internal heat
generation was already shown on fig. 2. An example of calculated instantaneous velocity field is
presented on fig. 3. It can be seen that the fluid rises in the core of the cavity as it is driven by
buoyancy forces. It is then cooled at the upper plate and forms an unstable boundary layer which is
able to make an intrusion of cold fluid in the upper core region. The small vorticals may clearly be
observed on fig. 4.
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Circulation of a fluid with
internal heat generation.
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These intrusions are probably the major contributors to turbulence production. The boundary
layer of cold fluid is stabilized at the side wall where the fluid descends to the bottom of the cavity. If
the friction of the rising fluid at the core side of the boundary layer is strong enough, part of the
descending stream will separate from the rest and change direction before reaching the bottom.

The lower part of the core of the cavity is stratified with increasing temperature from bottom
to top. It was observed during calculations that the stability of temperature stratification increases with
increasing Pr number.
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Figure 5 provides an insight into the turbulent behaviour of the above described system. The vertical
coordinate represents the subgrid kinetic energy, defined as :

( 2 0 )

As shown on fig. 5, the turbulence is not evenly distributed over the cavity. Rather the strong local
extremes occur. The unresolved part of the kinetic energy represents in some regions even 20% of the
resolved kinetic energy of the fluid. This shows that turbulence in fluid with internal heat generation
should not be neglected in lower plenum modeling.

K/abs(v)

0.1 0.2 0.3

Figure 5.
Subgrid kinetic energy at
/ta= 1010 and P r= 1.2

x/L 0.1

The variable of interest from the engineering point of view is the wall heat transfer.'Local and
average Nu numbers were calculated for bottom, side and top walls for three different Pr numbers and
two different Ra numbers. The obtained results are summarized and compared to calculations
performed by Nourgaliev et al. (1997) for a square cavity at Ra = 1010 and to experimental results
obtained by Asfia and Dhir (1996) in a spherical pool at Ra - 2 -1011 in table 1. The agreement
between results is satisfactory.

Table 1: Nu number averaged over bottom and top wall

Nourgaliev et al. (1997) /our predictions,

Jtor = 1010,J> = 1.2
Nourgaliev et al. (1997) /our predictions,

Ra = W\Pr = l
Asfia and Dhir (1996) /our predictions,

/ta = 2-10M,/V=s.8"

Bottom wall
13.9/14.3

10.1/10.5

(-)/15.6

Top wall
67.6/73.1

76.2/81.2

164.6/168.3

It was found that at given Ra number the Nu number assumes the highest values in the upper
corners of the cavity (figs.6 and 7). The variation of Pr number strongly affects the flow conditions on
side walls and at the bottom. It was observed during simulations that increasing of Pr number causes
tearing of the boundary layer and turbulence production. This may be seen on the distribution of Nu
number along the side walls (figs. 8 and 9).

At the bottom of the cavity the variation of Pr number has the strongest influence. At smaller
Pr number, the influence of viscous dissipation is weaker. The vorticals are more resistant and the
stratification of the lower part of the core region is less stable, which can be seen on figs. 10 and 11.
This also influences the local Nu number which exhibits peaks at a certain distance from the bottom
corners.
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CONCLUSIONS
A modified Smagorinsky-type large eddy simulation of natural convection in a fluid with

internal heat generation was developed. The process was simulated in a square cavity which represents
the lower plenum of a reactor pressure vessel filled with molten core material.

Results, which were obtained for Rayleigh numbers 1010 and 2-1011 and Prandtl numbers
1.2, 7 and 8, show good agreement with theoretical results from Nourgaliev et al. (1997) and
experimental results from Asfia and Dhir (1996). The proposed approach thus seems to be appropriate
for modeling of lower plenum cooling problems.

It was observed that a lower Pr number, stratified layers in the cavity lower region are
disturbed by descending flows in the convection-dominated side wall region and by falling cold fluid
from the top wall region. The local Nu number in the bottom corners of the cavity is also significantly
increased.

Further improvements of the proposed model will be directed towards modeling of natural
convection in a spherical geometry in order to reduce uncertainties due to geometrical simplifications.
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INEX 2 EXERCISE -
SLOVENIAN EXPERIENCE
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Vojkova 59, 1113 Ljubljana, Slovenia

Abstract

INEX-2 is a codename for a series of exercises initated by OECD/NEA. Each of the INEX-2
exercises is organized in a different country and the data about the simulated accident are
available to all the participating countries via communication links, which would be established
in case of a real emergency. The paper considers the experience gained in Slovenia during two
such exercises. INEX-2 exercises provide the unique opportunity for the participants to practice
emergency actions in the case of a nuclear accident in a foreign country.

1. Introduction

Inspired by the experience of INEX-1 exercise [1], which was a tabletop nuclear
emergency exercise in 1993, OECD/NEA decided to organize and to sponsor the
second international nuclear emergency exercise INEX-2. The recommendation has
been given to devise INEX-2 as a series of regional exercises. In each region one
accident-host country will integrate the exercise objectives into a national exercise,
and this will form the core of INEX-2. Following the scenario in the accident-host
country, border countries and far-field countries will participate simultaneously,
activating their own emergency organisation and existing bilateral and multilateral
notification and communication agreements. The concept of communication during the
exercise is the separation of the domestic part from the international part:

the exercise is designed as the national exercise and all communications for the
national part are the same as would be in case of the national exercise,
the exercise direction serves as the link between the national and international
part: all communication to the international participants goes through the
exercise direction. The international players can not directly communicate with
the players in the accident-host country.

There are four national exercises on the schedule of INEX-2. Two have already been
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organized (the Swiss and the Finnish exercise) and two are still to be performed (in
Canada in April, 1998, and in Hungary in November, 1998).

The basic objectives of the INEX-2 exercises, which are common to all exercises, are:

real-time exchange of information (for the most of participating countries the
IAEA EMERCON notification is used, and for EU countries ECURIE system),
decision making in real time and with limited data,
public information (press releases, publicjDriefihgs, press conferences).

Beside these fundamental objectives there is a principle of "evolving objectives", which
means tailoring the objectives to the specific needs, which will evolve from the
experiences of the previous exercises.

2. Facts about the Swiss and Finnish Exercise

The description of the Swiss and the Finnish exercise is organized into five sections:
participants, short description of the scenario, communications, decision making and
public information.

2.a Participants

In Slovenia the participation at both exercises was mainly limited to the Nuclear Safety
Administration and Civil Protection Headquarters, which external members are experts
from other -organizations (e. g. Ministry of Health, Meteorological Service,
Governmental Office for Public Information, nuclear technology and radiological
experts).

2.b Short Description of the Scenarios

For the Swiss exercise the basic assumption for the scenario was an explosion and the
fire in the turbine building of Leibstadt NPP (1000 MWe boiling water reactor), which
is situated on the Rhine river close to Swiss-German border. Explosion damaged the
turbine and caused major generator fault. There was minor radioactive steam release
during the accident. Radiological impact on the environment was minimal, what was
proven by the field measurements. Therefore the Swiss exercise was predominantly the
communication and public relations exercise for the foreign countries participating in
this exercise.

The Finnish exercise started with an airplane crash which hit the high voltage power
lines and cut off the power to the Loviisa NPP (2x 440 MWe WWER), which was in the
outage at that time. The emergency diesel generators were inoperable and the off-site
power could not be restored to the plant. Therefore the cooling capability of the primary
coolant was lost and its temperature started gradually to rise. The probability that such
a scenario could happen was negligible, because about five AC power sources were
inoperable, but this scenario was chosen, because it led to core damage.
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9.c Communications

The most frequently used communication means were facsimile, telephone and e-mail.
The communications means during Swiss and Finnish exercise are shown in Table I.
During the Swiss exercise the information for the Swiss population was also available
on the teletext, which was broadcasted via satellite (Euronews and 3sat). In neither of
the exercises the radio transmission or teleprinter lines were requested to be tested.

Table I: Communications during the Swiss and Finnish, exercise

Communication

IAEA - SNSA/NCPH

International News Agency - SNSA

SNSA - NCPH

NCPH-regional CM! Protection Headqrtrs (1)

International News Agency - Governmental
Office for Public Information (2)

NCPH - Health Ministry (2)

NCPH - Governmental Office for Public
Information (2)

bilateral agreements with Austria and Hungary

facsimile

CH

X

X

X

X

X

FIN

X

X

X

X

X

X

telephone

CH

X

X

FIN

X

X

X

e-mail

CH

X

X

FIN

X

X

(1) during Swiss exercise only
(2) during Finnish exercise only

Internet was used in both exercises:
in Swiss exercise the password to open the protected home page of the exercise
was communicated quite late (about in the middle of course of the exercise),
in Finnish exercise after approximately 9:30 a.m. CET the accesibility of the
Internet pages on the server of Finnish Ministry of Interior was substantially
reduced, because the lines to Finland were too busy. Therefore, at least in case
of Slovenia, it was almost impossible to place the call through all the way to
Finnish server, and the call to the specified Internet address was disconnected
due to time limit, which was exceeded, when dialing the Internet address.

During both exercises the main source of information for the authorities in Slovenia
were facsimile messages from the IAEA according to the Convention on Early
Notification in Case of a Nuclear Accident. The other source of information were the
news agency bulletins, which were issued by the simulated international news agency.
These bulletins were sent to the predetermined addresses in the participating countries
via facsimile and e-mail.
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One of interesting parameters of the exercise is the time, it takes from the triggering
event to the receipt of the official notification of the accident, which was sent from the
IAEA. For Slovenia these times were 2:25 hrs and 2:04 hrs for the Swiss and Finnish
exercise respectively.

Slovenia has bilateral agreement on the notification in case of a nuclear or radiological
accident with Hungary, therefore during both exercises Hungary was informed about
the radiological situation (readings from the radiation monitors) in Slovenia.

2. d Decision making

The National Civil Protection Headquarters (NCPH) is the body which members are
appointed by the government. During the emergency the NCPH makes independent
decisions and in case of the countermeasures which would affect a large number of
inhabitants, the decision is passed to the government. The actions, which were
proposed during the INEX-2 exercises by the NCPH, were:

during the Swiss exercise:
* to Meteorological Service: assure more and more frequent measurements

of weather parameters,
* to SNSA: establish contacts with the neighbouring countries, calculate

the projected doses, recommend the countermeasures,
* aiert some of the regional CPH to be in the preparedness mode,
* to Health Ministry: check the material balance of KJ tablets,
* notify the Headquarters of the Slovenian Army about the accident, if the
-. Army forces had been needed,
* put mobile radiological unit in the preparedness mode.

during the Finnish exercise:
* to the SNSA: determine the trajectories of radioactive material in case of

a release, assess the accident progression, calculate the projected dose,
* increase the preparedness mode of two mobile radiological unit,
* to Meteorological Service: obtain the background measurements from the

radiological monitoring network,
* the NCPH shall prepare the press release to inform the public,
* to notify the border countries about the accident in Finland,
* Health Ministry shall find out the status of capabilites for production of Kl

tablets.

2. e Public information

At both exercises:
simulated information (press releases) for the public was jointly prepared by the
SNSA and NCPH, and
simulation of media pressure was performed by two members of the Krsko NPP,
who are professionally in charge of public relations. They made the inquiries by
the telephone and fascimile, while playing the members of public.
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During the Finnish exercise the the press conference was organized by the NCPH and
journalist students played the role of journalists.

3. Slovenian Experience

(1) National versus regional (local) level: During the Swiss exercise besides the
participation of the organizations at the national level, one Regional Civil Protection
Headquarters was activated to test the communication and to pass the relevant
information and/or orders from the National Civil Protection Headquarters to the
Regional Civil Protection Headquarters. Due to the nature of the event there were no
specific action to be required from the regional Civil Protection Headquarters, therefore
this unit has little to do during the exercise, because there were no special provisions
in the'national scenario for them. Perhaps, it seems, that the level of simulated
activities is somehow inverse proportional to the distance between the country, taking
part at the exercise, and the country of the accident. This might be reasonable,
because the consequences of the accident, in principle, decrease with the distance.

(2) The decision making was satisfactory covered, except that the prime minister or his
cabinet were neither involved neither simulated. In the decision making only the top
level was involved (i.e. national level), maybe in some cases the regional initiative
could emerge. The "regional decision making" was not tested during the exercise. The
release during the Swiss exercise neither the accident progression did not request any
countermeasures to be taken in Slovenia and neither in Switzerland.

(3) For both exercises there were no calculated data from the radiological monitors of
the national radiation monitoring network in national scenario. For the Swiss exercise
the release could have been larger and such simulated data could have been required
by the players, because Slovenia is within the 400 km radius from the Leibstadt NPP.

(4) Sometimes it could be confusing, if the time in the country of the accident is different
than the local time in the participating country, using one time is recommended.
Between the Slovenian players some inconsistencies were observed due to different
time, because the event happened in another time zone. The strict labeling "CET",
"UTC" is advised, whenever the time is quoted.

(5) Simulated media pressure is necessary to keep the players busy and to enhance
and speed up the generation of press releases.

(6) These two exercises were a unique opportunity to test the emergency plan for the
accident in a foreign country in such a large scale exercise: the typical observation
regarding emergency plan was that the experts can not know all the details from
different nuclear power plants around the world and they have to adapt to a particular
situation, the sources of information are much less defined than for the emergency
plan, which covers the accident in our country.

(7) In spite of the fact the Finnish exercise was organized less than six months from the
previous (i. e. Swiss) exercise certain improvements have been made:
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the news from the international news agency were channeled to the
Governmental Office for Public Relations and Media instead to the SNSA as it
was before,
only organisations at national level participated as players in the exercise,
because it turned out, that the regional level can not be kept very busy during
such exercises, when the main information flow is from the IAEA,
the participation of one ministry through (i. e. Health Ministry) was foreseen in
the national scenario. None of the ministries participated in the previous
exercise.

(8) The general impression of the observers during the Finnish exercise was that the
players performed their tasks better than in the previous exercise, because the players
were mostly the same and they got used to each other and to the type of work, which
is expected from them.

(9) During both exercises for a limited period of time the teleprinters should be used
(communication : IAEA - national contact point), and on the national level (at least in
case of Slovenia) the radio and cordless communications should be used and tested.

(10) The decision making was done by the NCPH. Since Slovenia had been a far-field
country no specific countermeasures were recommended, but nevertheless the NCPH
trained the monitoring of the situation, communication between the state institutions
and public information.

(11) In the field of public information the press releases were jointly prepared by the
SNSA, which produced the draft version, and by the NCPH, which modified the draft
to the final version. It turned out that this process sometimes takes so much time, that
at the time the message is released (sent to the "media), it does not contain the updated
information (the situation during the course of press release preparation has changed).

(12) During the course of the exercises one might identify two needs:

a database containing the data of different nuclear power plants around the
world shall be established. The data will consist of relevant parameters, which
are needed for the assessment of accident progression (e. g. containment
volume, containment design pressure, the amount of fuel in the core, volume of
primary coolant, volume of refueling water storage tank, full flow of the safety
injection pumps, effective full power days since startup, etc.).
for the multilateral exchange of the information during the emergency: a
password protected home page on the Internet for each participating country.
This page would contain the information about the recommended
countermeasures for the population, measurements from the radiological
monitoring network and official press releases. The data would be regularly
updated. Any participating country could get the this information about any other
country (affected, neighbouring or far-field) practically real time with the desired
browsing frequency. Through this exchange of information the proposed
countermeasures could be easily harmonized between neighbouring countries.
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4. Conclusions

The next INEX-2 exercises will have to establish better interface between the accident-
host country and other participants (border and far field countries) at designing the
scenario. Although these are primarily national exercises their extension to INEX-2
exercise requires more focus on the objectives such as decision making and planning
for the countei-measures, because the notification and communication are not the only
one objective. The measurements of the on-line monitoring systems will have to be
simulated in foreign countries (especially in border countries) to play the exercise more
realistically. More bilateral or multilateral agreements on communication the monitoring
data between the countries will have to be agreed, therefore the common protocol for
international on-line data transfer should be determined and accepted by the most of
the countries and IAEA could promote this issue. The need for the on-line reliable
database with relevant data (project parameters which could be used for determination
of accident progression) on all nuclear power plants was identified.

The good reasons for such exercises is undoubtedly that:
these exercises strenghten the idea that nuclear emergency is an international
matter, and
the people from different countries who are responsible for emergency planning
meet at the Summary Exercise Meetings, learn each other and share the
information about the organisation and practices in their countries.
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ABSTRACT: The thermo-mechanieal response simulation of NPP Krsko reactor coolant pump
(RCP) casing under normal, upset, emergency and faulted operating conditions is considered. In
order to identify reliably the loads acting on the RCP casing, as resulted from the interaction with
the remaining part of the reactor coolant system, an adequately enlarged numerical model is
conceived first. The structural components of this model are subjected to dynamic analysis under
the thermal and pressure transient conditions as met during regular exploitation of the power
plant, as well as under loading conditions associated with seismic motion, and two accidents -
LOCA and SLB, respectively. A series of time dependent load cases is numerically analysed and
a critical combination, relevant for the fracture mechanics analysis, is identified. Then, the thermo-
mechanical analysis of the RCP casing is performed, based on a properly defined numerical model,
and its results are used, in view of the possible flaw existence, for the identification of the most
stressed parts. Stability analysis and evaluation of fatigue crack growth for four postulated cracks
is finally carried out.

1. INTRODUCTION

To demonstrate safety and serviceability of the reactor coolant pump (RCP) casing of the NPP
Krsko an evaluation performed in accordance with the ASME Code Case N-481 [1] was
demanded. Thus, stresses in the pump casing should be analysed first, followed afterwards by the
stability and fatigue growth evaluation of postulated flaws. In the paper the methodology of the
integrity assessment of the RCP casing, based on numerical modelling and subsequent computer
simulation, is presented.

When setting a numerical model for the thermo-mechanical response simulation of the RCP
casing several issues must be considered. First, reliability of the stress distribution to be evaluated
along the crack front is definitely of major significance in the fracture assessment of a solid body
with a postulated crack-like defect. Therefore, using a Finite Element Method it is necessary to
have a highly refined mesh in the zone containing the crack. But, in case the whole RCP casing
with flaws is modelled as one finite element model the fulfilment of the demanded dense
discretization of the crack surroundings would imply a numerical model with enormous degrees
of freedom to be considered. This is because the size of the casing is much larger than typical
dimensions of postulated flaws. A correspondingly large number of degrees of freedom is
therefore needed just to describe geometry and to obtain satisfactory stress response even when
the casing is assumed free of defects, while presence of an eventual crack demands insertion of
an additional large number of degrees of freedom. In such a case a submodelling technique is
often employed, considering in a numerical model just that portion of the casing that surrounds
the embedded crack. Since the size of such a submodel is essentially reduced the whole finite
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element discretization can be performed from the viewpoint of satisfactory approximation of tl
near crack stress field. However, using submodelling does not mean that there is no more ne<
for modelling of the whole casing. On the contrary, the application of correct boundary conditioi
at the submodel's boundary requires the temperature and displacement fields in the casing alor
the submodel's boundary to be known. These fields can be obtained only by considering tr.
thermo-mechanical response of the whole casing, the modelling of which is made, in compariso
to the submodel, by a correspondingly coarser mesh.

Besides the appropriate finite element discretization special care must be devoted to th
objectivity of loads acting on the RCP casing. The major trouble arising with respect to this issu
is due to the fact that the RCP is just a part of the reactor coolant system (RCS). Their structura
behaviour being coupled a consideration of the whole RCS structure is actually needed i
objectivity of the loads acting on the RCP casing as a result of the interaction with the remaining
part of the RCS is to be ensured.

2. THERMO-MECHANICAL RESPONSE MODELLING AND SIMULATION

When fracture mechanics analysis of a postulated crack in the RCP casing is demanded it certainly
makes sense that such a crack is located in a region where largest stresses occur. Due to different
operating conditions experienced by the RCS during regular exploitation of the power plant the
identification of this region is not a straightforward task. In fact it can be done only by a
corresponding thermo-mechanical response simulation of the RCP casing, assumed free of
defects. In accordance with the ASME Code Case N-481 normal, upset, emergency and faulted
operating conditions [3] must be considered for the integrity assessment of the RCP casing.

Most of the considered operating conditions are characterized by transient phenomena and
corresponding variation of loads, the magnitude of which is given in an envelope manner by
design specification [2] for the RCP casing. Unfortunately, as reliability of the simulation analyses
greatly depends on the objectivity of boundary conditions set on the RCP nozzles and RCP
supports, the envelope type loading specification is inappropriate for a detailed transient analysis.
Instead, to avoid speculations with uncertain boundary conditions an enlarged numerical model

considering the entire RCS is
analysed, and loads acting on
the RCP casing are determined
upon its mechanical response.
This model contains those
structural components of the
RCS which are essential for the
mechanical analysis (Fig. 1).
The components are loaded by
thermal and mechanical loads

•" as met during transient
operation conditions"1 [3] and
seismic motion loadings. By
monitoring the magnitude of
forces acting on the RCP
casing nozzles and supports,
obtained from the dynamic
analysis of the enlarged model,
several critical loading

Figure 1: Numerical model of the RCS structure combinations to be investigated

STEAM GENERATOR

RCP MOTOR •

RCP CASING

TEE ROD

COLD LEG

CROSSOVER LEG

HOT LEG

REACTURE PRESSURE
VESSEL

62 Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997



subsequently in a detailed RCP casing analysis are identified.
In the second step a detailed thermo-mechanical analysis of the RCP casing is performed. A

corresponding numerical model is built in which the mechanical interaction with the remaining
part of the RCS, as determined in the RCS analysis, is included in boundary conditions. Apart
from mechanical loads the properly defined boundary conditions must include also thermal loads,
therefore the heat analysis of considered transient phenomena must be carried out as well. Results
of the mechanical analysis are used first for the identification of most stressed parts of the RCP
casing and postulating crack existence in the identified regions, while in a detailed crack analysis,
if that is performed in accordance with the submodelling technique, they are used for the
specification of boundary conditions applied to a submodel.

2.1 Structural response simulation of the primary coolant loop

The nuclear steam supply system (NSSS) in the plant is of pressurized water reactor (PWR) type
and has two primary coolant loops. The complexity of the RCS structure requires the use of a
numerical method to obtain displacements, forces, and stresses in its structural members. The
modelling considerations depend upon the desired degree of accuracy and the manner in which
calculated quantities will be further used. The integrated RCS/support system numerical model
includes the stiffness and mass of the reactor coolant loop piping, reactor pressure vessel (RPV),
steam generator (SG) and RCP. Regarding the RPV supports and neglecting the influence of the
pressurizer and its piping connection to the coolant loop piping, the RCS has symmetric properties
with respect to the vertical plane, crossing the RPV centerline. Thus only one coolant loop is
considered in the numerical model (Fig. 1). Whereas the RCP casing, which is in the focus of our
analysis, is modelled as a 3-dimensional shell body, the RPV and SG are represented as beam
elements. The pipes and elbows are modelled as special finite pipe elements with ovalization and
warping degrees of freedom which are capable of simulating objectively most phenomena of the
system. The supports of the components are modelled as beam or spring elements with dilatation
slots and clearances where needed. Also the snubbers, fastened at the upper SG lateral support,
are included. The amount of cooling water in the model is taken at the normal operating
conditions.

In accordance with the assumed phenomena to be considered in the simulation the structural
dynamic analysis is performed by taking loadings that result from thermal expansion, pressure,
weight, plant operational thermal and pressure transients, operational basis earthquake (OBE),
safe shutdown earthquake (SSE) and design basis loss-of-coolant accident (LOCA) into account.
The LOCA accident assumes complete coolant pipe break, in our case three guillotine breaks are
postulated, two at the terminal points of the RCP and one at the elbow welding on the crossover
leg. The excitation functions for the RCS seismic analysis are not given in the form of the floor
response spectra as usually, the accelerations of the plant floor and RCS supports bases in three
perpendicular directions in total duration of 20 seconds are given instead [6]. Because of the
nonlinear dynamic response the analysis is performed by the direct integration method.

Out of many quantities (displacements, velocities, accelerations, forces,...) which are given
as the output from the dynamic analysis only forces and moments at suction and discharge nozzle
of the RCP are of interest for further analysis. As prescribed boundary conditions they will be used
in the analysis of the RCP thermo-mechanical response.

2.2 Thermo-mechanical analysis of the reactor coolant pump casing

The thermo-mechanical analysis of the RCP casing consists of two separate analyses, thermal and
mechanical one. In the former the time dependent temperature field is determined, while in the
latter variation of the stress field as a consequence of changes in the temperature field, coolant
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Figure 2: Numerical model of the RCP casing

pressure and concentrated loads at
RCP nozzles is obtained. Whereas the
thermal analysis is performed as a
transient one, the mechanical analysis is
assumed static. In accordance the
thermo-mechanical response is
computed only for preselected
characteristic times of each loading
case.

Due to symmetry only one half of
the RCP casing is considered in the
numerical model (Fig. 2). Besides the
RCP casing also part of the crossover
and cold leg, as well as bolting ring
with pre-tensioned bolts, are included
in the model. Any part of the RCP that
do not contribute to the integrity of the
RCP casing is not modelled. The same

finite element mesh is used for thermal and mechanical analysis.
Thermal loading of the RCP casing is determined by temperature changes of the reactor

coolant, as given in [3], while mechanical loading is determined by pressure changes of the reactor
coolant, again specified by [3], and corresponding interaction of the RCP with the remaining part
of the RCS, the latter being derived from the simulation results of the integrated RCS/support
system model. Considering the adopted,, on the symmetry principle conceived numerical model
all loads as well as boundary conditioas "are"accordingly decomposed in symmetric and anti-
symmetric part. As computational evaluation of a large number of different loading cases, arising
first from numerous transients, and second from the symmetry/anti-symmetry decomposition of
loads, is tedious and time consuming work, an efficient computational strategy that exploits some
characteristic features of the considered problem is set: First, for all, except a few faulted operating
conditions transients, a linear behaviour of the mechanical system is assumed, enabling thus the
superposition principle to be used. It is advantageous then to introduce the unit load approach.
By proper combination of the unit load analyses results any load case, specified by the operating
conditions, can be efficiently simulated with the proposed numerical model.

Results of the thermo-mechanical analysis are given in the form of displacement and stress
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fields. Figs. 3a and 3b show the maximum Mises equivalent stress fields as obtained from the
simulation of two accident operating conditions, LOCA+SSE and steam line break (SLB),
respectively. The shown LOCA+SSE accident results are characterizing the stress response 4600
seconds after beginning of the seismic motion determined by SSE acceleration history and
simultaneous breaking of the crossover leg at the elbow welding, while the SLB accident results
show the response 1200 seconds after the steam pipe break.

3. INTEGRITY ANALYSIS OF THE REACTOR COOLANT PUMP CASING

To demonstrate integrity of a pressure vessel a stability check and fatigue crack growth analyses
of an actual or postulated crack should be carried out. In our case four surface type cracks, two
of them located on the inner surface and two on the outer surface of the RCP casing, are to be
postulated, their postulation being based on the obtained stress distribution in the crack-free pump
casing. Such postulated cracks would be subject to various loading conditions during the pump
service life.

The flaw nucleation and crack growth being mostly affected by tensile stresses the largest
tensile principal stress (ox > o2 > o3) criterion is used for the flaw location selection. In accordance
with the posed criterion, points of significant tensile principal stress concentrations are extracted
from the extensive amount of data that were obtained by the simulation of thermo-mechanical
response of the RCP casing. Upon a thorough inspection the four crack locations are identified,
as well as their orientation, while geometry of the postulated quarter thickness flaws with a semi-
elliptic shape of 6 to 1 aspect ratio and depth of one-quarter casing wall thickness is specified by
[1], For a specific loading case the orientation of the normal to the crack plane tends to be aligned
with the direction of the Oj principal stress, but since this direction varies for different loading
cases, it is set in this investigation according to the most significant ot stress. Because it was found
out that for the postulated cracks principal stresses a, and ô  lie in the plane tangential to the
surface of the pump casing, and their magnitude in the all considered loading combinations is of
the same order, no orientation of the crack plane is really privileged. The chosen orientations for
this analysis are seen in Figs. 4a-4d.

For each postulated crack only a part of the RCP casing which includes the crack, but is
substantially bigger than the crack itself, is modelled in accordance with the submodelling
technique. The corresponding boundary conditions in terms of displacements and temperatures
are taken from the simulation of the RCP casing thermo-mechanical response, carried out on the
global model The numerical models of the postulated cracks and their position on the RCP casing
are given in Figs. 4a-4d. In order to approximate reliably the stress singularity near the crack tip
the second-order, degenerated brick elements with the midside nodes moved to the quarter point
position (174 point technique) are used at the crack tip.

For the integrity assessment of the RCP casing all simulations that were carried out on the
global model of the crack^ee casing are now repeated on the detailed submodel incorporating
the postulated- crack. All evaluations regarding the crack stability or fatigue crack growth are
made in terms of the .J-integral which is calculated along the crack front.

3.1 Stability criteria

For a postulated flaw in the structure of interest stability of the crack (i.e. the crack does not
extend unimpeded under constant or reduced load) under applied loading conditions is of major
concern. The criteria for establishing stability in terms of the fracture toughness values are given
in terms of the J-integral and are as follows:
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A crack is stable if either:

or
•* app ^ max2) Japp>Jic, then Tapp<Tmat and

is true. Here, Japp means the calculated J-integral value, JLc and Jma). are respectively the initiation
toughness of the material and maximum allowed J-integral value, while Tapp and Tmat are applied
and experimentally determined tearing moduli, respectively.

In our investigation the J-integral values are determined on 24 locations along each crack
front. The values show a rather smooth variation along the crack front, and are reasonably path
independent, that is the values provided by the six integration contours are almost the same. There
is some loss of path independence and hence, presumably, of accuracy as the crack tip approaches
the free surface. This accuracy loss is assumed to be attributable to the rather distorted mesh in
that region. The computed values of the J-integral, Japp, are less than Jlc for all postulated cracks
and for all loading cases considered. In accordance with the stability criterion (1) the postulated
cracks are stable.

a) Crack No. 1 b) Crack No. 2

c) Crack No. 3 d) Crack No. 4

Figure 4: Numerical models of the postulated cracks
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3.2 Fatigue crack growth

The four postulated cracks in the pump casing are subject to various cyclic loading conditions
according to the RCP casing experience. Thus, the sensitivity to cyclic loading of the postulated
cracks in view of their possible further propagation is of concern. The amplitude of the loading
variation and maximum expected number of cycles for full service life of the plant is given in [2,
3]. During plant service life the uniform occurrence of various loading cycles is assumed.

The J-integral values calculated for cycling loading conditions are converted to the stress
intensity factors Kt values, and employing the "Rainflow" method the variations of stress intensity
factors AKj, which are the driving force of the crack fatigue growth, are obtained. Based on the
Paris equation [5] the increase of size of postulated flaws is computed. The computations carried
out show that the postulated cracks will exhibit only minimal extension during service life, the
computed values remaining well below the flaw sizes shown to be stable.

4. CONCLUSIONS

To obtain a reliable mechanical state in the RCP casing the loose envelope loads of the RCP
casing nozzles [2] are not defined enough precise, so the analysis of the enlarged system, including
the RCS structural response should be performed first. The results of the dynamic analysis of the
RCS confirmed the needs for such an augmented system analysis and some comparable values
(nozzle concentrated loads, eigenvalues) are in agreement with the accessible literature [2, 7, 8].

Since for the postulated flaws (1/4 wall thickness, 6 to 1 aspect ratio) in the RCP casing the
stability and growth criteria are met, it is concluded that the casing containing the postulated flaws
satisfy the corresponding requirements of acceptability for continued service.
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ABSTRACT
The Outside Diameter Stress Corrosion Cracking (ODSCC) at tube support plates is currently the major

degradation mechanism affecting the steam generator tubes made of Inconel 600. This caused development and
licensing of degradation specific maintenance approaches.

The uncertainties inherent to the input parameters estimated from the in-service inspections are analysed
in this paper. These are the defect size and the defect growth between two consecutive inspections. The analysis
results in an estimate of time dependence and accuracy of calculated single SGTR probabilities. Special
emphasis is given to the statistical interpretation of inspection results and related uncertainties, which can
strongly affect the estimated rupture probabilities.

A realistic numerical example is provided to illustrate the effects of uncertainties in defect sizes and
defect growth. The data used is obtained from a series of inspection results from Krsko NPP with 2
Westinghouse D-4 steam generators. The results obtained are considered useful in planning the remaining safe
lifetime of affected steam generators.

1. INTRODUCTION

The steam generator (SG) tubes represent the majority of the reactor coolant pressure boundary.
Tubes in SG are exposed to thermal and mechanical loads combined by aggressive environmental
conditions. Rather severe corrosion damage results in tubes made of Inconel 600. Excessive
degradation of tubes might lead to failure of tubes and therefore implies reduced availability and
safety of the entire plant. Two potential failure modes of degraded tubing are of particular concern

[1], P]:
• single or multiple steam generator tube rupture (SGTR) and
• excessive leaking of the reactor coolant to the secondary side.

The probabilistic methods aimed at estimating the SGTR probabilities are given elsewhere
for axial cracks in expansion transitions (e.g., [3], [4]) and for Outside Diameter Stress Corrosion
Cracking (ODSCC) at Tube Support Plates (TSP; e.g., [5], [6] and [7]). The methods assessing
probability of excessive leakage through ODSCC at tube support plates are addressed in [8], [9]
and [10].

The failure probabilities calculated for both potential failure modes of the ODSCC at TSP
have been found to be very sensitive [5] to the regression models used to describe correlation
between burst pressures (leak rates) at given defect size (see Section 2). Considerable sensitivity
to the distribution of defect sizes and defect growth was also noted.
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The main goal of this paper is to explore and quantify the impact of statistical
interpretation of inspection results which are used as a basis for the analysis of tube rupture
probabilities. In particular, the impact of defect growth is assessed in some detail.

A realistic numerical example illustrates the effects of different assumptions on input data
obtained from a series of 100% in-service inspections of steam generator tubes in the Slovene
NPP at Krsko (Westinghouse 2-loop PWR).

2. MODELING CONSIDERATIONS

Let us assume an infinite population of steam generator tubes, each containing exactly one
defect. Further, let random variables xi, X2, •••, xn with density functions f\(x\), fjipc?), ..., fn(xn)
describe the statistically independent parameters defining load and resistance of damaged tubes.
The probability of failure Pf in this population is defined - following the traditional methods of
probabilistic fracture mechanics - by:

Pf- I f^)f2{x2)...fXxn)dx,dx2...dxn (1)
g(jc,rrj>..,j:n)s0

The failure of the tube is defined in terms of failure function g(x\, X2, ••-, Xn), which is by
definition negative for all failure states.

We are concerned with the rupture of the tube which occurs when the pressure load on the
tube exceeds the limiting pressure the tube can sustain. The failure function is defined by:

>a ) =

&PACC denotes the pressure load acting during a postulated limiting accident (e.g., Steam Line
Break ). Apg represents the maximum pressure which the tube containing a defect of a given size
a can sustain. Aps is sometimes also termed burst pressure of the tube.

ODSCC defects are usually seen as rather complex networks of cracks. A simple and
measurable formulation of defect size a (as for example the crack length in fracture mechanics) is
therefore not yet achieved. However, the state-of-the-art applications rely on experimentally
determined correlation between the defect size a and burst pressure ApB [11]:

ApB(a) = A +B -Iog10(a) + ff (3)

A and B are proprietary coefficients obtained from the regression analysis [11]. At present they
are treated as constants, e represents a zero-mean random error of the regression model. Defect
size a in this regression model is referred to bobbin coil signal amplitude (voltage) and is
explained in some detail elsewhere [5], [12].

The value of P/(eq. (1)) was obtained using the Direct Monte Carlo simulations and First
and Second Order Reliability Methods (FORM, SORM) as implemented in the ZERBERUS code
[13], [14]. Fast and approximate numerical methods FORM and SORM were implemented ([6],
[15]) to be verified against computationally very intensive but accurate Direct Monte Carlo
simulations, which are acceptable to the NRC [2].

Pf represents the fraction of failed tubes in the population of all defective tubes. The
observed steam generator is then represented as a random sample of N defects. The probability of
having / tubes failedp(i) is assumed to follow the Poisson distribution:

-N • Pf) (4)

Appropriate choice of/ enables the calculation of single and multiple tube rupture probabilities.
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3. NUMERICAL EXAMPLE

The data presented below is obtained from 4 consecutive inspections of SG # 2 in Krsko
nuclear power plant. The SG # 2 was chosen because it exhibits more severe development of
ODSCC at tube to tube support plate intersections than SG # 1. The operational parameters of all
operational periods observed are virtually the same, which simplified the analysis and
presentation of the data.

In the present analysis, the tubes plugged or sleeved during the observed period are
conservatively neglected. Direct consequences are larger number and larger sizes of defects left in
operation and therefore also more conservative estimates of single SGTR probabilities.

3.1 Apparent Defect Sizes

Apparent defect sizes as obtained from 4 consecutive (100%) bobbin coil inspections of
one steam generator are shown in Figure 1. The distribution remained fairly stable over the years
in all cases analyzed in this paper. The lognormal distribution was considered to provide
reasonable fit.

We should note here that the number of defect sizes detected has grown from 261 in the
first to 1504 in the last inspection. Although this does not influence the calculation of failure
probability (eq. 1), it influences the single SGTR probability (eq. 4).

350-

Apparent defect size [V] •° 2'7 2,9 3 i 1

Figure 1 Apparent defect sizes

3.2 Apparent Defect Growths

Apparent defect growths depicted in Figure 2 were obtained directly from each pair of two
consecutive measurements available. The number of available data points grew from 80 in the
first inspection to 890 in the last. Again, a reasonably stable distribution of positive growths was
observed.
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350-f"

Apparent defect growth [V]

Figure 2 Apparent defect growths

Only data points exhibiting positive growth (see Figure 2) were included in the
distribution fitting, which is consistent with routine analyses of Krsko ODSCC [15]. Reasonable
fits were provided by lognormal and gamma distributions. Unfortunately, the lognormal fit
consistently provided a physical inconsistency which is depicted in Figure 3.

100,000%

O M e a s u r e d : s i z e s v : • 'gs/;:#•;' : '-: ;: :••;

-rrLofgnormal Approximation^of:jiiies
A :;Measured Growth: :'\ifi';V;:C:;':^'-s:.

Growth Gamma SpproximaiibH;.s;:r:
!_"••: T .-Growth Lognormal Approximation

0 , 0 0 1 %
0,00 0,50 1,00 1,50 2,00

Defect Size & Growth [VJ

2.50 3,00

Figure 3 Example of fits to apparent defect sizes and growths

The lognormally distributed defect growts in excess of about 1.5 V with survival
probability of about 1% tend to be more frequent than the defect sizes in this range. Of course,
this is inconsistent w.ith the way the growth data was obtained. As a conclusion, the use of gamma
distribution is recommended.
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350

Data on defect growth as obtained from two
consecutive inspections

error accumulated over two
inspections (estimated)

-0,8 0,4

Defect Growth [V]

1,2 1,6

Figure 4 Apparent defect growth compared to estimated inspection error

Unfortunately, determining the growth of a defect from two consecutive measurments of
its size may not be the most accuarate method, although it is usualy readily available and obvious.
It is namely well known that the uncertainties inherent to both measurements of size will sum up
and add considerable noise to the growth data.

Let us assumme that the consecutive measurements are performed by the same method
and that both results are statistically independent. Further, the measurement error is normally
distributed with mean //and standard deviation a. Then, the error of the growth is again normaly
distributed with mean 2ju and standard deviation a ^2 [16]. The estimated measurement error
which accumulates in two consecutive inspections is graphically compared to apparent defect
growth in Figure 4. A zero mean error with crin the order of 20% of the defect size were assumed,
which is in agreement with field data [15].

The negative growth or decreasing of defects with time does not have any known physical
reason. As shown in Figure 4, the negative apparent growths are comparable to the noise
generated by the measurement errors. Thus, the filtering of the noise may give better estimates of
the apparent defect growths and is considered to be an important future task.

3.3 Probability of Single SGTR (given feed line break accident)

Figure 5 depicts the development of the single SGTR probability (given feed line break
accident) with time. In all cases analysed, two assumptions were made on the apparent defect
sizes: (1) lognormal and (2) gamma distributions. Three different assumptions on the apparent
defect growth were considered: (1) lognormal, (2) gamma distribution and (3) no growth at all. In
all cases with defect growth present, all defects were assumed to exhibit a positive defect growth,
which is conservative as compared to the field observations (Figure 4).

The time development of the conditional SGTR probability is shown to be very sensitive
to the modelling of defect growths (Figure 5). The use of lognormal distribution, which was found
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to be incorrect in this case (see Figure 3) could lead to conditional SGTR probabilities twice as
high as those obtained using gamma distributed defect growths.

2,5%

f: 2,0%
O
CO

Sizes LN
Growth LN

Sizes LN
Growth Gamma

Sizes Gamma
Growth Gamma

i V 1,5°/<

MAX Conditional Probability of SGT.R
15 .1 1.0%
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No Growth
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£ 0,5% J

Sizes Gamma
No Growth0,0%

Figure 5

Year

Development of single SGTR probability with time

Another important conclusion is based on the following reasoning. The conditional SGTR
probability without defect growth in Year 4 (Figure 5) is the best available estimate of the
conditional SGTR probability with defect growth in Year 3. The attribute the best available
estimate is based on the fact that what was found in the tubing during the inspection in Year 4 is
exactly the state in Year 3 plus defect growth. Thus, as expected from discussion in Sections 3.1
and 3.2, the current modelling of the defect growth is indeed very conservative. This unnecessary
conservativity may even cause premature retirement of steam generators by pushing conditional
SGTR probability beyond the acceptable limit of 1% (see [2] and Figure 5).

Figure 6 depicts the relative accuracy of different numerical methods which are
extensively used to assess failure probabilities. The most conservative combination of defect sizes
and defect growths shown in Figure 5 was used.

The direct Monte Carlo simulation is usually considered to give exact results but may also
require prohibitively long computing times. For example, the points in Figure 6 required about 4-5
hours of Sun Microsystems UltraSparc Station to get the statistical accuracy of about ± 5%. On
the other hand, the First and Second Order Reliability Methods (FORM and SORM) are known to
be less accurate but also require only about one minute of equivalent CPU to get accuracy of
about ± 20%. More details about applications of FORM and SORM in safety assessment of
cracked steam generator tubing are given in [13].

It may be also noted that the error of FORM and SORM increases with time and is also
most probably driven by the defect growth.

As a practical guide, use of FORM and SORM is recommended in order to make the
probabilistic analysis a very convenient tool for the field use. Occasional verifications of results
with Direct Monte Carlo simulations are also recommended, especially if major changes of
inspection results are observed.
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Figure 6 Comparison of different numerical methods

4. CONCLUSIONS

The statistical interpretation of results obtained from in-service inspections of steam
generator tubes was addressed in this paper with special emphasis on the conditional probability
of single steam generator tube rupture (given feed line break accident) were analysed in some
detail.

The defect sizes were reasonably approximated by lognormal distributions in all cases
analysed. Nevertheless, the relative error introduced to the conditional single SGTR probability
by using gamma distribution is considered negligible.

Approximation of defect growths was found to be a rather sophisticated problem. Since
the defect growth is derived from two consecutive measurements of defect size, the accumulated
measurement error tends to dominate the growth distribution. As an intermediate solution,
approximation of positive defect growth by gamma distribution is proposed. A more rigorous
approach in the future is to filter the noise caused by the measurement error out of the growth
data.

Use of First and Second Order Reliability Methods is recommended since they provide
fast and reasonably accurate estimates of conditional SGTR probabilities. Occasional verifications
of FROM and SORM results using Direct Monte Carlo simulation may be useful, especially if a
major change in defect size data is observed.

5. ACKNOWLEDGEMENTS

The financial support by the Ministry of science and technology of Slovenia and Nuclear
Power Plant Krsko, Slovenia is gratefully acknowledged. The authors are also indebted to Mr.
Marko Kovac for doing most of the numerical calculations.

74 Proceedings of4'h Regional Meeting Nuclear Energy in Central Europe, 1997



6. REFERENCES
[I] U.S. NRC, Voltage-Based Interim Plugging Criteria for Steam Generator Tubes, Draft report

NUREG-I477 (1993), Washington D.C., USA.

[2] US NRC, Generic Letter 95-05 (1995).

[3] Mavko, B., L.Cizelj: Failure Probability of Axially Cracked Steam Generator Tubes: A
Probabilistic Fracture Mechanics Model, Nuclear Technology, Vol. 98 (1992), No. 2, pp. 171-177.

[4] Cizelj, L., B.Mavko, P.Vencelj, Reliability of Steam Generator Tubes with Axial Cracks, Service
Experience and Reliability Improvement, Journal of Pressure Vessel Technology, Transactions of
ASME, Vol. 118 (1996), No. 4, pp. 441-446.

[5] Dvorsek, T., L.Cizelj, B.Mavko, Safety and Availability of Steam Generator Tubes Affected by
Secondary Side Corrosion, submitted to Nuclear Engineering and Design (1997).

[6] Dvorsek, T., Comparison of Maintenance Strategies Applied to Steam Generator Tubes (in
Slovene), M.Sc. Thesis (1996), University of Ljubljana, Slovenia.

[7] Cizelj, L., T. Dvorsek, B. Mavko, Efficiency of Defect Specific Maintenance of Steam Generator
Tubes: The Case of ODSCC, 15* EPR1 Steam Generator NDE Workshop, EPRI Report No. TR-
107161 (1996), Long Beach, CA, USA, July 29-31, 1996, pp. 9/1-9/10.

[8] Cizelj, L., B.Mavko, H.Riesch-Oppermann, On the Probabilistic Approaches Applied to the
Maintenance of Degraded Steam Generator Tubes, CSNI-PW3 Workshop on Probabilistic Structural
Integrity Analysis and its Relationship to Deterministic Analysis, NEA/CSNI/R(96) 4 (1996),
Stockholm, Sweden, February 28-March 1, 1996, pp. 261-272.

[9] Cizelj, L., I.Sorsek, G.Roussel, Ch.Cuvelliez, Some Comments on the Probabilistic Modeling of
Leak Rates Through Degraded SG Tubing, 15th £PRI Steam Generator NDE Workshop, EPRI
Report No. TR-107161 (1996), Long Beach, CA, USA, July 29-31, 1996, pp. 31/1-31/10.

[10] Cuvelliez, Ch., G.Roussel, Assessment of the Leak Tightness Integrity of the Steam Generator
Affected by ODSCC at Tube Support Plates, CNRA/CNSI Workshop on Steam Generator Tube
Integrity in Nuclear Power Plants, NUREG/CP-0154 (1996), Oak Brooks, Illinois, USA, October 30-
November 2, 1995, pp. 385-398.

[II] Steam Generator Degradation Specific Management (Draft), EPRI Report No. TR-103017 (1993).

[12] Cizelj, L., I.Hauer, G. Roussel, Ch.Cuvelliez, Probabilistic Assessment of Excessive Leakage
through Steam Generator Tubes Degraded by Secondary Side Corrosion, submitted to Nuclear
Engineering and Design (1997).

[13] Cizelj, L., B.Mavko, H.Riesch-Oppermann, Application of First and Second Order Reliability
Methods on the Safety Assessment of Steam Generator Tubing, Nuclear Engineering and Design,
Vol. 147 (1994), pp. 359-368.

[14] Cizelj, L. H.Riesch-Oppermann: ZERBERUS-the Code for Reliability Analysis of Crack
Containing Structures, Report KfK 5019 (1991), Kernforschungszentrum Karlsruhe, Germany.

[i5] Cizelj, L., et al, Safety Analysis of Krsko NPP Steam Generator Tubes Damaged by Outside
Diameter Stress Corrosion Cracking at Tube Support Plates, Report No. IJS-DP-7175, Rev. 0
(1995), "J.Stefan" Institute, Ljubljana, Slovenia, proprietary.

[16] Kapur, K.C., L.R. Lamberson, Reliability in Engineering Design, John Wiley & Sons (1977).

Proceedings of 4th Regional Meeting Nuclear Energy In Central Europe, 1997 75



SI0100012

THE DETERMINATION OF THE FATIGUE CRACK GROWTH IN REACTOR
PRESSURE VESSEL.

Darko Korosec, dipt.ing.
Slovenian Nuclear Safety Administration
Vojkova 59,1000 Ljubljana, Slovenia

Doc. dr. Jelena Vojvodic Gvardjancic
Institute of Metals and Technology

Lepi Pot 11, 1001 Ljubljana, Slovenia

Abstract.

The reactor pressure vessel flaws are affected by the service loadings. The consequence is fatigue
crack growth. It is necessary to make an evaluation of the fracture toughness of the reactor pressure
vessel material in the case of flaws presence, specially in the case of transients with pressurized
thermal shock. The ASME Code in section X! prescribe the evaluation procedure for the fatigue crack
growth in reactor pressure vessel. This evaluation is used for the residual life time of the reactor
pressure vessel calculation.

1. Introduction

The need for the determination of the fatigue crack growth rate is determined in the
ASME Pressure and Boiler Vessel Code - Section XI (Rules for Inservice
Inspection), which requires in certain articles the use of analytical methods for
determination the acceptability of the fatigue crack growth rate in the case, that
during in-service inspections some flaws were determined.
It is very well known that cyclic loading during the operation of the reactor pressure
vessel produces additional loads on the existing flaws and the consequence is
growing of the flaws up to the critical size. The most severe are transients
connected with pressurized thermal shock. In such cases the stress-strain field in
the reactor pressure vessel could reaches very high values and causes
catastrophical failures.

2. The PWR type of the reactor pressure vessel

The reactor pressure vessel designed for PWR type of reactors is cylindrical with a
hemispherical bottom head and a flanged and gasketed upper head. The bottom
head is welded to the cylindrical shell, while the top head is bolted to the cylindrical
shell via the flange.
The number of inlet and outlet nozzles is a function of the number of loops or steam
generators.The safety injection nozzles penetrate the cylindrical shell.
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The body of the vessel is made of low-alloy carbon steel and to minimize the
corrosion, the inside surface in contact with the coolant (containing boron) is weld
cladded with a minimum of 3.2 mm austenitic stainless steel.
The example of typical reactor pressure vessel is shown on the following figure:

#157.25

Fig.1 Reactor Pressure Vessel

The reactor pressure vessel shown on this figure is the same as it is built in Nuclear
Power Plant Krsko. The material used for this reactor pressure vessel is SA 533 Gr.
B Class 1 (Mn-Mo-Ni) steel. The design mechanical properties for this type of steel
are:

- ayield = 483 MPa (min.),
- oU|t = 621 MPa (min.),
-E =1.84E05MPa(at316°C)
- critical stress intensity factor K,c=198 MPa m1/2

During the nominal 100% operating power the pressure in the reactor pressure
vessel in Nuclear Power Plant Krsko is 157 bar and temperature of the coolant is
324 °C.
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3. The service loadings on reactor pressure vessel

The service loadings on the reactor pressure vessel, their amplitude and frequency
for different operational conditions for certain operational period of nuclear power
plant is known from the operational history. Using these data, the analytical
calculation shall be made taking into account the geometry of the existing flaws
found during in-service inspections.
Special attention is paid to the so-called critical regions which are in the region of
the nozzle welds and pressure vessel cylindrical shell axial welds.
After every transient with pressurized thermal shock ( e.g. safety injection ), in the
case of the existing flaws, the change of their stress intensity factor should be taken
into account to determine whether the flaw will propagate up to the critical
dimensions.

4. The fracture toughness of the reactor pressure vessel material

The fracture toughness of the material is generally special material property
determined through several special mechanical destructive tests. The most
significant fracture mechanics properties are Klc ( critical stress intensity factor), K,A
(flaw arrest stress intensity factor) and RTNDT (reference temperature of nil-ductility).
The fracture toughness of the material is determined by two properties K,c and K,A.
Both represent critical values of stress intensity factor K,
KIA is based on the lower bound of crack arrest critical K, values measured as a
function of the temperature.
It is important that K,c and K,A values used in the analysis represent conservative
values obtained preferably from the specific material and product form involved. The
values used in this manner should be justified on the basis of current technology
and should take into account material variability, testing techniques and any other
variables which may lower these toughness values.
The curves for lower bound KjA and K,c versus temperature curves obtained from
tests of reactor pressure vessel steel SA-533 Gr.1 Class 1 are provided on the
figure 2.

If the data from the actual product form are not available these curves should be
used. The temperature scale of these data should be related to the reference nil-
ductility temperature RTNDT as it was determined for the material prior to the
irradiation. In the other case the effects of neutron irradiation should be considered
for both K,A and K,c by shifting the reference nil-ductility temperature RTNDT as a
function of the irradiation.

The analytical approximations for these curves are as follows:

K,c = 33.2 + 20.734 exp ( 0.02 ( T - RTNDT )) (1)

K,A = 26.8 + 12.445 exp ( 0.0145 ( T - RTNDT )) (2)

KlA and K,c are in units of ksi in1'2, T and RTNDT are in units of ° F.
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5. The fatigue crack growth rate

The most common form of the fatigue crack (flaw) rate da/dN of the material is
characterized in the terms of the range of applied stress intensity factor A K, in the
following general form:

da/dN = Co (A K,)n (3)

where: a = depth of the flaw
n = slope of the log ( da/dN ) versus log (A KJ
Co= scaling constant
N = number of loading cycles
A K( = K) max - K, miri

It must be taken into account that the fatigue crack growth behaviour of the material
is affected by the R ratio (K,max / K,min) and specially by the environment.
The reference fatigue crack growth rates are given in ASME Code for carbon and
low alloy ferritic steels for both air and PWR reactor environment. In the same code
the scaling constant is given for different ratios (Klmax / K,min).
An example for the reference fatigue crack growth curves for carbon and low alloy
ferritic steels exposed to water environments is given on the figure 3.

6. Conclusions

Considering the reactor pressure vessel as one of the most important component in
the PWR nuclear power plant, the determination of the fatigue crack growth curve is
necessary especially in the case of existing cracks (flaws) affected by severe
transients. Following the determination rules well described in the ASME Boiler and
Pressure Vessels code the acceptance criteria for existing flaws shall be
determined. The analytical evaluation of the flaws is rather complex and only the
approximate solutions are possible. Many of the variables and constants needed in
the analytical evaluation are not well determined and the exact calculation of the
stress and temperature field distribution in the critical regions is not accurate.
The qualitative fatigue crack growth evaluation, taking into account the operational
history of the reactor pressure vessel, is a useful tool for its residual lifetime
calculation.
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ABSTRACT
Full-length inspection of all active tubes in both Krsko steam generators resulted in a huge amount of inspec-

tion records. A computerized database was developed by Reactor Engineering division to accelerate the management
of about 180.000 records. The database was designed to support the development and decisions related to the
plugging criteria for damaged tubes and is utilized to gain as much experience concerning the degradation of SG tube
as possible.

In this paper, two prevailing groups of data are statistically analyzed: (1) the axial cracks in expansion transi-
tions at the top of tube sheet (TTS) and (2) Outside Diameter Stress Corrosion Cracking at tube support plates (TSP).
Both of them caused a vast majority of repaired tubes (e.g., plugs and sleeves).

The in-service inspection performed during the 1997 outage revealed an unexpected increase in the number
of ODSCC defects in SG 2. Although we were not able to isolate a root cause of this increase, some attempts are
made to explain impact on the remaining useful SG life.

Extensive sleeving campaigns or relaxation of repair criteria may be required during the remaining two out-
ages to safely operate the plant at the 100% power.

1. INTRODUCTION

In recent years, the degradation mechanisms encountered in steam generator (SG) tubes
made of Inconel-600 triggered large inspection efforts in nuclear power plants (NPP) worldwide
[1]. Krsko NPP practices full-length inspection of all tubes by standard bobbin coil since 1987.
In addition, all expansion transitions are inspected by motorized rotating pancake coil (MRPC)
since 1992.

More than 180.000 records of inspection results accumulated in nearly 12 effective full
power years (EFPY) of steam generator operation. A computerized database was developed by
Reactor engineering division of "J. Stefan" Institute to support the maintenance of steam genera-
tors. This database was also used for the analysis presented in this paper.

The major degradation mechanisms that caused the repair of tubes are comparatively shown
in Figure 1. More than 75% of tubes repaired during the entire lifetime of the steam generators
and more than 95% of repairs during the 1996 and 1997 outages are attributed to only two degra-
dation mechanisms:
• TTS: axial stress corrosion cracking at the expansion transitions at the top of the tube sheet

(TTS) caused about 28% and 16% of repaired tubes in SGI and SG2, respectively, and
TSP: outside diameter stress corrosion cracking (ODSCC) at the tube support plate inter-
sections (TSP), caused about 59% and 64% of repaired tubes in SGI and SG2, respectively.
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Figure 1 Major Causes of Tube Repair

During the in-service in-
spection in 1997 a significant
increase in the occurrence of
ODSCC defects at TSP was ob-
served and is responsible for about
90% of recently plugged tubes in
SG 2. The number of defects de-
tected and tubes repaired were
considerably larger than predicted
from data available until 1996 (see
[2]). Special attention is therefore
devoted to TSP defects in SG 2,
aiming at some predictions about
the remaining lifetime.

In the following it is as-
sumed that the TSP defects
govern the remaining life of the

steam generators. Nevertheless, information related to TTTS defects [2] is updated below. Other
degradation mechanisms are expected to cause a negligible number of repaired tubes before the
replacement of steam generators which is tentatively scheduled for 2000. However, other degra-
dation mechanisms used to be important cause of tube repair resulting in about 14% (SG #1) and
20% (SG #2) of the currently repaired tubes.

2 AXIAL CRACKS IN EXPANSION TRANSITIONS

Axial cracks in expansion transitions are mainly caused by joint effects of high residual
stresses and chemical influence by either primary/secondary coolant or deposits in crevices,
especially between sludge on the top of the tube sheet and tubes. Since 1992, a routine measure-
ment of crack lengths is performed in Krsko nuclear power plant (NPP) to verify the structural
integrity of cracked tubes. A criterion for the repair of degraded tubes is based on the allowable
length of an axial crack.

As stated in [2], the most homogenous group of data is obtained in 1994, 1995, 1996 and
1997. This group of data is analyzed in some detail below. Data from other inspections is only
used for illustrative purposes where applicable.

2.1 History of Detected Cracks

The effect of the first 100% inspection in 1992 is clearly shown in Figure 2. It revealed a
rather high number of tubes with cracks as compared to the population known from previous
inspections. Since 1992, a stable and moderate increase in the number of known cracks is ob-
served (see also Table 1).

In 1992, a defect specific repair criterion was introduced. It is based on the measured crack
length and allows operation with axial cracks shorter than 6.4 mm. Because of that, the population
of "old" cracks essentially dominates the population of all cracks since 1993. In addition, the vast
majority of repaired cracks are old cracks, whereas only a very small fraction of new (first time
detected and measured) cracks exceed the allowable length at the time of first measurement
(detection).
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Figure 2 Newly Detected Top of Tube Sheet (TTS) Defects Compared to Old Ones

It can be concluded that currently implemented inspection methods (MRPC) reliably detect
and measure the cracks that are much shorter than the longest allowable crack of 6.4 mm. TTS
population of cracks measured in 1997 already survived about 4 inspections in average. The
oldest known crack still in operation (SGI R33 C82) was first time detected in 1987 and meas-
ured to be 2 mm long in 1997.

2.2 Measured Crack Lengths

Selected statistical parameters of measured crack lengths are given in Table 1. A moderate
increase in number of cracked tubes during recent years is observed, which is consistent with the
fact that the population of cracks is growing older (see Figure 2). Maxima of observed crack
lengths recorded are in the range 8-11 mm. It should be however noted that less than 5% of cracks
exceed 5 mm in length.

Table 1 Selected Statistical Parameters of Measured Crack Lengths (SG 1 and SG 2)

Inspection

Year

1997
1996
1995
1994
1993
1992

Cumulative
EFPY

11.67
10.86
9.94
9.39
8.45
7.75

#of
Cracked

Tubes

534
513
488
465
413
427

Measured [mm]

Min*

0.
0.
0.
0.
0.
0.

Max

9.
8.

11.
10.
8.

11.

Average

3.06
2.92
2.39
2.55
3.23
3.48

Standard
Deviation

1.63
1.62
1.49
1.62
1.79
1.80

Sum of
Crack

Lenghts
[mm]

1636.
1500.
1167.
1187.
1336.
1484.

Resolution of measurement method causes that all cracks shorter than 0.5 mm appear with length O.mm

Occasionally, more than one crack per tube is detected. The statistics in Table 1 is based
on the longest crack per tube. In the average, about 60% of cracked tubes contain only one crack,
about 25% two cracks, and 10% three cracks. More than three cracks are detected in less than 5%
of cracked tubes.
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2.3 Propagation of Axial Cracks

Table 2 shows selected statistical parameters on crack growth between consecutive inspec-
tions. The number of available data points moderately increases. Accumulated data confirmed
conservativity of predictions concerning crack growth ([3] and [4]). The observed crack growth
is however very sensitive to the inspection technique employed. A good example is inspection
transient in 1994: improvement in the sizing capability effectively caused that cracks shortened
in average for about 0.19 mm (Row 93/94 in Table 2).

In other inspection periods, the negative growth is observed in more than 10% of all re-
corded crack growths (Table 2). This is caused by the random measurement error estimated to be
in the range ± 3 mm for the period before 1995 and about ± 1.5 mm for measurements 1995/1996
and 1996/1997

In the 1996/97 only about 2.5% of cracks propagated more than 2 mm. Only 4 cracks (0.9
% of all cracks with recorded growth) grew 4 mm.

Table 2 Selected Statistical Parameters of Observed Crack Growth (SG 1 and SG 2)

Inspection

Period

96/97
95/96
94/95
93/94
92/93

EFPY

0.81
0.92
0.55
0.94
0.70

#*of
Recorded
Growths

414(487)
403(460)
315(419)
204(327)
243(319)

Measured [mm]

Min

-3.
-2.
-3.
-4.
-4.

Max

4.
6.
3.
6.
6.

Average

0.36
0.64
0.09

-0.19
0.28

Standard
Deviation

0.97
1.10
0.93
1.15
0.91

Sum of
All

Growths
[mm]

177.
295.

38.
-63.
91.

cracks with recorded positive growth (all cracks with recorded growth)

2.4 Future Behavior of Axial Cracks

The Weibull fit used in predictions of future behavior of axial cracks in [2] was updated
with data from 1997 inspection. The 1997 data confirmed the trends estimated from previous
years. The expected repair rates are at about 20-25 tubes per inspection and steam generator. The
inspection cycles are assumed to be about 0.9 Effective Full Power Year (EFPY) long.

3 ODSCC AT TUBE SUPPORT PLATES

Outside diameter stress corrosion cracking (ODSCC) at tube support plates (TSP) is caused
by aggressive sediments that concentrate in the crevice between tube and tube support plate. It
is currently the major cause of tube repair in Krsko steam generators. More than 90% of tubes
repaired during the 1997 outage in SG2 are attributed to ODSCC at TSP (Figure 1).

Most of the ODSCC defects are detected at TSP #5 (Figure 3).The second most affected
is either TSP #7 (SG 1) or TSP #3 (SG 2). The reasons for different behavior of SG 1 and SG2
are investigated in more detail in Section 3.1. The enumeration of TSP's used in this paper is
consistent with the Krsko enumeration scheme with TSP #11 being the uppermost TSP.

Another conclusion that can be drawn from Figure 3 is that the frequency of the defects at
different support plates is relatively stable over time. Thus, it is expected that defects at TSP #5
will dominate the defect population until the end of the steam generator life.
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Figure 3 Frequency of ODSCC Defects at Different TSP's

Number of ODSCC Defects per Tube (SG2)

3.1 Tubes with Multiple Defects

More than one defect can be detected in a single tube as each tube passes all TSPs on the
hot leg side. The fraction of tubes with more than one defect in both steam generators is increas-
ing in recent years, as shown in Figure 4 for SG 2.

Until today, 650
tubes with two or more
TSP defects were re-
corded in SG I. After
the first defect was
known, about 2,5 years
were needed in average
to develop the second
one. While the number
of such tubes in SG 2 is
comparable to SG 1

89 90 92 93

Inspection Year

94 95 96 (517), the average time
between the detection
of the first and the sec-
ond defect is considera-
bly shorter (1,8 years).
The population of tubes

with two or more defects is analyzed in some detail in Table 3, which shows the frequency of
particular combinations of affected TSP's. The average time (in years) between the detection of
the first and second defects is given in parentheses.

Figure 4 Number of Defects per Tube in SG 2
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Two conclusions may have significant impact on the future sleeving of tubes (Table 3):
• It is more likely that the second defect is found at higher TSP than the first. For example,

combination first TSP3 and then TSP 5 (SGI: 108, SG2: 160) is about two times more
frequent than TSP 5 first followed by TSP 3 (SG1: 56, SG2: 86).

• The average time needed to develop the second defect lower than the first is typically
at least two times higher than for second defect above the first.

Table 3 Development of Multiple ODSCC Defects at TSP
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It is important to note considerable differences between both steam generators (Table 3):
• In average, the second defect will develop faster in SG 2. For example, the average com-

bination TSP 5 followed by TSP 3 needs about 3,2 years to develop in SGI while only
2,8 in SG 2;

• The combination of defects at TSP 3 and TSP 5 is more frequent in SG 2. In fact, 48%
of all tubes with multiple defects have at least these two defects (only 25 % in SG 1).
This is consistent with the distribution of defects among the TSP's shown in Figure 3.

Some conclusions with respect to the steam generator maintenance are as follows:
• It is possible that the defects in SG 2 are developing faster because of the faster devel-

opment of the second set of defects. This may be verified using the data from the
secondary analysis when it becomes available. Secondary analysis addresses small de-
fects which were considered irrelevant with respect to the plugging criterion during the
inspection.

• The distribution of defects observed in SG 2 makes SG 2 more convenient for sleeving
(TSP3 & TSP5) than SG 1. However, sleeving of tubes with one defect at lower TSP
may lead to plugging of the tube because the second defect may develop at higher TSP
in relatively short time.

Above considerations explain to some extent the faster development of defects needing re-
pair, which was observed in SG 2. The root cause is however not clear to the authors at the
moment.
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3.2 Future Behavior of SG

The prediction of the future tube repair rates is based on the Weibull distribution. Thus, it
is assumed that the fraction of failed tubes is distributed in time (EFPY) according to Weibull
distribution. Such approach is well known in literature (e.g., [5]) and allows for variable failure
rates during the useful lifetime of the steam generator.
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using all data points between 1994 and 1997. This gives an estimate of about 40-45 tubes ex-
ceeding the repair criteria in each of the following two inspections.
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Figure 6 Predicted development of ODSCC at TSP (SG 2)
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The situation is considerably different for SG 2 (Figure 6). Different choices of data points to
be fitted with Weibull distribution result in considerable scatter of predictions. Based on the Weibull
fits in Figure 6, the number of tubes to be repaired is estimated to be between 163 and 321 during the
1998 inspection and repair campaign. The estimate for outage in 1999 is between 211 and 397.

5. PREDICTED REPAIR RATES

The plugging rates reported in 1997 outage and predictions for the outages 1998 and 1999 are
given in Table 4. Relative stable tube repair rate of less than 2% per outage is expected for SGI.

On the other hand, SG 2 may require between 4% to 10% of tube repaired in the following
two outages. Extensive sleeving campaigns or relaxation of repair criteria [7] may be required during
the remaining two outages to safely operate the plant at the 100%.

Table 4 Predicted Tube Repair Rates for 1998 and 1999

ISI

1997
1998
1999

SGI
TTS
23
23
23

TSP
56
45
45

Other
3
3
3

2
82
71
71

S %
1,8%
1,6%
1,6%

SG2
TTS
14
21
22

TSP
199
163-321
211-397

Other
12
12
12

S
225
186-344
235-421

£ %
4,9%
4,3%-7,7%
5,4%-9,4%

5. CONCLUSIONS

The degradation mechanisms that cause most of repaired tubes are statistically analyzed in this
paper. These degradation mechanisms are axial stress corrosion cracking in expansion transitions
(TTS) and outside diameter stress corrosion cracking at tube support plates (TSP). Other degradation
mechanisms are considered to have negligible influence on the remaining life of steam generators.

The future repair rates were predicted using Weibull distribution. It is estimated that the full
power of the plant can not be maintained without extensive sleeving campaign or relaxation in repair
criteria.

Close monitoring of the development of outside diameter stress corrosion cracking at tube sup-
port plates is recommended: (1) this mechanism dominates the repair rate, (2) it tends to develop more
than one defect per tube and (3) the cause of the fast progression of the ODSCC degradation in SG
2 is not known yet.
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STEAM GENERATOR INSPECTION
A KEY COMPONENT OF WER NPP SAFETY AND AVAILABILITY

J. Martens, R. Vojvodic - INTERCONTROLE, Rungis, France

Technology transfer is and has always been a complex task for all parties in the
partnership, especially in the field of nuclear energy.

Intercontrole, as a member of a consortium in two projects of technical assistance
(one with Russia, the other with Ukraine), and its partners abroad have performed
several activities in the field of SG Eddy current inspection including:

- equipment delivery,
- training of personnel in equipment maintenance,
- training of personnel in data acquisition and analysis,
- training of personnel regarding inspection organization,

preparation and performance,
- inspection performance,
- technical assistance during the inspection.

Since WER steam generator replacement on regular basis is no longer considered
as the best solution of the problems met on this structure, the importance of
In-Service Inspection in order to detect, localize and characterize the defects in the
tube and/or in the collector material, as well as to follow them in time, is extremely
important.

The personnel of the power plants involved in the project in both acquisition and
analysis has reached a good level to continue to perform future work concerning ET
inspection of steam generators with more or less technical assistance depending of
their experience and the complexity of the task and problems being met.

The examples given here illustrate the techniques applied and show some types of
defects found on 440 and/or 1000 MWe WER steam generators. The figures 1 and
2 show an indication which was detected in the tube material situated under 3rd

spacer grid on steam generator hot leg. The indication was characterized by bobbin
coil as an OD corrosion type defect.

The figures 3 and 4 show indications located in the collector material detected by
collector rotating probe. The "zoom" on the bottom part of figure 4 illustrates two
longitudinal cracks.

The particularities of both bobbin coil and rotating probe inspection are:

- calibration standard recording and automatic calibration are
performed for each individual tube,

- quality control is performed for each individual tube resulting in
rejection of low quality acquisition if any,
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- automatic detection, localization and characterization of indications
is performed followed by the proposition of results which are then
verified and confirmed by an analyst.

Table 1 shows the summary of main activities performed on WER type steam
generators in 1996.

Site
Balakovo 1
Balakovo 2
Balakovo 3
Balakovo 4
Kalinin 2
Kiev
Novovoronezh 3
Novovoronezh 4
Novovoronezh 5
Rovno 3

Activity
EC inspection
EC inspection
EC inspection
EC inspection
EC inspection
training
EC inspection
EC inspection
EC inspection
technical assistance

17200 tubes
2820 tubes
22400 tubes
17200 tubes
« 2000 tubes

5500 tubes
1000 tubes
2800 tubes
« 1500 tubes

- Table 1: Summary of main activities in 1996 -

The other figures given later show some of the equipment used for WER Eddy
current inspection.
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- Figure 1: indication detected by bobbin coil -
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- Figure 6: Inside view of inspection shelter -

- Figure 7: GIBBON SG manipulator
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Figure 8: WER SG manipulator
installed on mock-up

- Figure 9: WER SG pusher-puller -

- Figure 10: Collector rotating probe -
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MECHANICAL MODELING OF CREEP IN MATERIALS
SUBJECTED TO IRRADIATION

I. Dobovsek

Faculty of Mechanical Engineering, University of Maribor
Smetanova 17, Maribor, SI 2000, Slovenia

ABSTRACT --The paper is concerned with the mechanical modeling of creep, swelling, and damage
of polycrystalline metals under thermal and neutron irradiation conditions applicable to the analysis
of nuclear reactor components from the structural mechanics point of view. Constitutive equations
of creep, swelling, and damage under irradiation are formulated within the framework of continuum
mechanics by taking into account the physical mechanisms of neutron irradiation. The extent of
irradiation damage is described by using the fundamental prinripies of damage mechanics. It is assumed
that the creep tinder irradiation can be decomposed into irradiation-induced creep and irradiation
influenced thermal creep. The proposed constitutive equation is then applied to analyze the creep
damage of type 316 stainless steel under different irradiation conditions.

1. Foundations

The main mechanisms of failure in materials subjected to high-temperature environ-
ments usually consist of nucleation and growth of microscopic cavities due to creep
fatigue damage which may ultimately lead to their coalescence and adjointment to
macroscopic cracks. In nuclear reactor components such as fusion reactors or fast
breeder reactors this process is significantly enhanced particularly the process of creep
and creep damage in connection with the increased influence of neutron irradiation. It
has been observed experimentally that during the process of irradiation certain mate-
rial properties change. These changes are usually undetcctable at fluences below 1O'2'2

neutrons/m2. With increasing rluence the extent of the effect increases, eventually reach-
ing some limiting oversaturation level. The material properties that increase during the
fast neutron irradiation are the yield strength, the tensile strength, the nil ductility
transition (NDT) temperature, hardness, high-temperature creep rate arid then; is also
a slight increase of Young's modulus. The properties that decrease are among others
ductility, stress-rupture strength, density, impact strength, and thermal conductivity.
Consequently, proper modeling of the effects of neutron irradiation on the process of
inelastic deformation and damage is a prerequisite for the rational design, probability
risk assessment, and life prediction analysis of different built-in components and nuclear
structures as a whole. To consider and to evaluate the extent of irradiation damage of
reactor steels and other components the need to develop constitutive models of irradia-
tion creep, swelling and irradiation creep damage based on the mechanisms of physical
theories of neutron irradiation is of fundamental importance. Quite recently, a class of
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new constitutive models to describe such a behavior has been proposed in the literature.
Basic assumption made in those models is that the irradiation creep can be decomposed
into irradiation-induced creep and irradiation-enhanced creep. Subsequently, in the ex-
position of the paper we largely follow [8-12].

One of the most frequently used physical models of irradiation-induced creep is
based on the Climb Enhanced Glide (CEG) mechanism where it is assumed that the
absorption of interstitial atoms induced by irradiation enhances the climb and glide of
dislocations. By assuming that the creep rate is proportional to the climb velocity the
creep rate law is given as i =• k^crS, [4,5], where k\ is a material constant, a is applied
stress, and S represents the swelling rate.

Another mechanism which takes into account an interaction of a point defect and an
edge dislocation is the so called Stress-Induced-Preferential-Absorption (SIPA) mech-
anism in which the rate of dislocation climb is taken proportional to the rate of nucle-
ation of point defects Ki, so that the expression for the creep rate can be described by
i = kiK%a^ where ki is the corresponding material constant.

Both mechanisms are not mutually exclusive, but they tend to co--exist, so it is
natural to consider their combination in determination of the total creep rate: i =
h\oS + k-iKiC. It is not our purpose here to give more detailed description of the
physical mechanism of irradiation creep and related phenomena. Further details can be
found for example in [3,7].

2. Mechanical modeling of irradiation—induced creep

The mechanical modeling of irradiation-induced creep hereby designated as ellc —
s!

tj
ce{ ® e_j, where e* is the k-th base vector of the corresponding Cartesian coordinate

system, is based on CEG and SIPA physical mechanisms. According to both mecha-
nisms, the rate of irradiation induced creep e{jC depends on the current state of stress
<Tij, and the current rates of nucleation of interstitials and vacancies which according to
the proposed physical theory are proportional to the neutron flux <£, meanwhile the dis-
location density generally depends on the neutron fluence 3> = J 4>dt. Mathematically,
above mentioned assumptions can be represented as a general form of constitutive law
£lijc = 3~ij{vkU 4>, *$)• Considering the linear stress dependence in CEG and SIPA mech-
anisms and the experimentally proven fact that the irradiation-induced creep usually
has negligibly small amount of anisotropy, the irradiation creep can be represented by
an isotropic tensor function in the stress space which characterizes the current .state of
stress within the material, isotropic tensor function with regard to neutron flux, as well
as an isotropic second rank tensor function accounting for the effects of neutron fluence.
In practice, both rluence and flux tensor functions can be replaced by single scalar
functions which can be easily calibrated from the experiment. The volumetric part
of the irradiation induced-creep is usually attributed to volumetric swelling, whereas
irradiation enhanced thermal creep is modeled by a modified Kachanov Rabotnov creep
damage theory generalized in such a way to incorporate the effects of irradiation. Con-
sequently, the constitutive equation of irradiation induced-creep can be written in the
following form:

Smnem 0 e n , (1)

(2)

eiIC = (l/3)treJICI + eI
lj

c\ <r = (l/3)fr<xl + aD. (3)
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In Eqs.(2-3) D designates the deviatoric part of the associated second rank tensor.
Eqn. (2) defines the volumetric part of the strain rate and directly corresponds to
the swelling rate S. In the literature [7,8] different models for the deviatoric part
of irradiation induced-creep can be found. Model which accounts for the effects of
incubation period of swelling and the linear dependence of creep and swelling on the
neutron fiuence reads

'!c = (1/3)51 + (3/2)P**«, ~ (4)

5 = C(l + cxp(J?(x - $ ) ) r l d + Qtr<r)$, (5)

where C. P. Q, R are constitutive functions related to neutron flux and fluence, hence all
depending on <p and $, while x represents the incubation fluence for swelling, i.e., the
amount of irradiation fluence required to induce the non-negligible amount of swelling.
The constant \- may be regarded as an empirical constant.

3. Mechanical modeling of irradiation—enhanced thermal creep

During the process of irradiation the ordinary thermal creep is affected by irradiation
which may have a significant impact on the overall creep behavior of irradiated material,
particularly at certain ranges of elevated temperature. The process is usually accompa-
nied by different mechanisms of creep damage as a result of the nucleation and growth
of grain boundary cavities. The fundamental mechanisms of thermal creep and creep
damage are not changed by irradiation, but the rates at which creep and damage takes
place, hereby designated as £ ' , are influenced by the extent of irradiation, that is by
the amount of neutron flux <f> and neutron fluence $. For this reason the Kachanov
Rabotnov creep and damage theory [3,9] is generalized to include the influence of 4> and
<£ on material properties and is written in the following form:

eITC = {Z/2)A*a*exp(~a*t)irn'~x<TD

+ (3/2)A(<f>,*)(a/(l-D))n^-l(aD/(l~D)), (6)

D = B(<f>,$){a{l)/(l - D))k^'*\ (7)

where <r(l* is the maximum principal stress and d"2 = (3/2)ir(<T/; • &D) is the square
of the equivalent stress—the second invariant of the deviatoric part of stress tensor.
Material functions A, i?, n, and k depend on (f> and $, while A*, a*, and n* are material
constants. Internal state variable D which represents a damage variable describes the
extent of damage in the material with the following two limiting values:

, _ . . . initial undamaged state

final ruptured state

Additional simplifications which are usually adopted in the literature and are based
mostly on experimental data are the following: under conditions of moderate fluctuation
of neutron fluence and flux no significant influence of fluctuation is observed on the
relationship between the rupture time, internal damage variable, and stress, therefore,
it is a plausible assumption to introduce material constants fco and no such that

k[6, $) = A;o, n (# ,$)=r i 0 . (8)
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"The constitutive function A{(p,$) which is related to the creep rate depends on the
amount of irradiation-induced internal defects, while the function B(<fr,$) is related to
the. rate of cnxrp damage. The effect of neutron flux and fluence is cumulative to the
point of reaching certain oversaturation level which eventually leads to an asymptotic
state of damage stress. In view of this, the functions which can describe such a behavior
arc postulated in the following form:

= J?0(l + 6i(l - exp(-62*)))(l + M l ~ exp(-&4*))), }

where ak,bk,k = 1,4 are material constants which can be determined from constant
stress creep experiments under conditions of irradiation, post- irradiation, and when no
irradiation is present.

4. Constitutive equations for creep, swelling, and damage under irradiation

Irradiation affected creep, swelling, and damage are cooperative phenomena. They
co-exist during the process of irradiation. Their influence on the overall mechanical
behavior of material is cumulative. Therefore, the constitutive equations for creep,
swelling, and damage under irradiation accounting for continuous transition of incuba-
tion swelling and including the effect of transient creep upon using Eqs. (1 -9) can be
written in the following form:

•a _ -ITC , • / / ' / '
£ = £ + £ ,

(3/2)A0(l + a,(l - exp(-a20)))(l + «3(l - exp(-a4$))) (10)

D = Bo(l + 6 , ( 1 - exp(-M)))(l + M l - exp(-&4*)))(<r(1)/(l - £>))fc°, (H)
5 - C(l + exp(R(X - *)))~1(1 + Qtro)*y (12)

Three limiting cases can be distinguished in the relations given above. By taking 0 = 0.
$ = 0 equations (10-12) reduce to the equations of thermal creep under unirradiated
conditions, the case <p — 0, 4> — const, corresponds to post-irradiation creep, while
conditions d> ^ 0, $ ^ 0 characterize creep, swelling, and damage under the influence
of irradiation.

5. Analysis of creep constitutive equations under irradiation

Here we outline the most representative experimental data gathered for 20% cold
worked type 316 type stainless steel [9]. We discuss certain qualitative and quantitative
aspects of applicability of the proposed constitutive model. Few remarks regarding indi-
vidual material constants are in order. The material constant R in Eqn. (12) defines the
curvature; of the transient region of the swelling curve and as such is directly correlated
to the magnitude; of incubation fluence for swelling \-. Irradiation is assumed to have no
significant impact on material behavior under the conditions of transient creep. Thus,
the material constants A*, a*, and n* can be calibrated from the standard creep tests
under no irradiation. More detailed exposition of determination and measurement of
other material parameters can be found in [3,8]. In the sequel we give the material
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constants used in Eqs. (10-12). Experimental results shown in Figs. (1-6) are taken
from [10,11]. Figure 1 shows the results of swelling for 20% cold worked type 316 stain-
less steel at 400°C. From Fig. (1) it can be seen that Eqn. (12) predicts experimental
data quite well. Figure 2 illustrates the results of integration of Eqs.(10-12) and their
comparison to experimental data for the irradiation creep of 20% cold worked type 316
stainless steel at 450°C under constant uniaxial tension and steady irradiation flux.
The stress free swelling was not considered in the calculations using Eqs. (10-12). The
following material constants have been used in Eqs.(10-12):

Unirradiated creep :

O — 0(n/cm2h)

$ = 0(n/cm2)

Ao = 3.20 x 10' l 3(JlfPaB o / i)-1

Do = 6.00 x 10~ ! 0(MPa l o / i )" '

n0 = 3.50

kQ = 2.80

A* = 1.30 x l0~7(MPa~n')

a* = 8.50x HT^/i""1)

n* = 2.00

Swelling :

Y = 5.00 x 1022 (n/cm2)

C = 4.00 x 10'25(n/cm2)~l

R= 1.25 x

Postirradiation creep :

<p = 0(n/cm2h)

$ = 5 x 10" (n/cm2)

a3 = -9.00 x 10~2

a4 =2 .60x lQ-'nin/cm2)*1

bz = 1.30

b4 = 2.60 x 10~2(n/cm'2)~l

Creep during irradiation :

4> = 1 x 1019(n/cm2h)

$ = 4>t{nfcm2)

ax = 5.00 x 10"2

a2 = 2.60 x 10'19(n/cm2h)~l

6, = -0.95

b2 = 4.50 x 10"19(n/cm2/i)-J

P = 1.05 x lQ-27{MPan/cm2)2 \ - l

2 -

V)

r

Experimental

+ a = 0 MPa

A 103 MPa

O 138 MPa

D 172 MPa

Calculated

-

n/(cm2h) g

a = 172

7'

1

/

7
(3 MPa

/

MPa

0 4 8 12
Fluence, • [(n/cm2) x 1022[

Fig. 1: Swelling of 20% cold worked type 316 stainless steel.
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Fig. 2: Irradiation creep of 20% cold worked type 316 stainless steel.

Figure (3) represents the creep curves under different conditions of irradiation at 650° C
Equations (10-12) qualitatively describe the effects of irradiation on creep in different
creep regimes quite well. Figure (4) depicts the decomposition of creep during irradiation
at 650°C into irradiation induced creep and irradiation-affected thermal creep. The
evolution of material damage at 650°C is shown in Fig. (5) where damage variables D =
0 and D = 1 correspond to initial undamaged and the final ruptured state, respectively.
The loss of ductility and the influence of irradiation on the final rupture time can
be clearly seen from the Fig. (5). Figure (6) shows the stress rupture time relations
for unirradiated creep, creep under conditions of post irradiation, and irradiated creep
predicted by Eqs. (10-12) which carry a close resemblance with experimental data.
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Postirradiation
- * = 5 x 10"

n/cm2

c
'35

1.0
a
CDa>
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o 0.5

Unirradiated A Experimental
v A Unirradiated

Q Postirradiation

O During irradiation

T ^ Calculated

O

During irradiation
= 1 x 101»n/(cm2h)

c = 70 MPa

2 4 6

Time, t (h x 103)

Fig. 3: Creep curves prior, during, and after irradiation
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Fig. 4: Irradiation induced creep (IIC) and irradiation influenced thermal creep (IIT).
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Fig. 5: Creep damage evolution prior, during, and after irradiation.

6. Final remarks

We may conclude that the results from the proposed constitutive model obtained in
bination which is to large extent based on experimental observations are very promising,
even though the results can be considered as semi-empirical since the evolution equa-
tions for irradiation induced and irradiation enhanced creep have not been obtained as
a result of rigorous thermodynamic consideration using the second law of thermody-
namics or the -Clausius-Duhem inequality. Such theory is still not known in terms of
measure-observable internal variables. The evolution equations for irradiation induced
creep do not violate the principle of the second law of thermodynamics and the en-
tropy inequality. They provide an efficient tool for the analysis of very complicated
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phenomena at a moderate level of theoretical complexity. The evolution equations are
three dimensional and ran "be incorporated in a straight forward manner in aiiy open
finite element code providing that the efficient time integration algorithm for nonlinear
systems is already available.

300

200

a.

m
I 100

SO

\V
D-D

Experiments!
D - D Pott-irrwBation

<t>« 5x10"
n/em*

A-A
o-o

^ * 1x10"
iV(cmfhr)

Type 316 S3.
20% C.w.

Ta650*C

10 10* 10*

Tim* to rwptur* t,, hr

Fig. 6: Stress ruptiure properties for unirradiated, irradiated, and post -irradiated creep.
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Post-test analyses of WWER ballooning experiments
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ABSTRACT

A series of ballooning experiments was performed at the KFKI-AEKI in order to
compare the mechanical behaviour and strength of Zircaloy-4 and Zr-1%Nb
claddings. The effects of temperature, oxidation and iodine absorption on
deformation and burst pressure was investigated in almost 100 biaxial tests.
Numerical post-test analyses have also been performed with the stand-alone fuel
module of the French CATHARE code and the US fuel behaviour code FRAP-
T6. Comparing the experimental and the analytical results, relevant differences
of high temperature strength due to different cc-|3 phase transition temperature
were revealed between the investigated cladding materials.

INTRODUCTION

The licensing procedures and the safety analyses in the nuclear energetics

require more and more accurate fuel rod behaviour modelling. Since the

cladding mechanical response has great importance, the behaviour of Zlrcaloy

materials widely used in PWRs have been extensively studied and several

computer models have been developed for the simulation. However, there is only

a limited number of data about the performance of Zr-Nb alloy claddings used in

WWERs. In order to compare the behaviour of Zircaloy-4 and Zr-1%Nb tubes

under LOCA conditions and to get a data base for mechanical model

development and validation, numerous ballooning tests were performed at the

KFKI-AEKI.
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BALLOONING TESTS

The Zircaloy-4 and Zr-1%Nb cladding tubes were tested in a facility designed for

these experiments (Figure 1) providing linear pressurisation of the specimens

under isothermal conditions between 700-1200 °C. The specimen was placed in

a quartz test tube filled with inert gas (Ar), then vacuumed and heated up in an

electrical furnace. The pressure of the inert gas in the quartz tube was kept at

constant 1 bar by means of a buffer volume. After ca. 1000 s heat-up period the

sample was pressurised with argon gas at a constant pressure gradient

provided by choking with a capillary tube. Different pressurisation rates between

0.01-0.1 bar/s could be applied by capillary tubes with different diameters. The

furnace temperature and the cladding inner pressure were recorded by a PC with

10/s data acquisition frequency.

QUARTZ TEST TUBE

DATA ACQUISI-
TION SYSTEM

PRESSURE TRANSDUCER

PRESS URIZATION

VACUUM

Figure 1. Schematic view of the test facility
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The specimens were 50 mm long slices of original PWR and WWER claddings

with the identical inner / outer diameters of 9.3 / 10.75 mm and 7.8 / 9.2 mm

respectively. The samples were closed with Zircaloy-4 end-plugs welded to the

cladding in argon atmosphere. The pressurisation was performed through a 200

mm long and 2.2 mm diameter Zircaloy-4 pipe attached to one end of the

specimen. In order to investigate the effect of corrosion on the mechanical

strength of Zr-1%Nb some samples were treated in steam or iodine atmosphere

before the ballooning tests. Samples with outer oxide layer of 0-50 um or iodine

concentration of 0-18 mg/cm3 were investigated.

On the ba^is of ca. 100 ballooning tests, performed at different temperatures in

the range of 700 - 1200 °C with 50 °C steps, the following conclusions have

been drawn:

1. The mechanical behaviour and strength of the PWR and WWER claddings are

very similar Nevertheless, the experiments revealed that in the temperature

range of 800-1000 °C the mechanical strength of the Zr-1%Nb cladding is

lower than that of the Zircaloy-4 tube, since the a-p phase transition

temperature is different for WWER and PWR cladding materials.

2. The coolant side oxidation has a significant effect on the mechanical strength

of the cladding. The strength of Zr-1%Nb increases up to 10 um oxide layer

thickness, but decreases with further oxidation (Figure 2). Decreasing

deformation with an increasing ZrO2 layer has also been observed.

3. The iodine treatment did not influence the mechanical behaviour significantly:

only a small increase of high temperature strength and a small decrease of

deformation have been observed.

POST-TEST ANALYSES

In order to check whether the transient fuel codes available at the KFKI-AEKI are

applicable for WWER fuel rods as well, post-test analyses have been performed

with the stand alone CATHACOMB model of the French thermohydraulic code

CATHARE and with the US fuel code FRAP-T6.
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Beyond a comprehensive thermal analysis, the CATHACOMB model [1]

simulates the elastic-plastic deformation of the cladding and predicts its failure.

The creep correlations for recrystallised CEA cladding material are described

with the following Norton-Hoff type equations:

( N.5.65

A(T)) \ T )

where: sc - creep rate (1/s)
Of - tangential stress defined by primary

membrane model (MPa)
T - temperature (K)
A(T) = 1.0-1.1246- 1(T3(T-1098;

a-p transition: ec = 20.267 • a,2'97

I T )

p phase: ec =4.067 • c,3'79 • exA

In the phase transition domain a double layer (an a+p layer and an a or p layer)

structure is considered, depending on the fraction of a phase (fa), which is

calculated by means of the following kinetics equation:

The relation between fa and the equilibrium temperature (Teq) for Zircaloy-4 is

represented in Figure 3 with the continuous curve. In order to define if cladding

failure occurs, the calculated tangential stress and strain are compared to the

burst values derived from the biaxial Edgar tests. The cladding oxidation is also

simulated but its effect on the mechanical behaviour is not considered in the

CATHACOMB model.

At first, the tests with Zircatoy-4 samples (ca. 30 tests) were analysed with the

CATHACOMB model resulting in very good agreement between the measured

and calculated burst pressures. Figures 4 represents the comparison of
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experimental data (y=1 line) and the CATHACOMB results (marked points) as

the function of the temperature. When the tests of the unoxidized Zr-1%Nb

specimens were simulated, the burst pressure was considerably overpredicted in

the temperature range of 800 - 1000 °C (Figure 5). In order to make the

CATHARE code suitable for WWER modelling, the CATHACOMB model was

improved in two steps.

1. Since the a-p phase transformation in Zr-1%Nb alloy starts at ca. 100 °C

lower temperature than in 2irca!oy-4 a new fa (Teq) function was derived from

the Zr-Nb phase diagram. (See broken line curve in Figure 3).

2. The creep correlations were also modified as follows:

a phase:

a-(3 transition:

(3 phase:

ec -1.17-

e c -293.0

e -2.37-

•or

expl

•exp\

exp\ -

29640^

T J
' 20330^

. T J
17112^

The repeated post-test analyses for Zr-1%Nb cladding verified the model

improvement since the deviation between the measured and computed burst

pressures was within 30% even in the temperature range of the phase

transformation (Figure 6). The reliability of the simultaneous fuel rod behaviour

simulation in the LOCA analyses of WWERs is significantly improved this way.

The mechanical model of FRAP-T6 [2] is more complex than that of the

CATHARE code. The cladding elastic-plastic deformation in multiaxial states of

stress is calculated by means of the Method of Successive Elastic Solutions: The

total plastic strain is calculated as the sum of plastic strain increments at each

load step of the operating history. The plastic strain increments in principal

coordinates are determined at each load step solving the Cauchy equilibrium

equation, the generalised Hooke's law and the Prandtl-Reuss relations

iteratively. The relation between the effective plastic strain (ep) and the effective

108 Proceedings of4lh Regional Meeting Nuclear Energy in Central Europe, 1997



stress (ce) is determined by the power functions of MATPRO-11 representing

uniaxial load elongation tests:

where: k - strength coefficient
m - strain sensitivity coefficient
n - strain-hardening coefficient

The values of k, m and n depend on the temperature, oxygen concentration,

neutron fluence and cold work. The equations for failure stress and strains are

also derived from the MATPRO package.

The post-test analyses performed with the FRAP-T6 code also indicated the

lower strength of Zr-1%Nb between 800 and 1000 °C (Figure 7), supporting the

necessity of mechanical model improvement for WWER application. The

determination and implementation of new material functions for FRAP-T are to

be performed after a wide-ranging investigation, considering the effect of

oxidation and irradiation on the mechanical behaviour as well.
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Steam Generator Life Extension by Innovative Repair Techniques

Franz Potz
ABB Reactor GmbH, Mannheim, Germany

Franz.Poetz@debbr.mail.abb.com

Introduction
As operating light water reactors getting older and some of them approaching their

designed lifetime, the question of plant aging, and the determination of their potential lifetime
becomes more and more important. This calls for a better understanding of aging phenomena
by an optimization of operating strategies and a development of innovative inspection and
repair or replacement strategies. Definitely, this task is complex because it covers technical
issues, cost, a given licensing situation and possibly, public acceptance.

From a technical point of view it seems to be a common understanding that nuclear
power plants can be operated for 40, 50 or even more years today. The inspection, repair and
replacement technologies are of a very practical importance in achieving this goal. The steam
generator shall serve as an example of how we think to support utilities in the future.

Steam generators are designed to be a barrier between the primary and the secondary
side in a PWR during the active life time. However, a large number of SG tubes have become
defective and cannot be operated until the designed life time.

Defective tubes have to be plugged or sleeved according to current criteria. Both
technologies were developed and qualified by ABB and are field proven. Another solution
may be the complete replacement of a steam generator. The first option of course should be
the use of all possibilities to extend the life time by economical repair solutions.

I will present you the latest developments and the operating experience we can provide
already today.

Situation Worldwide
Most of the operating steam generators in the world have tubes made from Inconel

600. One exception are the steam generators built in the former Soviet Union. These steam
generators of the VVER type are equipped with stainless steel tubes. Incoloy 800 as tube
material used in Germany from the beginning is the other exception. Up to now the
experience we made is extraordinary. There are steam generators working in 1300 MW plants
for more than twenty years literally without any apparent damage, no tube had to be plugged
because of wall degradations during operation. In many nuclear power plants in other
countries the SG tube damages reached such a degree that the SG replacement is the only
economically feasible solution. Figure 1 shows the mechanisms of damage for 20 years.
Although the so-called wastage and denting problem dominated the seventies, the main
problem today is the stress corrosion cracking of the primary as well as secondary side.

ABB already developed repair techniques in the past, for example a TIG welded
sleeving, and installed these sleeves in different steam generator tubes widespread all over the
world.
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Key questions (problems) our engineers paid attention to for a long time are the following:
> Is it possible to create an innovative sleeve without the complex welded joint for optimum

performance on operating and accident conditions of a nuclear power plant?
> Is it possible that, in the future, such a sleeve can replace the plugging of tubes in regard

of cost and time?
Taking into account our state of development and experience both questions can be

answered with YES.

SG Repair Technology
An extreme important question to operate a nuclear power plant is the knowledge of

the condition of materials and components. The eddy current technique turned out to be the
most useful technique to answer this question. Continuous improvements were made
regarding detection sensitivity, inspection velocity and radiation dose reduction. A remarkable
event during the last years was the development and testing of new probes enabling the
detection of even smallest stress corrosion cracks with the so-called "plus point probe". Today
this is the prerequisite for the development of repair strategies.

Let me now present our new sleeving product, the so-called PLUSS Sleeve. The basic
idea was to take the advantage of different material characteristics between sleeve and SG
tube (see Figure 2). Because of the different spring back characteristics an contact pressure
appears after the hydraulic expansion process, which creates a leak tight upper joint PLUSS
TS sleeve or both joints of the PLUSS TSP sleeve. The lower joint of the PLUSS TS sleeve is
a hard rolled one with a microlock similar to that of the plug. On the left side of the figure you
see a mother tube repaired in the TSP region with a PLUSS TSP sleeve. The right side shows
a mother tube repaired in the TS region by a PLUSS TS sleeve. All hydraulic expansions are
so-called 0%-expansion, that means no significant stresses are remaining after the expansion
process. This is very important for material susceptible to stress corrosion cracking, like
Inconel 600, during longterm usage.

Further potential of optimisation was in the area of the expansion length (see figure 3).
Elastoplastic finite element analysis proved evidence that a certain optimized expansion
length leads to maximum radial stresses and decreasing axial and circumferential stresses. The
radial stresses are directly responsible for the sealing function. The results achieved during the
qualification testing confirmed this calculation.

Another advantage can be seen in the next figure 4. The sleeving process leads to a
material temperature decrease of more than 30°C on the outer tube surface. This is very
important with regard to the crack initiation and propagation, as shown in EPRI research
papers, see figure 5.

The mentioned temperature decrease of 30°C reduces the crack propagation roughly
by a factor of 10. In other words, a defective tube that will be PLUSS sleeved according to the
valid criteria, will need for example 10 years before failing under operating conditions instead
of 1 year.

To this day we installed 1235 sleeves in 3 plants which are operating successfully, two
of them for more than two years. The achieved production rate was approximately 50 sleeves
per SG and day.

Innovative economical solutions cannot be developed by one lonely party. On the
contrary we need the cooperation and willingness of our customers and authorities to pave the
way for innovative solutions.
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Conclusion
From our point of view the presented development and qualification of the n <

tube repair technique will replace most of the plugging processes of steam generator tubes in
the future. The inspection of the mother tube as well as the sleeve is very well feasible with
qualified eddy current methods. The key features and their advantages are summarized in
figure 6.

We strongly believe that innovative solutions are of considerable importance for a safe
and economic operation of nuclear power plants in the future.

FIGURE 1:

Causes of tube degradation worldwide

o
1973 75 77 79 81 83
Note: Nuclear Engineering International January 1995
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FIGURE 2:

PLUSS TS Sleeve PLUSS TSP Sleeve
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FIGURE 3:

Theoretical Investigation
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FIGURE 4

Theoretical Temperature investigation
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EPRI Corrosion Test Results
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FIGURE 6:

Key Features of PLUSS Sleeves

Design Material
Zero expansion of SG-tube
SG tube stresses due
to installation

i
Potential for leakage
- Tubes with non wall

through defects

Installation 3 simple steps

Results

Controlled steps
Application
Accessibility

SG tube inspection
Production rates
Removal of sleeve

Alloy 800-qualified industrial production
No heat treatment
None or compressive due to installation process

leak tight; crack growth drastically reduced
due to reduction in SG tube surface temperatur

Cleaning of SG tube, hydraulic expansion of upper
and hard rolling of lower joint of TS sleeve or
hydraulic expansion of upper and lower joint of
TSP sleeve
Low risk of procedure deviations
Top of tube sheet / support plates
Up to 98 % of tube sheet area

Complete inspectability of sleeved area
40 to 60 per day and SG
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DETECTING OF DAMAGES BY USING +POINT EDDY
CURRENT PROBE

Renato Gracin, dipl. ing.

INETEC
Zagreb, Koturaska 51

Abstract: The development of eddy current "+Point" probing technique makes possible to
meet demands of finding small cracks in difficult parts of steam generator tubing, such as
top of tube sheet and sleeved part of tube. Another application of +Point" probe is surface
examination of weld or other rough surfaces. This article will present way of detecting
direction of cracks as well as on site inspection experience.

The appearance of circumferential cracking in nuclear power plant steam generator tubes
has been increasing in recent years. Even, some of the cracks were discovered as result of
actual tube leaks. These tube leaks" required unscheduled plant shutdowns to be fixed. So,
improving of the minimum level of detection was reason for new development emphasis to
be placed:'

Initially, multiple-coil surface riding array coils were used for detection of circumferential
cracking in most difficult parts of steam generator tubing (where bobbin coil is not giving
satisfactory results).
The following drawing (Figure 1.) presents standard bobbin coil and multiple coil array
probe.

Figure 1.

ffl

Next, the most significant step in development of probes was design of rotating probe.
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Figure 2. illustrates rotating probe inserted into tube and cross section view of rotating probe.

Figure 2. Spring - ^ P r o b e

- Tube
"Pancake" coil

During helical scan of tube, presented in Figure 3. this probe gives better results.

Figure 3.
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For this purpose, a new algorithm in analysis
software was developed, i.e. line scans were
joined by accomplishing probe rotation, so two-
dimensional presentation (C-Scan) of tube
circumference can be obtained on analysis screen
(Figure 4.).

Further, to standard pancake coil, on probe body
were additionally mounted two linearly wounded
coils. One was more sensible for axial, and the
other for circumferential cracking, as it is shown
in the following drawing (Figure 5.).

However, even with all these improvements,
undetected cracking still occurred. The main
problem that remained in many cases, is to detect
and discern cracks clearly from other larger
signals generated by expansion transitions, top of
tubesheet interfaces, magnetic and conductive
deposits. These conditions were reason for
detectable cracks to remain unreported what
resulted in unplanned plant shutdowns.
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3D view 2D view
(Not to scale)

Signal responses

Circumferential
Axial

The main goal in new probe design was to increase minimum detection and minimize
interference caused by expansion transitions and top of tubesheet. Therefore, +Point rotating
probe was designed.
Figure 6.

Software for rotating probe already provided
advanced analysis tool. With standard 3-coil rotating
probe, this software was not sufficient because
interfering signals were much larger than signals
which indicate cracks! Therefore, idea was to improve
quality of data input to analysis software, meaning to
provide data less influenced by lift-off, support
structures, geometry changes and deposit signals.
Solution found in +Point coil configuration is
illustrated in Figure 6..
The design consists of two coils differentially paired
electrically, and physically oriented to generate -two
eddy current flow paths at 90° to one another. With
this coils configuration, lift-off and magnetic effects
due to geometry changes were significantly reduced,
while the interruption of each of the two eddy current
paths made circumferential and axial crack
orientations clearly distinguishable from each other.
The conventional pancake coil is wounded to generate
eddy currents in circular path that can be distorted by
all axis of cracks - what is desirable effect. However,
absolute technique is highly sensitive to geometry
changes, lift-off and deposits, causing cracks to be
less detectable.

The +Point coil(s) generates axial and circumferential eddy currents to provide multi axis
crack detection possible. But, more important is suppression of unwanted influence of noise
signals what is achieved by operating them in a differential configuration.

Although +Point probe is great improvement, some influences from transition signals and
deposits still remained in eddy current data, but not nearly as badly as with absolute pancake
coil.
Nevertheless, these signals still have potential to detect smaller crack indication signals.
Advanced algorithm available in eddy current data analysis software is one of solutions. With
the raw data containing interfering signals the available software algorithm became much
more effective.
In the USA during actual field application of +Point probe, several tubes were pulled out of
various steam generators, and analyzed destructively.
Results showed that rotating +Point coil technique is better than all previously used eddy
current techniques, especially in critical steam generator regions as expansion transitions, top
of tubesheet, sleeve attachment welds and U-bends where large signal interference occurs.

The following will be illustration of all mentioned before. All presented figures are plotted
from data acquired on inservice inspections and showed in C-Scan form.
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Figure 7.
Figure 7. presents ASME calibration
standard obtained by conventional 3-
coil rotating probe. For this purpose is
used pancake coil on 400 kHz. ASME
calibration standard (plotted part)
consists of through wall hole, 80%,
60%, 40% and 4x20% flat bottom
holes (example, 60% means that hole
depth is 60% of tube wall thickness).

Figure 8.

Figure 9.

Figure 8. gives the same, just obtained
by using +Point probe. It may be
noticed that signal indicated by
damage is going up and down what
indicates that damage has volumetric
nature (what really hole is).

Part of rotating probe calibration
standard with 4 flat bottom holes and
two . circumferential notches is
presented in Figure 9. obtained by
pancake coil.
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Figure 10.
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Figure 10. gives the same data
acquired by +Point probe. As visible
signals presenting circumferential
notches are going up.

Figure 11.

Figure 12.

Real data from steam generator,
collected in region of top of tubesheet
by using probe head with two pancake
coils and +Point coil is the following
presented (Figure 11.). C-Scan is
plotted from pancake coil data. As it is
visible, geometry change signal is
interfering with circumferential crack
(not deep) signal. Crack is detectable,
but it is not clearly visible and might
happen to remain unreported.

But, if the same crack is reviewed by
using +Point data presented in Figure
12., it may be said that crack is easy
detectable. Signal is going up, what
indicates that circumferential crack is
present.
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Figure 13.
The following two figures illustrate
data from the same tube (top Of
tubesheet location) acquired by 3-coil
rotating probe.
Figure 13. gives pancake coil data
(this data should be the same as on
pancake coil on +Point probe head
data showed before).

Figure 14.
Figure 14. gives data collected by coil
wounded to detect circumferential
cracks. Both coils recognize
circumferential crack located on the
top.of tubesheet, but detectability can
not be compared with detectability
provided by +Point coil data (where
presence of circumferential crack is
obvious).

Figure 15.
+Point probe gives also better
results in sleeve inspection. For this
purpose standard +Point probe is
improved to enable covering of
larger geometry changes of tube.
This probe is called GPP (Gimbaled
+Point Probe). On probe head in
this case is mounted only +Point
coil. Before +Point probe, for sleeve
inspection is used I-coil probe. This
probe did not give satisfactory
results, and indications on parent
tube where sleeve was installed
were not visible.
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Figure 16.
Example of I-coil data from Sleeve
calibration standard is given in
Figure 15.. Presented part of
calibration standard contains two
parent tube through wall holes, two
60% and two 20% flat bottom holes.
As visible, I-coil hardly detected
only through wall holes and 60% flat
bottom holes.
If this data is compared with data
acquired by GPP probe presented in
Figure 16., may be said that GPP
probe gives much better results.

Figure 17.
The following two figures show data
acquired by GPP probe on real
sleeves installed due to indications
initiated on top of tubesheet location.
In Figure 17. is presented sleeve
which covers large parent tube
circumferential crack. It shall be
noticed that signal is going up what
indicates presence of
circumferentially oriented crack.

Figure 18.
Figure 18. presents sleeve on other
tube where +Point probe detected
two parent tube cracks. First one is
on the top of tubesheet and it is
circumferential (crack signal is
oriented up). The other one is
located on tube outside tubesheet.
As visible this crack signal is going
down what indicates that crack is
oriented axially.
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Figure 19. Figure 20.
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The following four figures present sleeves installed due to damaged tube under support plate.
In Figures 19. & 20. is visible sleeve covering large axial indication on parent tube, but also
volumetric indication in bottom weld sleeve zone. Figures 21. & 22. present another sleeve
under support plate with volumetric indication placed in upper weld zone. It shall be noticed
that indication is clearly visible inspite of weld and large geometry variation.

Figure 21. Figure 22.
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The other, very important application of +Point probe (not related to steam generators) is
surface examination that requires scanning over a raised weld, where similar signal
interference has to be overcome. Some residual magnetism, existed in the welded region, is
causing large permeability signals, and the weld rough geometry creates lift-off interference.
Requirements to detect and distinguish transverse ad longitudinal cracks leads to +Point probe
which proved to be the best solution.

INETEC applies improved +Point probe for weld examination in penetration tube to sphere
joint in Reactor Vessel Head.
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HOLOGRAPHIC EQUIPMENT FOR TESTING THE CONSTRUCTION OF THE
NUCLEAR POWER PLANT

Dr. L. K. Yarovoi, Dr. L. Y. Robur, Dr. A. V. Gnatovsky, Dr. E. P. Udalov
Scientific-Research and Educational Center

"Physics, Mechanics and Technologies of Heterogeneous Systems" of the Taras Shevtchenko
National University 64, Volodimirskaya Str., Kyiv, 252017, Ukraine

E-mail: feofan@megamed.kiev.ua

Taking into account the problems of the nuclear engineering in Ukraine we start creating holographic
equipment for diagnostic of NPP construction. Possibility application of interference and holographic
technique in condition of NPP are considered. Composition of the equipment and anticipating characteristics
of the pulse holographic set with fiber light guides are presented for discussion. In conclusion of the paper
some preliminary experimental results are given.

1. Introduction
Emergency-free exploitation of NPP requires careful control of state of important NPP

units and modules. Now the five active NPPs in Ukraine produce 13,000 MWt of electrical
energy. Special attention is given to prevention of the possibility of harmful contaminant
.ejection into the environment. Therefore, the important problem is a development of
diagnostic equipment and methods directed to the detection of parts (in important NPP
constructions) that are the stress-concentrators, the detection of fatigue strain and pre-
destruction zones, gas and vapour flows. To provide the effective diagnostics, the measuring
devices must be jamming-proofed, remote controlled and must meet the requirements of
reliability, high sensitivity and real time capacity for work.

It is known that interferometric and holographic methods are the most sensitive to the
changes of the surface stress condition. They allow to visualise the deformation, fatigue and
pre-destruction zones, to carry out the integral observations and, at the same time, to detect the
stress-concentrators and the changes of the condition of observing surface [1]. Another
possibility of operating equipment control is analyses of NPP objects vibration parameters.
There is an optical interference method which, on the base of Doppler effect, allows to
measure remotely and with high accuracy velocity and another objects vibration parameters
[2].

It is extremely difficult to use interferometric holographic equipment directly at NPP
conditions. Nuclear power plant is a zone with harsh conditions of equipment exploitation
(high radiation, vibrations, unstable temperature mode). And holographic equipment is a
complex and whimsical unit that requires stable laboratory conditions for its operation.
Therefore, to provide effective use of interference and holographic methods, new technical
and engineering approaches are required. These approaches are considered in the present
report.

2. Method of measurement, conception of holographic set
Method of holographic interferometry is based on comparison of two holographic

images of the object at different time moments conformed to two
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different strained states. These interference images form system of fringes covering the
image of the object. Analyses of fringes location in interference pattern allow to determine
microdisplacements of the surface with tenths of micron. Thus it is possible to detect stresses,
strains, microheterogeneities in the form of cracks on considerable fields of objects surfaces
[1,3].

Let's make a note that it is necessary for defect and stress detection that object was
exactly strained between the exposures, but not just moved as whole. In case of laboratory
measurements, optimal load on the object is specially fitted. At real NPP's conditions there is
no possibility to choose arbitrarily the direction and value of load. Therefore, we propose to
use natural vibrations of NPP objects as a factor leading to appearance of desired strains.

It is possible to conduct holographic measurements of vibrating objects using continue
wave laser radiation. However, in this case the information regarding the sign and direction of
the displacements is lost. For holographic study of vibrating objects (that take place on NPP)
we propose to use pulse hologram recording. Pulse holography allows to study the dynamics
of strains changes and to observe the appearance of defects by recording of object state in
different phases of vibration. It is anticipated that holographic image recording is directly
controlled by CCD camera, and interference pattern formation and its processing is carried out
by electronic means using computer.

Methods of measurement are based on the fact that stressed states of the object were
periodically happen again during vibration process. It allows to make a few exposures not
during one period (that is technically difficult), but at the moments conformed to the given
phases of vibration in different periods of vibration process. It is explained by diagrams in
figure 1. The vibration velocity vvit,r of the object is continuously and at real time measured by
laser Doppler vibrometer (LDV) (periodic signal in fig.la.). Sequence of pulses p(t) on
vibrometers output is formed at the moment conformed, to match close changes of vibration
velocity.. In many vibration processes it is possible to associate one-to-one the velocity vvibr

(fig. la) and the displacement z(t) (fig.lc). As we can see in fig.Id, the exposure of the object
is carried out by pulse laser at certain phases of oscillation. Thus, considering methods allow
to carry out sequential holographic exposures of the object in close strained states and to
observe dynamics of the process zobserv(t) (fig. Id).

Laser operation control and synchronisation of the operation of the whole equipment is
carried out using special vibration sensor - LDV. Choice of laser of vibration sensor provides
possibility to utilise similar channels to convey signals from holographic unit to object and
vice versa. Namely, to ensure mobility, remote control and possibility of diagnostics of zones
with difficult access, we propose to use the fibers in light guide channels for transmission of
radiation. . .. :i,

Relative realisation simplicity of multichannel fiber analogue of LDV allows to use this
gauge regardless of holographic set to control vibration parameters of NPP units.

3. Analyses of possibility of interference methods use on NPP
According to recommendation of Ukrainian State Council for Nuclear Energy

Exploitation recommendation and under agreement with leaders of Chernobyl NPP, several
objects of the third block of ChNPP were selected for diagnostic equipment development.
Choice of ChNPP was caused first of all by the fact that at present time there were five active
NPPs of RBMK type (kind of ChNPP), producing near 15000 MWt of electrical energy.
Interested and friendly position of ChNPP leadership played the significant role. The
leadership of NPP is sincerely interested in increasing of exploitation reliability of the plant.

To analyse the possibilities of holographic diagnostics, the following modules and
objects were proposed: output pipelines of main circular pumps (MCP), compaction of MCP
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ejector, compaction of regenerator cover, descending and equilibrium pipelines of the
separators.

Diagnostics of these objects directly at NPP gave the following: temperature at facilities
is from 180 to 280 °C; radiation background is from several tens of milirontgen/hour to units
of rontgen/hour; modules and communications of lower levels of the plant (MCP, absorbing
collector communications, regenerators) are reliably covered by thermoisolation, that makes
difficult to access to facilities surface; all mentioned elements is under vibration with
frequencies up to 100 Hz.

During plant's operation there is no access to modules where facilities and equipment are
located; it is possible to enter the facilities only during regiment repair works (twice a year).

Taking all aforesaid factors into account, we've found out that the only objects that have
access to the surface and hence possible to diagnose are facilities of separators barrels, in
particular, equilibrium pipelines. During plant exploitation these pipelines were repaired many
times and now they have several weldments on them. The leakage appear very often exactly in
this weldments and they are the subject of regular attention of plant's personnel.

The following researches are of a great interest for diagnostics:
weldment output control and observation of dynamics of processes (cracks and strains

development and etc.) in operational mode.
It is supposed to carry out these observations as using holographic methods as using

Doppler ones.
Using laser Doppler vibration gauges, vibrations in critical points of equilibrium

pipelines of separators and maximum vibration velocity of MCP will also be controlled.

3. Design of the measuring set
Let's consider the holographic set more closely and touch upon the most important units.

The circuit of holographic set is presented in fig.2 and includes the following main units:
pulse laser L, light guide channels -F, hologram recording system G, workstation PC and laser
Doppler vibrometer LDV.

Laser radiation source. To provide qualitative holographic image of the object with
area of several tens centimetres, moving with a speed of 10 cm/s, laser pulse duration
shouldn't exceed several microseconds and pulse energy shouldn't be lower than 20 mJ. It
isn't hard to provide these parameters in solid-state Nd lasers. What is more, it is advisable to
increase for pulses duration up to hundreds of nanoseconds, because power density
impermissible increases in light guide channels in case of short pulses. It can lead to rise of
non-linear effects. Another difficulty is in the fact that Nd lasers radiation has 1.064 mkm
wave length which is out of CCD matrix sensitivity. Also it is obedient to take into account
that source must provide radiation coherence length not less than 2-3 meters for holographic
recording of the objects of different depth and length.

The final choice is pulse Nd:YAG laser which operates in mode of generation of the
short pulses sequence. Laser is constructed according to two-cascade circuit with frequency
doubling in output. The first cascade - generator has active Q-factor modulator which allows
to form pulses with duration about 0.5 us and frequency up to 100 Hz. Electric-optical shutter
is controlled by LDV sensor signal p(t) (see fig.lb). To provide single frequency mode (and
large coherence length as its consequence), interferometer is located in generator's output.
Amplification cascade is also constructed on YAG crystal. Estimated output energy is 25mJ
on 0.53 mkm wave length.

System of light guide channels includes transmitting fiber Fi} fiber delay line Fr in
reference channel of interferometer and receiving fiber bundle Fs of object channel. System
also includes fiber probe of Doppler vibrometer FLDy. Since each of light guide channels has
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its functional mean, the types of fibers are different. Let's consider elements of fiber channel
separately.

To illuminate the object, radiation with distorted wave front can be used. Therefore, we
use multimode fiber in transmitting channel F(. The main demands to it: minimum losses,
resistance radiation and temperature. Two last demands are contradictory. It is known that
fibers with core made of pure quartzhas maximum resistance to radiation. But usually these
fibers is manufactured in polymer coating. Therefore, it is impermissible to use them at high
temperature zone. The compromise lies in the use of quartz fibers with poorly doped core in
transmitting channel. We propose to use fibers of KS-4V 100/120 type, made in Fiber Optic
Research Center (Russia, Moscow). At green part of spectrum all quartz fibers have 10...20
dB/km level losses. If lengths are about ten meters then losses values are acceptable. It is only
advisable to exclude the rise of losses caused by deformation of fibers.

It is necessary to consider especially the properties of receiving fiber bundle Fs. Its aim
is object image transmitting in coherence light to recording medium. Therefore, such bundle
first of all must have regular fiber alignment. One of the main effect of fiber bundle on the
transmitting images is reduction of the resolution. Actually, distribution of a field at output
end of separate fiber in the bundle depends on many factors and in common case is
unpredictable. Only overall intensity conforms to intensity on the input end. Let image of
studied object is projected onto input end of the bundle with concrete coefficient of decreasing
K, which is within the limits K~ 1-̂ 10. Estimating diameter of separate fiber as one which
doesn't exceed 50 mkm, it is easy to determine that resolution in image of the object decreases
to 50-̂ -100 mkm. If the section of input end of the bundle is ~ 1 cm2 then it means that we can
observe interference fringes with period of ~200-^2000 mkm on presented holographic
images. The first digit matches the object with'l cm section and the second one - 10x10 cm .
For most of practical situations such values are permissible.

The influence of high temperatures is extremely harmful since it deforms regular
alignment of some fibers in a bundle, because alignment survives due to epoxide adhesive.

Reference beam travelled through delay line must have spherical phase front, therefore,
single mode fiber is used in Fr reference channel. As for external effects, fiber is in favourable
conditions of indoor temperatures and normal radiation background. Particular feature is the
fact that this fiber should have very thin core or small difference of refraction index between
the core and the coating to give rise to single mode condition on 0,53 mkm wave length. The
length of Fr fiber must exceed generalised length of F,- and Fs channels plus doubled length of
air interval (taking into account refractive index of fiber) from the ends of the probe to the
object.

Fiber probe of LDV FLDV is one fiber with spherical microlens at its end. As a part of
measuring set Doppler vibrometer will operate together with semiconductor laser on
0.85 mkm wave length. As for error decreasing, the use of single mode fiber in a probe of
Doppler vibrometer is preferable. However, because of difficulties of matching semiconductor
source to single mode fiber, multimode fiber is used at the first stage. Temperature and
resistance to radiation demands are the same as ones to F,- transmitting fiber.

Hologram recording system and image processing are based on properties of Frenel
type of holograms. The application of Frenel holographic circuit allows, regardless of sizes of
the object, to associate each its point (in our case point on output end (x0, y0)of fiber bungle)

with all points on sensitive plane (x s ,y s ) of CCD camera. Thus, the requirements to the

resolution of CCD camera could be reduced.
Pixel structure of CCD photodetector leads to decreasing of space resolution. According

to Whittaker-Shannon theorem, system with Nx*»Ny photodetector can record the image if its
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space spectrum lies in area of 2/Nx»2/Ny. It means that even in case of optimum location of
the object, CCD-matrix and reference beam, resolution not exceeds N/2 lines. Taking into
account speckle-structure of the image, real resolution is several times lower. Several tens of
lines are usually present on interferogram. Therefore, 1024*1024 matrix will be enough to
reconstruct the interferogram, and the main limit will be done by receiving bundle.

Image processing to reconstruct holographic image is based on well known relation
between field distribution E s (x s ,y s ) in plane of hologram and field distribution

E0(x0, yo)in real holographic images:

o> y0) =

Thus, using standard methods including fast Fourier-transformation (FFT), phase jumps
detection, etc. we can get electronic image of the object [5].. And the most important, that this
method gives value of the phase as well.

Laser Doppler vibrometer (LDV) unit is responsible for output of synchropulse that
corresponds to concrete space location of researched surface. And also it analyses vibration
parameters or, more exactly, measures instantaneous vibration velocity vvibr and, if possible,
obtains vibration spectrum. In developing set we use LDV of heterodyne type [4]. Doppler
frequency shift wp appears in case of interference (photomixing) on detector of two optical
signals: ED - scattered by moving or vibrating object and reference one ER, For that case, when
receiving of scattered radiation is carried out strictly in reverse direction, the signal of
photodetector is modulated by Doppler frequency: usD = 2 • (2TT / A.) • vWi)r • COS a , where a -

the angle between the direction of laser beam and vv,/,r.
Let studied surface that moves by harmonic law: z(t)=zo*sin(Qt),

ER(t) = Eo exp(-/cof) - an illuminating laser wave, ED(t) = Eox • exp(-/ • (a> + izD)t} - a

wave reflected backwards by the surface. During heterodyne reception, a signal s(t) (that is the
result of ER(t) and ED(t) signals photomixing) is arising on the output of photodetector:

Eo£o* + E0E0\
2m2 + 2E0E0\ -m-cos^ n'^na • vvibr(t)• t)

where m = u + 5 sin(Qf)) « 1 - spurious amplitude modulation of reflected signal,

vvibr(t)=dz(t)/dt.
Output signal (2) of photodetector has complex spectral composition. However,

boundary frequency o£ a spectrum TZD.max is directly proportional to the maximal vibration
4TC • cosc t

velocity: wD max = vvjbr m3X. At first, it allows to measure maximum vibration speed
A,

by simple methods, second, to determine vibration amplitude if we have independent data on
frequency (for example, from m(t) modulation analyses). To analyse complex periodical
signals, special electronic block on the base of frequency discriminator is developing.

In general, LDV must provide the following characteristics: maximum allowable
vibration amplitude xo= 5mm, maximum frequency Q = lOOHz, allowable shift measurement
error 8x = 10 mkm, distance to surface of the object not exceeds 10 cm, Doppler shift
measurement error 10"4.

As you can see from fig.2 circuit of heterodyne LDV includes laser Lc fiber probe FLDV

directional coupler DC, photodetector FD and electronic block E. We use LDV with unified
propagation of reference ER (heterodyne) and signal ED beams through the one fiber Fwv. In
this gauge heterodyne signal ER(1) is formed while the wave partially reflects from the distant
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end of the fiber FLDV- The part of radiation coming from FD is directed to the object P and
then after scattering by it is cached by the fiber probe again and goes to photodetector FD
together with reference signal. The application of the laser Lo with sufficient coherence
length allows to increase the distance from radiating end of fiber probe to the studied object P.
To reduce the device error of LDV that is equal to the square of a beam divergence at the end
of the probe, we use microlens S on the end of the probe. To satisfy 10"4 error we need to
make available radiation divergence after the probe not larger than 0.5 degrees.

4. Preliminary experimental results
Experiments confirmed the ability to work of some units were carried out at this stage of

the work.
First of all, the possibility of holographic observation of weldments hidden defect was

estimated. The,subject of research was the weldment of steel thin-walled tube .One fifth wall
thickness cavity was made on inner side of the tube at the region of weldment. Vibration
effect was simulated by static load. The hologram obtained applying continue wave laser in
converging beams is presented in photo on the fig.3. Distortions of interference lines caused
by anomalous deformation in zone of defect's location are distinctly visible.

The possibility of interferogram recording through multimode fiber bundle was the most
problematic. Experimental holographic set was also constructed on the base of continue wave
He-Ne laser. Reference beam in this circuit was formed by mirror delay line and multimode
fiber bundle was located in receiving channel. Recording on holographic photofilm was
carried out. Circuit turned out to be able to work practically with all regular multimode fiber
bundles from 100 to 2000 mm length and 2-̂ -15 mm diameter. Diameter of fiber cores in
bundles was changed within the limits of 10 -̂30 mkm. During experiments holographic
interferograms of wide range of 3D objects of -5x5x5 cm were obtained. Photos of some
holographic interferograms are presented in fig.4: A - 30 mm diameter tube and B - china
statuette of 40x60 mm2 in section, using 1500 mm length bundle with 15 mm aperture
diameter.

The measurements of vibration speed were conducted by heterodyne LDV sensor with
multimode fiber channel. The measurements were carried out with He-Ne laser. The
experiment wasn't aimed to determine limiting device characteristics, because LDV signal
was observed by spectrum analyser. Vibration spectrum is presented in fig.5 for different
amplitudes of vibration, Q=50 Hz. The value of angle of velocity measurements was
estimated according to indications of spectrum analyser. The values in which the level of
signal was lower than 3 dB and was equal to 0,03...2 m/c were taken as boundary ones.

5. Conclusions
The research showed principal possibility of holographic set development to diagnose

NPP objects. First of all the work is connected with correct choice and mutual matching of
characteristics and parameters onset's individual units. And it is a complex engineering and
technical problem. However, there is a number of scientific applied problems that have to be
solved during development of the equipment. First of all it is consideration of outer effects
influence on coherent image formed in fiber bundle output and total optimisation of the circuit
of fiber holographic interferometer. It is also essential to develop high-speed algorithm of
holographic image processing to analyse microdisplacements of researched surface of the
object. There is a need to decrease by an order device errors of LDV with multimode fiber
probe.

It is planned to carry out the testing of LDV model till the end of first quarter of 1998.
Then we have to set the probes of vibrometer in the vicinity of water-equilibrium pipelines of
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the separators during winter planned repair of the third block of ChNPP. Acquired data on
object and also analyses of environment influence on fiber probes will be used to complete the
development of holographic equipment on the whole.
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Fig. 1
Measurement of the displacement of vibrating object.

Fig. 2
Chart of the holographic set

Fig. 3a
Interferogram of the weldment two tubes without defect

Fig. 3 b
Interferogram of the weldment with small cavity
in the inner side of the weldment

Fig. 4a
Holographic interferogram of the

tube made via fiber bundle Fig. 4b
(bottom photo) Holographic interferogram of the

statuette made via fiber bundle
(bottom photo)

Fig. 5
Doppler spectra of the vibrating object

made by fiber LDV
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ABSTRACT - Modelling the dispersion of air pollutants in the atmosphere around the
nuclear power plant is one of the important tasks that should be managed for emergency
preparedness. In the Krsko Nuclear Power Plant a simple Gaussian model is operating on
line (built according to Regulatory Guide 1.145 instructions). But because of the complex
terrain surrounding the power plant this model does not give reliable results for longer
distances. Gaussian puff models *-and Lagrangean particle models that can both use a 3D
wind field reconstruction are the ones that are capable of more accurate reconstruction of
air pollution phenomena around a source of pollution located in complex terrain. The Krsko
Nuclear Power Plant has decided to apply the Gaussian puff model in real time with
automatic data collection within its Emergency Warning System.

1. Introduction

A model of air pollutant dispersion in the atmosphere around the
nuclear power plant is a helpful tool in decision making in the case of
accidental release of pollutants into the atmosphere.

In the Krsko Nuclear Power Plant (NPP) a simple Gaussian model is
operating on - line (built according to Regulatory Guide 1.145
instructions). But because of the complex terrain surrounding the power
plant this model does not give reliable enough results. Therefore the
Krsko NPP decided to apply a better model that would be capable of
reproducing the most typical air pollution dispersion patterns that are
expected in the Krsko area (short range models).
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2. Meteorological patterns in the Krsko area

The Krsko area represents a domain with complex orography which is
not easy to model. Very low winds and many calm situations are typical
of the Krsko area. Therefore it is very important that the air pollution
dispersion model takes into account a 3D reconstruction of the wind
field over the complex terrain. Another typical phenomenon in this area
is thermal inversion which still remains unsolved for the majority of air
pollution dispersion models.

Figure 1 Wind roses for the Stolp automatic measuring station for 1995
and 1996

3. Emergency Warning System (EWS) of the Krsko NPP

Meteorological data are essential inputs for air pollution dispersion
models. Krsko NPP has a modern Emergency Warning System. It
consists of 4 automatic meteorological stations in the NPP surroundings,
and emission and hydrological stations within the NPP. All meteorological
stations also perform gamma dose rate measurements. All the data are
automatically collected in the central unit within the NPP and distributed
to authorised users. All communications are on a half hour averaging
interval basis which is standard for meteorological data in Slovenia. The
meteorological stations measure wind speed and direction at the 10m
level, air temperature (aspirated), precipitation and relative humidity at
2m. The Stolp station near the NPP measures meteorological parameters
at four levels of the 70m mast. A REMTECH SODAR was installed

138 Proceedings of 4' Regional Meeting Nuclear Energy in Central Europe, 1997



near Stolp. This is also a very important input for air pollution
dispersion modelling. A detailed description of the EWS can be found in
another paper presented at this conference [3].

4. Air pollution dispersion models

Air pollution dispersion models that can be used at the nuclear
power plants may be divided into two groups. The first ones are
diagnostic models that take the input measurements of emission
concentrations and meteorological data and reconstruct the concentrations
of pollutants in the domain with no time shift. The second group are
prognostic models which are capable of predicting concentrations for a
certain time interval in advance. If predictions of meteorological inputs
that are needed for the diagnostic model also exists, then a diagnostic
model can be used in a prognostic way. In this paper only diagnostic
models will be discussed.

There are three main types of diagnostic model. These are simple
Gaussian models, Gaussian puff models and Lagrangean particle models.
They differ one from another in their inputs, their computer
requirements and in the reliability of the outputs. The main features of
the three groups will be discussed.

4.1 Simple Gaussian models

Simple Gaussian models take the emitted pollutants, move them in
the direction of the wind at the exhaust point and spread them vertically
and perpendicularly in the downwind direction according to the Gaussian
formula. Usually only the wind at the exhaust point is taken [5]. The
model assumes constant meteorological data for the whole time of

*
pollutant transport. With some changes in the basic formula, the models
are able to incorporate complex orography to some extent, but only as
isolated hills. Other meteorological data can be taken into account in the
"rough" form, or parametrised according to Monin-Obukhov similarity
theory. The main disadvantage of simple Gaussian models is that they
usually fail to reproduce concentrations over complex orography, where
wind fields are important and not only the wind at one point. Beside
that, the assumption of constant meteorological conditions during the
whole time of transportation does not hold.
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Figure 2 Example of US EPA Gaussian model RTDM [7]; behaviour
over slightly complex terrain. The centre line of the plume is elevated
over the hill, if the plume is buoyant enough

4.2 Gaussian puff models

Gaussian puff models take the emission from the source, split it into
relatively big packages - puffs - that are moved one after another from
the source. Each puff follows its own trajectory and disperses as a
sphere according to the Gaussian formula. Puff models differ one from
another mainly in the way how the winds are treated. The simplest ones
only take the wind at the exhaust point but this wind changes with
time. Better ones take the wind profile at the exhaust point and move
the puffs with the wind at appropriate heights. The best ones take a 3D
wind field and move the puffs according to the local wind from one
.grid cell to another. The 3D wind field is usually prepared with a
special model and should be mass consistent. With this model, the
complex orography can be treated. To obtain a good 3D wind field
reconstruction at least one wind profile (from SODAR measurements)
and several ground level wind measurements over the domain are
needed.
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Figure 3 Gaussian growth in time of three sequentially emitted puffs
moving in a homogeneous wind field that changes with time
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Figure 4 Gaussian puff model results for SO2 pollution from the Sostanj
Thermal Power Plant [1], [2], [4]

4.3 Lagrangean Particle models

Some of the most refined diagnostic air pollution dispersion models
are Lagrangean particle models. Their principle is somewhat similar to
the puff models. Lagrangean particle models split the emission into a
huge number of small particles, each one containing a certain small
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amount of pollutant. Each particle is moved according to the local wind
in the grid cell it is passing through, according to the buoyancy
component from the point of the exhaust (if any) and according to a
stochastic component (Monte Carlo simulation) which introduces
dispersion phenomenon into the model. Each particle is only a mass
point and does not have any volume. It also does not spread during its
transport. The concentration at a certain point is calculated by summing
the mass of all particles in a small volume around the point and
dividing the sum by the volume taken into account. Lagrangean particle
models need a 3D wind and turbulence field as an input. The 3D wind
field can be the same as the one used for puff models.

Figure 5 Lagrangean particle model results of SO2 pollution from the
Sostanj Thermal Power Plant [1], [2], [4]

5. Air pollution dispersion models at the Krsko NPP

At the Krsko NPP presently a simple Gaussian model is implemented
within the EWS according to Regulatory Guide 1.145. No other
legislation is currently available in Slovenia for this purpose. To improve
the information for decision making in the case of an accident, the
Krsko NPP decided to implement a modern puff model with 3D wind
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field reconstruction. This type of model is able to reproduce reliably
enough most of the frequent pollution and meteorological patterns that
are expected in the Krsko area. Lagrangean particle models would
certainly perform better, but they are much more computer and time
consuming and are presently rather in the research phase than in general
routine on-line use.

6. Future work

* The first step fo* ...improving the air pollution model at the Krsko
NPP is certainly implementation of a puff model within the EWS. The
model should be automatically fed with the necessary input data. To use
the new model for decision making in the case of an accident it is very
important to know its reliability. Therefore the model should be verified
on actual data from the Krsko area. But this is very hard to achieve,
because there is no tracer that would provide us with the needed
concentrations. One possibility would be to perform a tracer experiment
with some artificial tracer like SFg. But such an experiment is
enormously expensive and . usually covers only a few expected
meteorological patterns in the area. Therefore verification with such data
is very limited. Another possibility for verification is verification with data
very similar to the conditions in the Krsko area. For the Sostanj
Thermal Power Plant an extensive data base is available for the
verification of models in complex terrain [6]. The Sostanj TPP emits
large quantities of SO2 which is like a tracer. Its concentrations are
measured at several stations around the TPP. The meteorological
situations around the Sostanj TPP are very similar to the ones around
the Krsko NPP, and therefore a verification of the model on the Sostanj
data base is planned for the future, because only a model with known
uncertainty can be used as a tool for decision making in the case of an
accident at the NPP.

The Hydrometeorological Institute of Slovenia is presently
implementing mesoscale prognostic meteorological models for the limited
area of Slovenia and near-by regions. Its improved version will include
detailed description of the Krsko area. There are also plans for the
future for the use of this prognosis of meteorological values as the input
for the air pollution dispersion model.
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ABSTRACT - The dose projection as a tool for decision making in nuclear emergency situation is described
and the essential input data for quick emergency evaluation in the case of hypotetical pressurized water
reactor (PWR) accident are discussed. These include the following: source term, core damage assessment,
fission products radioactivity, release source term and critical exposure pathways for an early phase of the
release. The defined source term was checked according to the relative importance of its components.
A reduced number of radionuclides can be used in dose calculation algorithm. The simple expert system or
personal computer programme is in preparation for KrSko NPP emergency support facility for dose
projection within the radius of few kilometers from PWR in early phase of an accident. The input data are

'instantaneous data of core activity, core damage indicators, release fractions, reduction factor of the release
pathways, spray operation, release timing, and atmospheric category or dispersion coefficient. This paper
presents brief results of input data examination and basic features of the programme.

1. Introduction

Assessment of the radiation levels in the enviroment for severe nuclear accident
scenarios is essential for emergency preparedness. For power plants, constructed and
operated in compliance with strict regulatory safety requirements, such scenarios are
hypothetical or with very low probability. It is required to provide the dose projection in
an early phase of the accident and before potential release to the enviroment.
Uncertainties of the results are ussually very high, but some improvements of the
projection can be achieved.

For an emergency evaluation the power plant status data indicating actual or
potential loss of fission products barriers and significance of core damage are needed.
Some selected data can be used for quick evaluation of the following:

• core damage status
• barrier status (fuel cladding, primary circuit, containment)
• potential fission product release
• meteorological data and forecast
• measured activity release rates or concentration and dose rate in the enviroment.

The important information is:
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• activity of the radiological source term to be in the release
• integrity of the last fission product barrier.

The source term was checked according to the relative radiological importance of its
components and reduced number of radionuclides were recognized as critical in the
release phase. The activity of the fission products can be calculated according to the core
operating parameters to use real values which are not always high and steady.
Instantaneous data of core activity, core damage assessment algorithm, release fractions,
reduction factors of release path, containment spray operation, release timing, and
atmospheric dispersion coefficient is used as necessary step to dose calculation. On this
basis it is possible to provide quick dose projection method (not taking into account
protection actions) applicable for the distance within few kilometers from the release
point.

2. The source term

Following the progress in the field of severe accident analyses during last 30 years
there is a revised source term proposed by the regulatory guide [1]. Instead of
conservative approach which includes instantaneous release and also high elemental
iodine content [2] it is suggested now to consider the time interval of the release, and
also nonelemental iodine. The severe accident release phases are cladding and in-vessel
release, and additionally, in case of vessel failure, ex-vessel release. Release fractions of
.the elements groups to the contairftttent are listed in Table 1. These are in the case of low
pressure loss of coolant accident. For high pressure the fractions of gap or in-vessel
release are reduced by factor 0.5 for noble gasses and about 0.02 for volatiles [3].

Table 1- PWR Releases into containment [1]

Type of release:
Duration (hours):

noble gases
halogens
alkali metals
tellurium group
barium,strontium
noble metals
cerium group
lanthanides

Gap release
0.5

F r a c t i o n s

0.05
0.05
0.05
0
0
0
0
0

Early in-vessel
1.3

of c o r e

0.95
0.35
0.25
0.05
0.02
0.0025
0.0005
0.0002

Ex-vessel
2.0

i n v e n t o r y

0
0.25
0.35
0.25
0.1
0.0025
0.005
0.005

Late in-vessel
10.0

0
0.1
0.1
0.005
0
0
0
0

Release categories are ussually defined according to plant accident scenarios. The
specific category source term is expected to comply to the suggested in Table 1 for in-
vessel release of noble gases and volatiles. The in-vessel release source term is important
for core damage evaluation and assessment of an early release to enviroment.
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3. Relative radiological importance of the source term

Before evaluation of the release to the enviroment, it is useful to know the
radionuclide dose contribution of the in-containment source term. The radionuclides
relative radiological importance was examined by implementation of dose index.

The dose index was defined as follows:
radionuclide activity multiplied by applicable dose conversion factor. The assumption of
one hour exposure to total source term of noble gases and one hour inhalation of volatiles
provides the comparison of external dose and committed dose. For dose index, dose
conversion factors for adults were used from the IAEA reference [4] and inhalation of 1
m3 air.

The source term of noble gasses causes the external dose only. The source term with
high fraction of volatiles causes an important effective dose due to inhalation.

The relative radiological importance of iodine and cesium nuclides of total core
inventory following shut down is presented in Figure 1. These nuclides are important in
the release source terms. Two examples of release source term evaluation are presented
in Figure 2 and Figure 3. The first one is a release of the source term defined in Table 1
20 hours after shut down. The second is the release category from Krsko Plant PSA
Report [5] with early containment failure and vessel failure, the release is supposed to
occur 3 hours after shut down. Some other release categories were also analysed.

30 40 50 60
Tim« In hours after shut down

Figure 1 - Dose Index (Dl) of iodine and cesium compounds relative to their total DI at the end of core cycie.

Based on the results provided by the evaluation of source term radiological
importance and based on assessment of the scenarios, it is possible to reduce the
number of significant radionuclides which are necessary for quick dose projection
method [6]. The list should include:

noble gases - Kr-87, Kr-88, Xe-133, Xe-135
iodine-1-131,1-133,1-135
cesium - Cs-134, Cs-137, Cs-136
tellurium- Te-132.

Some short lived nuclides
radiation monitors readings.

should be considered for evaluation of in-containment
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Figure 2 - Dose contribution of the nuclides of NUREG 1465 source term after 20 hours. Effective dose via
inhalation only was considered for volatiles (I.Cs.Te). Presented nuclides contribute about 94 % of total dose.

TOTAL C«

C*-137

C U K

Cfl-134

TOTAL IODINE

1-135

1-133 »1.

1-133

1-«1 «.

1-131

OASES

Xt-135

K/-5S

1 '

ID :
i

:i

P :

NPP Krekc

;e nuclides contribute to

1

PSA. release calego

release after 3

the dose about 95%

hours

Figure 3 - Dose contribution of the nuclides of KrSko PSA release category 6 source term , 3 hours after shut-down.
Effective dose via inhalation only was considered for volatiles (I,Cs,Te). Accident scenario includes vessel failure and
containment failure at 2.5 bar.

If the accident scenario does not include high energetic release, the contribution to
the dose of nonvolatile fraction is assessed to be less than 10 %. This result is higher also,
if the scenario includes no-containment condition at the start of the accident, or neglects
capture of particulates in the buildings or in water layers. Diameter of particulates in
the release is ussually conservatively assumed to be only 1 u.m.

The following nuclides of the nonvolatile fraction of source term due to core-
concrete interaction shoud be considered: Ce-144, Ru-106, Mo-99, Ba-140, Sr-90, Sr-89.
This fraction is more important in case of refueling and at plant start-ups, since long lived
nuclides are included.

4. Radioactivity of the core

The activity of the nuclides can be calculated by ORIGEN computer code [7] for
various operating cycle fuel burn-ups. To have a practical and quick calculation of
instantaneous radioactivity the following aproach was selected:
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Precalculated values of steady activities for three burn-ups were provided for the selected
nuclides by ORIGEN. Steady radioactivity at full power for all other fuel burn-ups can
be easily interpolated. Then the variation of the activity during start-up and following
power transients is calculated continously, according to the power level, by the formula:

Aa = A02exp (-M) + (P/Po) Ar2 ( 1 - exp(-M)) + (*a / h. -X,X A0] - (P/Po) Arl )( exp(-M) - exp(-X2t))

where: index I and index 2 mean parent and daughter nuclide, respectively
Ac - instantaneous activity of the nuclide at time t
Ao - initial activity before power change
Ar - steady activity at full power
X - decay constant
P/Po - normalized power
t - time should be reset at power change or at an appropriate time interval

Altogether 43 radionuclides were used for calculations in the programme. The
formula for decay of maximum two nuclides in the chain can be used. Only for xenon
Xe-135, which has high neutron absorption cross section, the parameter defining its burn-
up rate was introduced.

5. Core damage assessment

Radiation and consequent decay heat of fission products are physical phenomena
which initiate core damage and cause high radiation levels and high core temperature .
The parameters to be measured are high radiation levels in the containment, in fluids or
in effluents, and high temperatures above the core . The indirect indication is possible,
such as water level measurement in the vessel.

Indicators of core overheating and damage are core thermocouples, failed fuel
radiation monitor, containment radiation monitors, radiological effluent monitors, ex-
vessel neutron detectors, noble gases and hydrogen in the samples from containment,
radiochemical analysis of liquid primary system samples, and hot leg temperature
detectors. For quick assessment the appropriate selection was: core thermocouples,
containment radiation monitors and vessel level for confirmation [3].

6. Dose projection

In beginning of the accident the following exposure pathways were selected as
critical: radiation from the cloud and internal exposure due to inhalation of contaminated
air. Exposure from ground deposition is more difficult to prognosticate. This can be
evaluated later by measurements from helicopter or by other mobile units and ground
monitoring stations. In first evaluation it is also not reasonable to include ingestion of
contaminated food. Evacuation as protection action is not included in dose projection, but
simple measures such as prevention of cloth and skin contamination or an early personal
decontamination should be postulated. Two types of severe accident release source terms
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were considered as the most significant - noble gases in case of filtered release and
volatile elements (I, Te, Cs) in case of nonfiltered release.

The input data to dose calculation algorithm are:

radioactivities of the selected nuclides
composition of the release source term:
- predefined fractions of core inventory to be released at low or high pressure
- core damage assessment result
chemical form of the elements in the release
dose conversion factors:
- effective dose rate due to exposure to inert gases (external exposure)
- effective dose rate due to exposure to volatiles (I, Cs - external exposure)
- committed effective dose per unit intake via inhalation of volatile and nonvolatile

elements - 33 nuclides of volatile or particulate form (internal exposure)
inhalation rate for adults (1 m3 per hour)
atmospheric dispersion factors (data from atmospheric dispersion modelling)
release pathways (i.e. from core to the enviroment, containment bypass, through
buildings, from spent fuel pit)
reduction factors due to filtering, reduction of release through buildings or water layer
released fraction (i.e. containment spray effect, projected leakage or total release)
release timing

The dose projecti6n,procedure is presented by diagram of Figure 4.

Source term:
radionuclides
activity and fractions

Dose conver. factors
- external exposure
- inhalation

Atmospheric
dispersion coefficients

Release pathway and
the reduction factors

Spray operation
Projection of amount
of inventory for release

Timing of the release

Dose calculation:

multiplying input
parameters

radionuclide decay
calculation

dose calculation
according to the
distance from
the release point

Comparison
to the intervention
levels

External exposure due to
noble gases

Committed^ effective dose and
thyroid dose due to inhalation of

iodine, cesium, tellurium

External exposure due to
volatile elements in the cloud

Committed effective dose due
to inhalation of released

nonvolatiles

Information related to the intervention
levels (total dose and thyroid dose)

Figure 4 - Diagram of dose projection algorithm. A quick projection provides the result of significant parts of the exposure
in case of filtered or unfiitered relese - due to noble gases or due to inhalation of the volatile iodine and cesium . Less
important exposures in an early release phase (external due to volatiles and internal due to small fraction of released non-
volatiles - in particulate or volatile chemical form) are presented separately.
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7. The programme

The computer programme which is in final phase of programming provides the
following: an easy user interface, information to the user about possible selections,
calculation of nuclide activities in the core, core damage assessment from manual and/or
automatic data acquisition. It asks the user about release pathway, release timing and
release related parameters. Weather conditions monitoring and atmospheric dispersion
modelling are provided as the input from another dedicated programme. The results are
projected release source term composition, dose calculation, and comparison to the
intervention levels.

REACTOR POWER CONTAINMENT MONITORS CORE THERMOCOUPLES PRESSURE

i
CORE ACTIVITIES CONTAINMENT RADIATION

CONTAINMENT IUIXATICH WntTTOft R U P O M I C

CORE DAMAGE ASSESSMENT
ALGORITHM

IN-CORE SOURCE TERM
ACTIVITIES

% CLADDING FAILURE
% CORE FAILURE ANALYSIS DATA

POST ACCIDENT
SAMPLING

IN-CONTAINMENT SOURCE TERM
AND CONTAINMENT BYPASS SOURCE TERM

Display
Nuciides activities

RELEASE PARAMETERS

TIMING, AMOUNT,
PATHWAY

RELEASE SOURCE TERM I REDUCTION FACTORS"

Display
Nuciides activities

METEOROLOGY

ATMOSPHERIC DISPERSION
FACTORS

DOSE CALCULATION

Display
Effective dose due to main source term composites

3und the release poin
Display comparison to
the intervention levels

Figure 5 - Diagram of dose projection programme feature and flow chart of input and output data
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For programming, the Lab View graphical programming language in Windows
enviroment was selected, and the methodology explained above included. Main structure
of the programme is illustrated in the diagram in Figure 5. The programme options
provide also interfaces: to an on-line post accident noble gas effluent monitoring, to a
programme for calculation of external doses in case of actual release, and to enviromental
monitoring stations as well.

8. Discussion

The described dose projection procedure and its programme provide more accurate
in-core source term activity determination than ussual applications, and the core damage
assessment is based on quick indications provided by the instrumentation. Using the
signal or reading of containment radiation monitors, the in-containment source term can
be estimated and additionally, radiochemical analysis results can be included. User can
define release pathway and can also select its reduction factor. The programme can also
be used for refuelling accidents, when the core is relocated into the pool. The dose
calculation is limited only to exposure pathways which are critical for deciding about
evacuation or sheltering in early phase of an accident.
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Concentration of beta emitters in primary water, stack air, nuclear waste
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ABSTRACT UC and 85Kr was measured in the primary water of Paks Nuclear Power Plant (Hungary). The
average values were 3.12 kBql'1 and 2.49 kBql'1 for 14C and 8SKr respectively.
The main results of airborne 14C discharge monitoring in Paks, KrSko (Slovenia) and Bohunice (Slovakia)
NPPs are as follows: 14C activity concentration varied roughly within a factor of two around their mean values,
125 Bq nr3 and 90 Bq nr3 for Paks and for Krgko NPP, respectively. In Bohunice NPP VI started with
70 Bq m3 in 1991 reached a value of 190 Bq nr3 in 1995. The values for power unit V2 were 50 Bq nr3 and
82 Bq nr3, respectively. The average normalized yearly discharge rates are 0.887 (TBqGW^'y1) for Paks,
0.815 (VI) and 0.500 (V2) for Bohunice and 0.219 for Kr§ko. Most of the discharged l4C is in hydrocarbon
form, 95 % for Paks and Bohunice V2 but the CO2 ratio may reach 25% at Bohunice VI and 43% at Krsko.
The average 85Kr activity concentration in the stacks of Paks NPP was 42 Bqm"3. The normalized release 0.3
TBq/GWey and 10"5 fraction of the total inventory is released at the NPP. The mean value of radiocarbon
concentrations in used ion exchange resin was 3100 kBqkg"' and 7.7 kBqkg"1 in evaporator concentrates.

INTRODUCTION
14C is produced in light water reactors by neutron activation of oxides in the fuel, moderators
and coolant [17O(n,a)14C reaction] and by the 14N(n,p)14C reaction for impurities in the fuel,
moderator and coolant [1, 2]. Radiocarbon from the coolant will be released to the
environment mainly via the stack; the 14C discharged with liquid and solid wastes is <5% of the
gaseous discharge.
Several publications discuss various aspects of I4C production rates of nuclear installations
[3-17]. The dominant chemical forms of radiocarbon release are hydrocarbons and, to a lesser
degree, carbon dioxide. Rublevskij's [18] calculations give a range of 0.95-10.6 TBqGWe^y"1

for the production rate of 14C in the water-water energetic reactor, WWER-400 (one of the
USSR PWR-type NPPs). One possible explanation for these high discharge values compared
to the Western European PWRs' average discharge volume, 0.22 TBqGWe'V1 [19] is the use
of nitrogen gas for pressurization and chemicals with nitrogen content (e.g., ammonium
hydroxide 39-45 y.g/1, and hydrazine 50-80 p.g/1) in the primary coolant [1, 5]. Outside of these
data only a few operational results are available on discharges of Soviet-type PWRs. One
exception is a report from Finland [20].

Radionuclide 85Kr is a fission product, with half life of 10.78 years, and fuel reprocessing plants
are the dominant ones among its sources. (Recently more than 97% of 85Kr emissions
originated from reprocessing plants). That is why 83Kr atmospheric activity is closely connected
with nuclear fuel cycle following its strategy in a global scale [21-23].
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1. Methods
Vacuum extraction was applied for collection of 14C in the form of 14CnHm and 14CO2 as well as
85Kr from primary water (see Fig. 1.). Water sample was introduced into an evacuated bulb via
capillary. A glass ampoule containing activated charcoal was used for collection of the gases.
Noble gases were separated by titanium getter material. Radioactive noble gases other than
krypton have short half life therefore after 1 month of storage time they have negligible
activity. Radiocarbon was collected in the form of ĈpHm and 14CO2. The 14CnHm was oxidized
in a glass ampoule with CuO into 14CO2. The 14CO2 was cleaned cryogenically from tritium
and krypton; ""'

primary
coolant

closed

water

primary
water

Figure 1. Equipment f@r collection of 14C and 85Kr from primary water

VI....V5: valves, DP: diffusion pump, RP: rotary pump, PI: Pirani gauge, IG: vacuum gauge,
LN: liquid N2, OR: "O"-ring, K: capillary, MB: membrane, VICI: multiposition valve

Cation and anion exchange resins were separated and then oxidized with CuO. 4 mg of resin
samples was mixed with 3 g CuO, and kept at 550 °C for two days [24]. A part of the CO2

produced was diluted with inactive CO2 and its activity was determined in a proportional
counter.

Wet oxidation was applied for obtain CO2 from evaporate concentrate. The evolved CO2 was
trapped in Ba(OH)2 solution. The BaCO3 precipitate was dried and the CO2 was obtained again
after mixing the BaCO3 with H2SO4.

Differential 14C samplers were developed to collect integrated samples for measuring 14C in
chemical forms such as CO2, CH4 and other hydrocarbons in the stack air as well as in the
environment. Atmospheric CO2 served as a carrier gas to avoid difficulties that might originate
from the minute amount of the sample to be collected in the case of hydrocarbons. 14C was
collected in the form of CO2 for all chemical species because hydrocarbons were oxidized by a
palladium catalyst kept at 600 °C. The CO2 that was present or being formed was then
absorbed in trapping columns filled with 3 M NaOH solution.

The activity of the samples were measured with two methods. Samples of lower activities were
analysed using the proportional counting method [25, 26]. To extract the CO2 from the
samples, concentrated sulphuric acid was added to NaOH solution. Prior to its measurement in
a high-precision proportional-system, the liberated CO2 gas was purified over charcoal [27].
The standard-.deviation of a single 14C measurement using this method was o = ±0';l,7rmBqm
[28], When determining C concentration in air, this uncertainty tends to be higher'and .may
reach 0.5 mBqm"3 due to the uncertainties of the sampling.

-3

154 Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997



Most of the samples were measured by liquid scintillation counting (LSC), after precipitation of
CO2 in the form of BaCO3, 4 g of which was mixed with 0.8 g Cab-O-Sil and 20 ml toluene-
based LS cocktail. The typical sensitivity of this LSC activity measurement was 10 mBqm'3.
The mass of the sampled air were determined by weighting the mass of the barium carbonate,
or by measuring the volume of CO2 obtained after acid evolution. The sampling period was 2
weeks for stack monitoring and 4 weeks for environmental sampling. The flow rate of
sampling was stabilized ca. 10 Lh"1. The discrimination factor between the 14CO2 and 14CnH,n
fractions was close to 100, and the absorption of CO2 in the 3 M NaOH solution was 99.9%
when using a specially designed bubbler-type trap. The conversion efficiency of hydrocarbons
into CO2 exceeded 99.7%. The conversion efficiency and efficiency of the bubblers were
checked by measurement of the stable carbon isotopes of the BaCO3 [30].

Two differential 14C samplers were installed in the ventilation stacks of the NPP, and five
samplers were used in the vicinity of the Paks NPP. Additional 14C samples were settled in
NPPs Bohunice and Krsko [29, 30].
20 1 of air was collected in Plastigas®' bags from the stacks of Paks NPP during each month
with a dedicated system. The enrichment of krypton was done by performing adsorption at
-196 °C and desorption (above -60 °C) in a charcoal trap with a volume of 10 cm3. The

residual gases 2-3 ml were cleaned by titanium getter. Proportional counting technique was
used for activity measurement.

2. Results

Summary of the 14C and S5Kr analysis of the reactor water is shown in Table 1. Several water
samples-were degassed from the primary cooling system of the four reactors of Paks NPP. The
14C activity of these samples were exclusively («99.7%) in the form of hydrocarbons or CO2.

Table 1. 14C and 85Kr activity concentration of the primary water

Block

I
II
III
IV
I
II
III
IV
I
II
III
IV
I
II
III
IV

Date

95.05.13.
95.05.13.
95.05.13.
95.05.13.
95.08.26.
95.08.26.
95.08.26.
95.08.26.
95.07.12.
95.07.12.
95.07.12.
95.07.12.
95.04.08.
95.04.08.
95.04.08.
95.04.08.

8sKr act. cone.
[Bq/ll

9.85 x 102

4.22 x 102

1.30 xlO2

2.55 x 102

4.52 xlO2

1.21 x 103

3.03 x 102

7.8x10'
6.35 x 10'

—

9.81 x 102

1.42 xlO2

5.82x10'
1.01 x 102

5.52 x 102

1.01 x 103

14C act. cone.
[Bq/ll

3.1 xlO3

4.3 x 103

2.9 x 103

1.8 xlO3

3.3 x 103

3.0 x 103

5.1 xlO3

9.8 x 102

1.2 xlO3

—

2.8 x 103

4.3 xlO3

1.9 x 103

3.5 x 103

3.9 x 103

5.5 x 103

Date

96.05.18.
96.05.17.
96.05.18.
96.05.18.
96.08.03.
96.08.03.
96.08.04.
96.08.04.
96.06.30.
96.06.30.
96.06.29.
96.06.29.
96.03.30.
96.03.30.
96.03.29.
96.03.29.

8sKr act. cone.
[Bq/ll

3.94 x 102

9.49 x 102

2.82 xlO3

1.07 xlO3

1.12x 103

2.03 x 104

1.65 xlO3

1.00 x 103

6.07 x 102

1.67 x 103

3.23 x 104

1.88 xlO3

2.20 x 102

6.02 x 102

1.38 x 103

—

14C act. cone.
[Bq/ll

1.1 xlO3

9.7 x 102

3.7 x I03

4.2 x 10J

3.7 x 103

4.5 x 103

6.3 x 103

1.6 x 103

3.5 x 103

2.9 x 103

4.1 x 103

1.8 x 103

7.7 x 102

3.6 xlO3

3.2 x 10J

Plastigas® Linde AG, D-8044 Unterschleissheim, Germany
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Regular 14C sampling of discharged air in the stacks began in 1988 at Paks NPP and in 1991 at
Bohunice and Krsko NPPs. The sampling period at Paks NPP was two weeks whereas
Bohunice and Krsko NPPs collect monthly samples. These discharge patterns are
representative for the given reactor unit. The most important results are [29,30]: (I) the
concentration of 14C vary slightly around their mean values except for Krsko NPP where the
variation is much more pronounced; (II) the outage and maintenance periods yield significantly
lower concentrations; (III) most of the 14C is released in the form of hydrocarbon and the ratio
of hydrocarbon form to the total is ca. 95% at Paks NPP (Fig. 2.) and at Bohunice reactor type
V213, ca. 80% at Bohunice reactor type V230, and the lowest (ca. 57%) is at Krsko NPP.
According to literature data the ratio of CnHm to CO2 varies between 99 and 1% [17] but in
most cases it is close to 90%; (IV) the ratio of chemical forms to which 14C may be
apportioned tends to be constant for reactor units type V213 but there is a distinct change at
reactor V230 where, in 1994, this value dropped to half its previous one and has since
remained at that level.

1-2 block 1988-1994

• released activity in form of CO-2 GD released activity in form of CnHm

1988 1994

3-4 block 1988-1994

[Bq/ni3]
250

200

150-

100-

released activity in form of CO-2 0 released activity in form of CnHm

1988 1994

Figure 2. Biweekly average 14C concentrations of discharge air
in 14CO2 and 14CnHm chemical forms [17]

Summarized data on 14C discharges are given in Table 2.
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Table 2. 14C gaseous release data of the Paks (Hungary),
Bohunice (Slovakia), and Krsko (Slovenia) NPPs [29,30]

Discharge

Average annual emission (TBq y1)

Mean CO2/ CO2+CnHm ratio (%)

Normalized discharge rate (TBqGWg^y"1)

Total energy generated (GWey)
Total released 14C activity (TBq)

Paks NPP
reactors

1.44(1.19)*
95 (64)*

0.887 (0.69)*

17.79
15.8 (12.3)*

Bohunice reactors
V230 V213

0.35 0.50

95 80

0.500 0.815

11.3 7.8
6.3 5.7

Krsko
reactors

0.104

57
0.219

6.62
1.45

*estimates if one unusual year, 1992, is disregarded

The excess 14C in the vicinity of the Paks NPP was also measured by sampling environmental
air. The sampling sites Al, A4, A6 and A8 were equipped with similar samplers to those used
in the stack. They are ca. 1.5 km from the 100-m high stack. For reference, a sampler was
operated at station B24 ca. 20 km from the NPP. Continuous sampling was started in 1989 at
station A8, and since 1992, monthly air samples have been taken at the four stations around the
NPP. Fig. 3. shows D14C data. The long-term average excess due to the NPP corresponded to
D14C=3.5%o for CO2 and D14020%o for hydrocarbon forms. The background was determined
partly by tree rings measurements [31, 32, 33, 34].
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Figure 3. 14C excess in the environmental air at the station A8
85Kr sampling at Paks NPP began in 1995. The sampling period was one month. The activity
concentrations are shown in Table 3.

Table 3. The activity concentrations of 85Kr in the stack air.

Time of
sampling

1995. December
1996. January
1996. February
1996 March
1996 April
1996 May

Block M l Block III-IV
85Kr activity cone. [Bqm'3]

6.16
—

6.43
3.87
14.44
16.00

6.88
69.66
9.84
24.58
52.03
20.92

Time of
sampling

1996 June
1996 July
1996 August
1996September
1996 October

Block I I I Block III-IV
85Kr activity cone. [Bqm3]

72.27
65.66
75.19
69.99
49.37

—
65.70
77.41
71.15
56.11
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The normalized Kr release of the plant is 0.3 TBq/GWey. The fission yields lead to 85Kr
production rates of 1.7xlO4 TBq/GWcy which means that a fraction of 10"5 of the 85Kr gas
generated annually is released.

We determined the 14C concentrations in ion exchange resin used for the reactor water
purification system of Paks NPP. A mixture of VARION KS-N cation type
(SO3-CNH3-C6H6-C2H3) and VARION AT-N anion type BO3-(CH3)3N-C6H6 exchange resin
was 47.5% and 55.1% of dry weight, respectively. The 14C activities of spent mixed-bed ion
exchange resins vary from 1.2 to 5.4 MBqkg'1 of dry weight for all reactor units investigated.
The results are summarized in Table 4.
Evaporator concentrates have always lower radiocarbon activities than ion exchange resins
(Table 4.). The radiocarbon content of evaporator concentrates is originating from the primary
water which is continuously purified by ion exchange resins [35]. The other reason of the low
activity concentration is that the 14C in primary water is mostly in the form of hydrocarbons
which is lost during concentration of the liquid waste.

Table 4. 14C activity in used mixed bed ion exchange resins and evaporator concentrates [6]

Sample code

lBlOTEOlu
lBlOTEOlm
1B10TE011
2B20TE Olu
2B20TE01m
2B20TE011
3B30TE01u
3B30TE Olrn
3B30TE011
4B40TE01u
4B40TE 01m

Act. cone, of
resins

(dry weight)
[kBqkg1]

2585
1247
1609
5395
3791
3260
4085
4078
3760
1793
2568

Sample

01TW30B001u
01TW30B001m
01TW30B0011
01TW30B002u
01TW30B002m
01TW30B0021
02TW30B001I
02TW30B002u
02TW30B002m
02TW30B0021

Act. cone, of
evaporator

concentrates
[kBq/1]

—

0.03
0.07
6.51
8.21
10.22
7.02
16.50
10.58
15.05

Sample

02TW30B0041
01TW30B003u
01TW30B003m
01TW30B0031
01TW30B005u
01TW30B005m
01TW30B0051
02TW30B003u
02TW30B003m
02TW30B0031

Act. cone, of
evaporator

concentrates
[kBq/1]

0.005
8.33
8.82
9.58
6.93
7.03
11.84
4.60
5.54
9.55

3. Conclusion

The discharge rates from Paks and Bohunice are about four times higher than typical Western
European PWR NPP data. These higher rates may be attributed to the higher level of nitrogen
impurities in the primary coolant [1].
Need for regular monitoring of 14C discharge is underlined by facts that significant variation
may occur even at a given NPP especially in the ratio of chemical forms in which I4C is
released.
85Kr is a very good atmospheric tracer which sources should be known very precisely. Paks
data show that a fraction of 10"5 of the total inventory of 85Kr is released at the nuclear power
plant which is much lower than the predicted rate [21].
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ABSTRACT - An information system was built around Krsko Nuclear Power Plant in
order to monitor its environmental status. In this article the Emergency Warning System
(EWS) of the Krsko Nuclear Power Plant is described. Some guidelines are also given of
the strategy used to develop the system.

1. Introduction

An Emergency Warning System (EWS) was built (which is now being
renewed) to monitor dose rate and to measure meteorological parameters
around Krsko Nuclear Power Plant.

The Krsko Nuclear Power Plant is situated in the Krsko basin
surrounded by hills. Only to the west is the plain open and partially flat.
The meteorological situation in the Krsko area is characterised by very low
wind speeds during the whole year and frequent thermal inversions during
winter [1]. As a consequence potential air pollution from the Nuclear
Power Plant is very difficult to predict. This is the reason why the
automated meteorological stations play so important a role in the EWS. In
such complex orography the siting and the number of automated
meteorological stations and dose rate monitors are very important. In
designing EWS it was required to achieve reasonable economy and a
desired level of system performance.
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2. Description of the emergency warning system around the
Krsko Nuclear Power Plant

We can divide the EWS into three parts [2]:
• radiological and meteorological data acquisition,
• data collection managing,
• data distribution to users.

Radiological and meteorological data are collected at several sites from
some hundreds metres from the Power Plant up to 10 km. There are two
types: automated meteorological stations (AMS) with radiological dose rate
gamma monitors and stand-alone radiological dose rate gamma monitors.

The EWS consists of four fixed and one mobile meteorological stations
and nine stand-alone radiological dose rate gamma monitors. AMS Stolp
which is located near the power plant has a 70 m high meteorological mast
with measurements at four levels. Three other stations AMS Krsko, AMS
Brezice and AMS Cerklje have a 10 m high meteorological mast with
measurements at two levels.

To measure upper layer winds (above 70 m) SODAR measurements are
made. These Doppler acoustic sound vertical profile wind measurements are
important in improving the prediction of air pollution dispersion.

Emission is measured by dose rate monitors inside the power plant. A
hydrological station measures the temperature and flow of the river Sava.
All these stations and monitors are connected with the central unit inside
the power plant. Most of them use leased telephone lines or a current
loop and some of them use public telephone lines (PSTN). All the
communication? are on a half hour averaging interval basis, which is
standard for meteorological data in Slovenia.

Nine stand-alone radiological dose rate measuring monitors are placed
around the Krsko Nuclear Power Plant to ensure rapid detection of
radiological pollution. They have a separate central unit. On line
communications use radio connections. The data collected are also
transmitted on-line to the central unit inside the nuclear power plant.

The central unit is duplicated and consists of dedicated communications
hardware and two personal computers which collect and distribute data,
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form a data base, perform statistical analyses, present data to the users in
the power plant and perform data quality control.

The data collected at the central unit inside the nuclear power plant is
primarily distributed to users in the power plant through an independent
network system, and is also accessible through the Processing Information
System of the power plant.

Kr§ko Nuclear Power Plant
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Figure 1 Emergency Warning System of the Krsko Nuclear Power
Plant.

To assist with decision making regarding public safety in case of a
release,, a simple Gaussian model was installed in both central units. But
there is a plan to introduce a more reliable model. For the next year it is
scheduled to replace this model with an advanced Puff dispersion model
with a three-dimensional mass consistent wind field reconstruction model.
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Figure 2 Output information of Gaussian model installed at the Krsko
Nuclear Power Plant.

The central unit is also a communication server for data transfer to
different users who by legislation should be informed about the
environment. Authorised users are:
• Hydrometeorological Institute,
• Slovenian Nuclear Safety Authority,
• Local centre in Krsko,
• Civil Defence Headquarters.

3. Automated meteorological stations

The automated meteorological stations are computerised. Their hardware
and software are adapted to the needs of different meteorological sensors
and dose rates monitors. They are also equipped with a personal computer
to store data for longer periods. All statistical calculations are on a half
hour averaging interval basis which is standard for meteorological data in
Slovenia.

AMS Krsko, AMS Brezice and AMS Cerklje measure wind speed and
direction at the 10 m level, aspirated air temperature and relative humidity
at the 2 m level and precipitation. The AMS Stolp near the Krsko Nuclear
Power Plant measure winds at 10 m, 40 m and 70 m levels, aspirated air
temperature and relative humidity at 2 m, 10 m, 40 m and 70 m levels. It
also measures precipitation, global solar radiation and air pressure. All four
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stations are also equipped with MFM 202 gamma dose rate monitors. This
dose rate monitors are identical to the stand-alone dose rate monitors
described later in this article.

Figure 3 AMS Stolp (left), AMS Krsko (right).

4. Dose rate monitors MFM 202

Nine stand-alone dose rate monitors of MFM 202 type are placed in
the circle around the Krsko Nuclear Power Plant. MFM 202 is a
microprocessor controlled instrument for monitoring levels of gamma
radiation with two energy compensated GM probes of different ranges. It is
dedicated to the continuous monitoring of dose burdens in the environment
from normal background levels to accidental dose rates.

All monitors around Krsko Nuclear Power Plant, which process and
print out the information and trigger alarms, are connected over modems
and radio FM links to the EWS central unit.
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Figure 4 Stand-alone MFM 202 dose rate monitor.

5. System performance

The EWS is a large measuring network which covers more than 100
km2. It measures over 100 ambient, emission and meteorological data [3].

All measuring parameters are sampled from 1 second to 1 minute.
Statistical calculations are performed every half an hour. The main values
derived are the average, maximum, minimum and standard deviations. All
statistically managed data are controlled on every computing layer. The first
controls are performed in the monitors and data-loggers, the next and the
most important controls are implemented on the personal computers in the
AMS and the third ones on the PC's in the central unit, to verify the
communications.

The system is designed to obtain the measurement results as quickly as
possible [4]. The maximal delay is 5 minutes. In the case of failure on the
communication lines, the AMS and stand-alone dose rate monitors are
capable of sending the missing data to central unit for up to 7 days.

6. Conclusions

The territory around Krsko Nuclear Power Plant is well equipped for
automated gamma dose rate measurements and meteorological
measurements. The average percentage of good data (data that passed all
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on-line automatic controls) collected is over 95%. Such good results are
due to the excellent maintenance of the system performed by the power
plant staff. It should be kept at this level also in the future.

Dispersion models should be included in the measuring network, because
in case of an accident they can show the whole movement of the
radioactive plume in the atmosphere and not just the part which is
detected by the ground level monitoring stations. In this way the harmful
effects of air pollutants could be better estimated, and as a consequence, a
better abatement strategy could be adopted.
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ABSTRACT - In 1992 the responsibility for the remediation of the temporary storage of radioactive
waste near Zavratec was assigned to the Agency for Radwaste Management. The project was divided
into two phases. First, in a study, different options for remediation were considered. In the second
phase, performed in 1996, the measurements, inventorying and repacking of radioactive waste were
carried out. Simultaneously with these activities a programme for covering public relations was
prepared. One of the results of the public relation campaign is also a 15-minute video film, which was
prepared from documentary material recorded during remedial activities, and will be presented here.

1. Introduction

In 1961, at the Oncological Institute in Ljubljana an~accident happened in which a
radium ampoule containing 10 mg of radium sulphate was accidentally opened. The
content, with an estimated total activity of 370 MBq, was dispersed over several
rooms.

Cleaning of the contaminated equipment and rooms was done in hurry and so most of
the equipment, instruments, furniture, books and floor coating were declared to be
radioactive waste. After decontamination, about 30m3 of radioactive material was
transported to an old, empty military barracks in the western part of Slovenia near the
village of Zavratec and stored in one of the rooms inside the barracks. A few months
later some villagers broke into the storage; after that the entrance to the storage was
walled-up.

For many years the local community was not informed about the stored waste. At the
time of the accident the facility was under the control of Yugoslav army, thus giving
rise to imaginary speculation about the content of the storage and its danger potential.
The information about the waste leaked out to the local municipality only many years
later. Since then the local community has been striving for the remediation and
removal of this irregular storage.
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2. Remediation of the temporary storage

In 1992 the Slovenian Government supported the request by the local community for
remediation of this temporary storage. The Agency for Radwaste Management was
authorized to implement the remediation project. The project was divided into two
phases. First, in a study, different options of remediation were considered. In the
second phase, which was performed together with the Jozef Stefan Institute in 1996,
the measurements, inventorying and repacking of radioactive waste were carried out.

Simultaneously with technical activities, the Agency for Radwaste Management
launched an open public communication campaign. Many personal contacts with local
authorities and residents were established. Leaflets on radiation, radioactive waste and
waste disposal were distributed to the local inhabitants. A special edition of the
Agency's newspaper with detailed presentation of the remediation project was also
prepared. Public presentations of the project to the local community were organized.
At the same time successful negotiations on financial compensation to the local
community were carried out. Thus the local community will obtain a water supply
system.

On the day of the opening of the storage a press conference was organized in the
village Zavratec. Objective reporting was assured by the constant presence of different
media at the location. During the remedial activities more than 100 visitors visited the

The results of the measurements showed that within the measuring uncertainties, the
total measured activity of radium corresponds to the activity of the damaged radium
applicator. In addition to this, the waste was unexpectedly also contaminated by
radioactive cobalt, cesium and carbon. Because of the discovered contamination by
radioactive carbon, which is a pure beta emitter, the planned separation of radioactive
from non-radioactive waste was no longer possible with the measuring techniques
then applied. The waste, with a total mass of 12 tons and approximate volume of 30
cubic metres, was repacked in 97 drums and restored. On the basis of the experimental
results and general condition of the storage, it was recommended that the waste be
relocated to the Slovenian central storage for radioactive waste from small producers,
situated in Brinje. This recommendation was also supported by The Health
Inspectorate, the competent regulatory body.

3. The video "Remediation of the storage in Zavratec"

All main remedial activities in Zavratec were also recorded on camera. About 140
minutes of documentary material was produced in which preparation work, technical
details on radiological safety and control, measurements and repacking of radioactive
material as well as public relation work were registered.

Because of the need for public presentation, information and educational purposes, the
RAO Agency decided to produce a shorter Slovene and English version of the video
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film on remediation of the storage in Zavratec. The intention was to produce a 15- to
20-minute video film with additional commentary which could be used for
presentation to the wider population, in schools, on television or through other media
and institutions.

For these purposes a scenario was written in Slovenie and English. A professional
production studio, "Video Produkcija Kregar", was engaged to produce the video
film. With the cooperation of different institutions such as the Oncological Institute,
the Jozef Stefan Institute, and also with the aid of the local inhabitants it was possible
to film several additional shots. From the raw documentary material, which was
abridged, and from these additional shots a 15-minute video film was produced to
serve for information and educational purposes. The film in Slovenie and English,
entitled "Remediation of the storage in Zavratec", is available at the RAO Agency.

4. What is the video about?

The introductory part of the video starts with a short history of the incident at the
Oncological Institute in Ljubljana in 1961. The accident is briefly explained, and the
military barracks where the radioactive waste was transported is shown. The political
situation and public opinion of that time are described. For this part of the film
additional snap-shots were taken.

The film continues with an explanation of the initial decisions to undertake
remediation work. The initiative of the local municipality for remediation of the
temporary storage is also mentioned. In addition, political opinion changed, thus
initiating the remediation action which was assigned to the RAO Agency. A group of
experts from Jozef Stefan Institute was selected for the measurements and repacking.

The main part of the film first demonstrates the preparational and remedial work at the
storage. The preparation work, in which the initial state measurements and necessary
technical work for future remedial activities are explained. The opening of the storage
- where for the first time after 35 years the storage-area was entered - is presented,
followed by the activities for repacking of the waste. All important procedures of
measurement, inventorying and repacking are shown in detail.

Special attention during the remediation of the storage was paid to radiological
protection against ionising radiation. Radiological safety procedures were strict and in
accordance with valid acts and regulations. Inspection of all procedures was carried
out by the Health Inspectorate. Due to unknown conditions in the storage, the level of
protection was high, as is also presented in the video.

The video continues with a presentation of the final works at the temporary storage.
The storage room was cleaned and the floor was covered with a double plastic cover.
AH 91 drums were returned to this room which was finally walled-up again. All the
other rooms in the barracks were emptied, and the iron door leading into the storage
was locked.
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The video concludes with an explanation of the results of the measurements. The total
measured activity of Radium corresponds to the activity of the damaged Radium
ampoule. The estimated activity of other radinuclides is very low. From the total
activity of all stored waste it can be concluded that we are dealing with very low level
waste.

For a more demonstrative comparison with other known sources it is stressed out that
the activity of stored waste is only 1/100 of activity of the Cesium radioactive source
that was accidentally discovered in 1995 at the Metalna factory yard. The Central, low
and intermediate level waste storage near Ljubljana for small waste producers has
about a 20,000 times higher activity content.

At the very end of the video it is pointed out that the remedial activities did not have a
negative impact on the environment or on the people living in the nearby village.
Dose assessments also showed that, due to careful planning and implementation, the
doses experienced by the members of the team were minimal. The maximum
individual dose in 10 days did not exceed 18 micro Sv, which is comparable to
exposure to cosmic rays on a 2-hour commercial airline flight.

5. Conclusions

The first part of the remediation of temporary storage in Zavratec has been
successfully accomplished. The type of contamination has been identified, the activity
of the waste has been measured, and the repacking of the waste has been concluded.
Due to the bad conditions, the storing facility is not suitable for longer storing of
radioactive waste. So it was decided to relocate the waste at the Slovenian central
storage for radioactive waste from small producers, near Ljubljana.

Before the decision was publicly announced, the intention was discussed with
representatives of the local community, where the central storage is located. For the
Agency for Radwaste Management it is important that further actions should be
approved by the local community.

For the first time in Slovenia a highly sensitive project in the field of radioactive
waste was managed not only technically correctly but also with transparency of all
actions to the public. One of the results of the public relations programme is also this
video film which will serve for information and educational purposes.
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SI0100025

PERIODIC SAFETY REVIEW AND
ASSESMENT

AT NPP KRSKO

Joze Spiler, Martin Novsak

Nuklearna elektrarna Krsko
Vrbina 12, 8270 Krsko, Slovenia

NPP Krsko has experienced in last 5 years (1991-1996) a major safety analysis review and
assessment. All this activities can be divided in five different categories:
First category is international missions. Five different missions visited Krsko since 1991
(ICISA, OSART, WANO AND ASSET).
Second category is one of the most systematic and comprehensive PSA analysis conducted at
nuclear power plants which included Level 1, Level 2, External events and PSA assessment
of shutdown modes. Third category represents the systematic compliance review and creation
a list of the NRC regulatory requirements issued since 1975 to 1995 and applicable to NPP
Krsko. Fourth category is review of all modifications, which were performed at NPP Krsko.
Fifth category represent detailed analysis of important safety issues.
All five categories included at different level of details, safety review of all areas in design,

operation and maintenance. All this activities in last 5 years resulted in different lists of
issues, which are now under implementation, and many of them are already resolved and
completed.
If all this activities are integrated into one single systematic and comprehensive effort they
can be by it content and form compared to the periodic safety review and assessment
conducted at many countries in Europe.
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1. Purpose and objectives

The principal aims of periodic safety assessment shall be the following.

a. To confirm that the plant is at least as safe as originally intended i.e. that no degradation
of the safety has taken place and to re-asses plant status by reference to its operating
experience, with emphasis on those structures, systems or components susceptible to
aging or wear out.

b. To justify the current levels of safety of the plant by comparing it with current safety
standards and practices and identifies areas where improvement would be beneficial and
risks reduced at justifiable expense. One further factor will be to ensure a balanced
approach to safety across the whole plant.

c. To perform detailed probabilistic safety assessment. The assessment will include coremelt
frequency determination (Level 1), Containment performance (Level 2), Evaluation of
external events, Risk assessment and Risk reduction for shutdown modes and accident
management database development.

2. Background

The large increase of reactors being ordered and built in the seventies was paralleled with a
formalization of safety rules in particular in the USA where the General Design Criteria
(Appendix A to 10 CFR 50) were finalized in 1971 and a large number of Regulatory Guides
addressing power reactor were published in the 1975-1980 period and most of TMI
requirements early in eighties. A logical corollary of these more formal aspects of rules is to
compare the safety of older reactors with the new standards. It gave birth to the Systematic
Evaluation Program (SEP) in the USA which addressed in the period 1980-1985 the safety of
8 reactors put in operation during the sixties.

At the same time different European Countries began also periodically reassessing their first
generation reactors by a process which has now been extended also to reactors commissioned
in the seventies and early eighties. The safety authorities in all countries have recognized the
value of periodic safety re-evaluation. In the past there was not in general a regulatory
requirement to carry out these reevaluations because of the expensive nature of routine
surveillance and planned inspections. However there is now consensus that a broader review
of safety is of value which is complementary to the routine measures and in all countries
actions have been or are being taken to put such review into practice.

Under existing legislation periodic safety evaluations are legally enforceable conditions in
several EC Countries, while in some other countries license conditions are being amended to
include reference to periodic safety evaluations. The performance of the first comprehensive
safety evaluation after about 10-year of operation has been selected as a suitable time interval
by many utilities in European countries.

The periodic safety assessment is carried out in addition to other reviews, which represents
the primary means of safety assurance. These other reviews are:
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> Surveillance performed during construction commissioning and operation including
feedback from normal operations.

> Regular and planned inspections of components, structures and systems.

> Special safety reviews following events of safety significance.

The periodic safety assessment is broader than these reviews and more comprehensive in
nature. The cumulative effects of experience, advances in knowledge and analysis techniques,
improvements in safety standards and operating practices, overall affects of plant aging and
the totality of all modifications over the period are taken into account.

In order to optimize the methodology of the periodic safety assessment the following is taken
into account:

> Analysis of the experience from the operation and incidents on the plant itself.

> The results of generic safety assessments.

> Guidelines, observations and requirements of safety authorities.

> Analysis of significant differences between the design of the plant and the safety standards
utilized for the recent plants.

> The set of rules and regulations applicable to the plant.

> Other countries experience with the performance of periodic safety assessments of similar
plants.

Emphasis is given on the investigation of topics that promote safety, enhance accident
prevention and mitigate the consequences of an accident and the release of radioactive
material.
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3. Scope and Content

3.1. NEK-PSA Study

In response to licensing Amendment issued by Slovenian Nuclear Regulatory body in 1991,
NEK performed probabilistic Safety Analysis (PSA) study. NEK - PSA study contains
Internal Initiating Events Level 1 and Level 2, Seismic Level 1 and Level 2, Internal Fire
Level 1 and Level 2, PSA for internal flooding and other external events as well as PSA for
shutdown modes based on EPRI-ORAM methodology.

Power operation core damage frequencies at NEK due to the variant initiator categories
Described above is listed in table below.

Initiator category

Internal Events

Seismic Events

Internal Fire

Internal Flooding

Other External Events

Total

CDF (per year)

5.4 x 10s

6.0 x 105

1.0 x 10"4

l.Ox 10"5

1.3 xlO"5

2.37 x 10"4

% of total

22.8

25.3

42.2

4.2

5.5

100

Table: NEK Power Operation CDF

The frequency of core damage at NEK during the shutdown modes was calculated to be 3 x
10"5 per year. Thus the overall frequency of core damage for power operation and shutdown
modes at NEK is assessed to be 2.66 x 10"4 events per year. As it could be seen from table, the
highest contribution by far comes from the internal fire. With respect to PSA results and
insights Fire Protection Action Plan has been developed toward elimination of those design
weaknesses which would reduce the risk from fire at NEK significantly. It was assessed that
the fire induced core damage frequency by implementation of these modifications would be
reduced by almost on order of magnitude. Thus, the total power operation CDF would be
reduced by almost 40 %. NEK Level 2 PSA showed that around 78 % of core damage events
lead to a fission product release which can be described as very small or small. Remaining 22
% of core damage events lead to »large release«. Large releases include early containment
failures, containment isolation failures and containment bypass events. Early containment
failure contributes a negligible 0.03 % of CDF. On the other hand, containment isolation
failure events (9.8 %) and bypass events (12.6 %) both contribute significantly to the large
release frequency, and are important contributors to total risk.

With respect to Level 2 findings, NEK will consider design change from dry to wet reactor
cavity. Level 2 PSA demonstrated that wet cavity design may increase the contribution of
sequences with »no containment failure« for about 15 %. NEK response to Level 2 PSA
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results will also come in the form of formalized guidance for recovery actions after core
damage has occurred, the Severe Accident Management Guidelines (SAMGs). One of the
conclusions of Level 2 analysis was that implementation of such guidance could bring
significant benefit in overall risk.

There is also a number of other activities and considerations by which NEK will respond or
already has responded to insights gained from PSA, such as a number of fixes in the plant
with respect to seismic resistance, shielding of important components against sprinkling,
possibilities of introduction of dominant accident sequences into operator training programs,
development of NEK Shutdown Operation Protection Plan (SOPP), various Living PSA
applications which are in the process of preparing, etc.

At the end it should be stated that NEK PSA was an exhaustive and wide study which has
contributed to a greatly improved understanding of the likely response of the NEK plant to a
spectrum of accident initiators, and of the accident sequences which dominate the risk profile.

3.2. Regulatory Conformance Program

The Krsko Regulatory Conformance Program (RCP) established a process by which NEK can
demonstrate for NPP Krsko continued compliance with US regulatory requirements as these
have evolved over a greater than twenty year period. The Krsko RCP is intended to be a
living document, and process, updated annually, to ensure that NPP Krsko compliance
continues to be assessed as US regulatory requirements may evolve in the future.

Regulatory Requirements and Definition
In this phase of the RCP a study of the changing regulatory environment in the US, which has
occurred over the past 20-plus years (since 1972), has been performed. Greater than 1500 US
NRC documents and issues have been reviewed, and the resulting regulatory requirement
defined.
RCP Compliance Review
In this phase, each of the requirements identified in first phase has been reviewed versus the
current as built as operated NPP. Following this review, a compliance conclusion was reached
for each item. As a result of compliance review more than 80 % of overall items evaluated are
resolved and additional more than 10 % is under implementation.
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3.3. International Missions

3.3.1. ICIS-a - International Commission for Independent Safety Analysis of the NPP
Krsko.

The Slovenian Government on April 1992 established the commission with the participation
of representatives from the neighboring countries, in particular Austria and Italy.

The work of ICISA, to which many professional experts from Europe and the USA
contributed, was concentrated on the safety aspects related to the site, the environment, the
plant and its operation. The objective was the assessment of the adequacy of the plant safety
and its backfitting from the beginning of operation until now in comparison with the current
applicable US rules (the Country of origin of the plant).

The institutional and organizational structure of the utility, which operates NPP Krsko (NEK)
and the Slovenian Nuclear Safety Administration (rujv) were also studied.

During the 18-month of the ICISA mandate plant inspections, documentation reviews and
safety assessments were made.

In particular plant backfitting, engineering and quality assurance functions on the plant,
seismic issue assessment and plant protection against other external events are the main areas
(there are others) where improvements are required.

The achievement of the necessary safety improvement requires considerable effort: 16 main
findings have been identified and reported by ICISA. Based on these, 74 recommendations
were provided.

3.3.2. IAEA - OSART Mission

The IAEA Operational Safety Review Team (OSART) mission visited Krsko in July 1993,
and IAEA OSART follow up visit was in October 1994. An OSART mission, carried out only
at the request of the relevant Member State, is directed towards a review of items essential, to
operational safety. A full scope review covers eight operational areas: management,
organization and administration; training and qualification; operations; maintenance; technical
support; radiation protection; chemistry; and emergency planning and preparedness.

Essential features of the work of the experts and their plant counterparts are the comparison of
a plant's operational practices with best international practices and the joint search for ways in
which operational safety can be enhanced. The IAEA Safety Series documents, including the
Nuclear Safety Standards (NUSS) program and the Basic Safety Standards for Radiation
Protection, and the expertise of the OSART team members form the bases for the evaluation.
The OSART methods involve not only the examination of documents and the interviewing of
staff but also reviewing the quality of Performance.

An important aspect of the OSART review is the identification of areas that should be
improved and the formulation of corresponding proposals. In developing its view, the OSART
team discusses its findings with the operating organization and considers additional comments
made by plant counterparts.
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3.3.3. IAEA ASSET Mission
(Assessment of Safety Significant Events Team-ASSET)

The Kr§ko NPP Operating Organization (NEK) requested an ASSET mission to be held at its
nuclear power plant during September 1996. This is the 114th mission of the IAEA ASSET
services which takes place coincidentally ten years after the first ever ASSET mission, which
was also held tat Kr§ko NPP.

The mission has reviewed the events reflecting operational safety performance over the period
January 1991 to December 1995. The Krsko plant management seeks to benefit from an
international perspective on its Self Assessment of safety performance and on possible ways
of further enhancing incident prevention (operational safety). An additional incentive is the
compliance with the recently ratified Nuclear Safety Convention applicable from October
1996.

The Kr^ko NPP is exhibiting a steadily increasing ratio of events resulting from deficiencies
discovered by routine surveillance to those resulting from failures during operation. This
positive trend in prevention of operational failures is confirmed by the low safety significance
of the few incidents that have occurred, highlighting the current dedication of plant
management to the enhancement of the Krsko NPP operational safety performance.

3.3.4. WANO - Peer Review

A WANO team, comprised of experienced nuclear professionals from all four WANO
regions, conducted a peer review at the Krsko Nuclear Power Plant in Krsko, Slovenia, in
November 1995. The purpose of the review was to determine strengths and areas in which
improvements could be made in the operation, maintenance, and support of the nuclear unit at
the Krsko Nuclear Power Plant. Information was assembled from reviews of documentation,
discussions, and interviews, and from observations of station activities.

As a basis for the review, the team used the Performance Objectives and Criteria for WANO
Peer reviews. These were applied and reviewed against station performance in light of the
experience of team members, the team's observations, and good practices within the industry.

The goal of peer reviews is to assist stations in achieving the highest standards of excellence
in nuclear plant operation. The areas for improvement are based on best practices, rather than
minimum acceptable standards or requirements, and are not necessarily indicative of
unsatisfactory performance.

3.4. Safety issues

Detailed investigations, analysis and assessments were conducted for some important safety
issues requested by regulatory body. Most important and comprehensive are the following
ones:

1. Fire Hazard and appendix R analysis and assessments.
2. Station Blackout analysis.
3. Seismological and geological investigations and evaluations
4. Plant security analysis and evaluations.
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5. Control Room Design Review

All of this analysis and evaluations resulted in findings and were followed by detailed action
plans, which are based on their priority already under implementation.

3.5. Review/Evaluation of previously Implemented Plant design Modifications

The purpose and scope of the project included the following activities:

1. Identify all Design Modification packages issued prior October 1., 1992 (approximately
250).

2. To perform the reviews and evaluations necessary to determine if the plant design bases
have been met and plant configuration control maintained.

3. To specifically identify follow-up actions required to meet the plant design bases and to
restore plant configuration control as necessary.

4. Track the completion of the assigned action items.

There were approximately 1300 action items identified from review. About 1200 items are
associated with revision and issuance of the design drawings about 40 design criteria
documents and about 50 item which required further engineering evaluations. The
implementation of action items started in June 1994 and is mainly completed.

4. Conclusions and insights

Periodic Safety Review at NEK

> Many of this reviews' and analysis were requested or initiated by regulatory body.
> Most of the results were directly or indirectly reviewed by regulatory body and comments

incorporated.
> This program represents largest safety review since the beginning of operation and

includes human error evaluation, common cause failures and severe accidents.
> Many important recommendations selected based on its regulatory importance, risk

significance and cost benefit analysis are implemented or under implementation.
> If all this activities are systematically integrated into one single effort they can be

compared to periodic safety reviews and assessments in many European countries.
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MAINTENANCE OF TECHNICAL DOCUMENTATION FOR
I & C AND ELECTRICAL SYSTEMS

MSc Boris Kalan,Dobri dol 56, Zagreb, Croatia

The paper presents some experiences on the maintenance of the
technical documentation for the I&C and electrical systems for NPP Krsko.
The experience is based on the performed as-built revision of the
particular system. As-built revision consists of the verification of
technical documentation completness and correctness, verification of
compliance of the installed equipment to the relevant documentation and
verification of proper equipment identifications.

1. INTRODUCTION

The intention of this paper is to present some
experiences on the maintenance of the technical documentation
for Instrumentation & Control (I&C) and electrical systems of
Nuclear Power Plant (NPP) Krsko. The experience is based on
the performed as-built revision of technical documentation
for the Westinghouse W 73 00 control system.
The W 7300 control system provides remote, centralized and
highly automated controls of the nuclear steam supply systems
(NSSS) and balance of plant systems (BOP) of the nuclear
power plant.
The W 7300 control system consists of 10 panels, 7 for NSSS
and 3 for BOP systems and is located in the main control room
(MCR).
The system provides, based on field measurements and operator
actions input signals for: the reactor protection system,
auxiliary relays racks, annunciator system, indications on
the main control board or local panels, process information
system (PIS) as well as closed loop or manual controls of
the final actuating devices (Figure 1).
The reactor protection system (W Solid State Protection
System-SSPS) receives in the case of not allowed NPP process
conditions, binary signals from W 7300 control system. On the
base of coincidence logic,' the SSPS actuates reactor trip
signal or engineered safety feature signal.
The auxiliary relay racks (ARR) receive binary signals from
the W 7300 control system for activation of various interlock
and permissive signals for plant control functions.
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The annunciator system receives in the case of limited NPP
process conditions, binary signals from W 7300 control
system. The annunciator system provides alarms to the
operators in the MCR.
The W 73 00 control system is based on the analog modular
universal control cards. The great number of installed
modular cards, nearly 1300, requires extensive internal
wiring, wiring to the field equipments such as process
transmitters, pneumatic actuators etc. and wiring to the
other panels such as MCB, SSPS, ARR, PIS etc.
In accordance with NPP Krsko basic standard design
requirements [1,2,3,4] the equipment interconnection as well
as equipment identification must be uniquely and completely
presented in the relevant technical documentation.
Consequently these requirements result in great number of
various types of technical documents.
Generally, the technical documentation can be divided in
functional categories such as block diagrams, electrical
elementary diagrams, internal and external wiring diagrams
and location diagrams.
Also construction requirements as well as maintenance
requirements are reflected in the different technical
documentation philosophy. Some diagrams are necessary for
construction and installation and some for maintenance and
testing of systems."'
The Westinghouse as vendor, supplied the 7300 control panels
with technical documentation that consist of functional block
diagrams, standard elementary wiring diagrams, standard
external connection diagrams, interconnection wiring diagrams
and card location diagrams.
On the base of W documentation an architect engineer Gilbert
Associates Inc. (GAI) prepared all necessary construction and
functional documentation with all plant specific details.
During as-built verification process there were revised 362
vendor diagrams and about 10 0 other diagrams.
It is obvious that in any case of minor or major design
modification, maintaining this complete technical
documentation system is complex and time consuming process.
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TECHNICAL DOCUMENTATION CATEGORIES

2.1 Functional and block diagrams

The functional and block diagrams consist of W
Functional diagrams, W Process control systems block diagrams
and GAI Instrument Loop Diagrams.
The control functions of NSSS systems are presented on the W
block diagrams, the control functions for the BOP systems are
presented on the GAI Diagrams and some small control loops
are presented on the W Fluid System diagrams.
The functional and block diagrams provide complete,
information on the functional level, such as signal inputs
from field equipment, signal conditioning modules, power
supplies, signal isolation and output functions as alarm,
protection, indication, computer input, permissive,
protection actuation etc. On the block diagrams are presented
all electronic modules with tag numbers but without plant
specific wiring details.
The functional and block diagrams reflect NPP Krsko basic
design functional requirements as they are stated in the the
safety analyses reports [4].

2.2 Internal wiring diagrams

The W 73 0 0 control system is delivered with internally
wired panels and all vendor technical documentation defined
to the panel output terminals.
The technical documentation consists of W interconnection
wiring diagrams for the NSSS channels and the BOP channels,
card location diagrams and power supply and grounding wiring
diagrams.
The W interconnection diagrams provide exact informations of
7300 universal modular cards tag numbers, location of
installation, wire terminations as well as output
terminations to the field equipment or other panels.
This diagrams are part of vendor manual and are essential for
the maintenance of W 7300 control system.

2.3 External wiring diagrams

For the installation purpose W as vendor, prepared the
standard external connection wiring diagrams for the NSSS and
BOP control loops. These diagrams provide standard
informations for connection of W 7300 control system to the
field equipment such as process measuring devices, final
actuating devices and to the other panels such as MCB, SSPS,
Annunciators, Auxiliary Relay Racks etc.
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These diagrams do not contain plant specific identifications
such as wire and cable marks, panel identification etc. These
diagrams were used by the architect engineer GAI for the
preparation of specific plant installation technical
documentation.
The architect engineer GAI prepared plant specific electrical
interconnection diagrams, electrical circuit schedule
(Termination sheet), electrical block diagrams and cable pull
slip documents.
The GAI electrical interconnection diagrams provide plant
specific informations of external wire terminal connections
and with all wire and cable identifications.
The GAI Electrical Circuit Schedules are prepared for each
cable and they provide all plant specific informations such
as circuit identification, conductors data, conduit data,
cable routing, origin and destination of circuit with wire
terminations and wire marks.
The GAI Electrical Block Diagrams provide informations of
cables connected between W 7300 control system panel and
other panels such as circuit number and nature, conductor
data, conduit data, associated major equipment identification
etc.
The Cable Pull Slip Documents are prepared from inputs of
electric block diagrams and cable routing informations and
are used by field forces for cable pulling.

2.4 Electrical Elementary Diagrams

For the 73 00 control system, W prepared standard
electrical elementary diagrams.
These diagrams provide standard functional informations as:
power supplies, controls and status indications of electrical
motors, solenoid valves and other devices. Also the diagrams
present relay contacts from W 7300 control system for alarm,
permissive, interlock, protection or automatic start
functions as well as MCB and local panel control switches.
These diagrams does not provide plant specific informations
as external wire marks, panel and equipment identifications
etc.
On the basis of these diagrams the architect engineer GAI
prepared the plant specific electrical elementary diagrams
series. These diagrams provide the plant constructed
functional information with exact presentation of electrical
interconnections and all necessary equipment, wire and
terminal board identifications. These diagrams are essential
for operational personnel as well as for maintenance and
testing purposes.
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3. AS-BUILT DOCUMENTATION VERIFICATION

The as-built documentation verification for the W 7300
control system was prepared in common effort of NPP Krsko
engineering department, I&C technical department and outside
consulter.
The as-built condition was verified by the method of
evaluation of vendor and general designer diagrams such as:
block diagrams, • internal and external interconnecting
diagrams and electrical elementary diagrams.
In the field were verified all equipment identifications and
panel external wire connections. In any case of vendor and
general designer documentation inconsistencies the field
installation condition was verified by use of check list.
Proper functional solutions were verified by evaluation of
basic design functional requirements [4] with vendor and
general designer functional and block diagrams, internal
wiring diagrams and electric elementary diagrams.
On the base of as-built condition the applicable vendor or
general designer documentation was corrected. In case of
incorrect field installation or missing equipment
identifications, the corrective actions were taken.
As proper equipment installation and equipment connection
were verified for compliance to the basic design documents
the whole process is performed as complementary commissioning
of particular system.
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4. CONCLUSION

Performing as-built condition verification of NPP Krsko
particular systems provide benefits as: the verification of
technical documentation completeness and correctness, the
verification of compliance of the installed equipment to the
relevant documentation and verification of proper equipment
identifications.
As is obvious from the presented experience of as-built
verification of the W 7300 control system, the technical
documentation was produced in several stages of design
process, it was produced by different designers and was
produced with different application philosophies.
The same equipment information is presented on several vendor
and general designer diagrams. Some diagrams are construction
oriented and some diagrams are maintenance or operation
oriented. Maintaining of all technical documentation system
in case of plant minor or major modifications is complex and
time consuming process.
As-built verified documentation can serve as basic
documentation input and for each successive design
modification the scope of revised documentation can be kept
on reduced level.
It may be ** satisfactory to keep complete and defined
technical information on diagrams such as: internal
interconnection wiring diagrams and location diagrams as part
of vendor diagrams, and the external interconnection
diagrams, electrical circuit schedules, electrical block
diagrams and electrical elementary diagrams as part of
general designer diagrams.
The computer data base system is very useful system for
maintenance of technical documentation. The computer data
base system must contain listing of all system related
technical documents as well as cross references of installed
equipment to the related technical documents.
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6. APPENDIX

6.1 Abbreviations

I&C - Instrumentation and Control
NPP - Nuclear Power Plant
NSSS - NucTear Steam Supply System
BOP - Balance of Plant
SSPS - Solid State Protection System
ARR - Auxiliary Relay Rack
PIS - Process Information System
W - Westinghouse
GAI - Gilbert Associates Inc.
MCB - Main Control Board

6.2 Diagram categories

6.2.1 Functional and block diagrams

7250D72 ShV* - W Functional diagrams
7250D72 Sh.*. - W Process control system block diag
B-807/808-* - GAI Instrument loop diagrams

6.2.2 Internal wiring diagrams

8798D01-D08 Sh.* W Interconn. wiring diag. for NSSS
8814D91-D93 Sh.* W Interconn. wiring diag. for BOP

6.2.3 External wiring diagrams

8756D36 Sh.* - W External conn, wiring diag. NSSS
8811D48-D50 Sh.* W External conn, wiring diag. BOP
D-210-053 Sh.* - GAI Electrical interconn. diagrams
S-212-* - GAI Electrical Circuit Schedule
SS-211-* - GAI Electrical block diagrams

6.2.4 Electrical elementary diagrams

271C331 Sh.* - W Electrical elementary diagrams
B-208-* - GAI Electrical elementary diagrams
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Presentation of NEK Documents on the
IntraNEK System

Roman Kocnar, Matjaz Prah, Joze Spiler

Krsko Nuclear Power Plant
Vrbina 12, 8270 Krsko, Slovenia

ABSTRACT

In this paper a new approach to NEK documents presentation is introduced as well as
application of that approach.

In this global electronic communication era, the well known Internet and World Wide Web
(WWW) are becoming a standard in network communication bringing us a wide field of
possibilities how to communicate.

IntraNEK is Local Area Network (LAN) of NE Krsko, configured as Intranet server/client
system which will allow the users to work with NEK documents in the same way as with
Internet WWW pages.

In order to give the users of NEK documents the best and the fastest solution how to get a
needed and updated piece of information from comprehensive NEK documents, the project was
established to prepare initially the USAR (Updated Safety Analysis Report) and NEK Technical
Specifications \n HTML (HyperText Managing Language) format and to place it into NEK
internal WWW server IntraNEK. Trie same process will also be established for Flow Diagrams.

The project will allow users to get first - prompt access to USAR (any part of it), and second -
fast searching capabilities, cross-reference finding and jumping, browsing, copying and printing.
The most important is that all changes will be implemented promptly that means that the users
will immediately have access to all changes of the USAR (the feature which is necessary for
modification process).

The same idea was used for Flow Diagrams (a lot of them are part of an USAR document). All
drawings have to be scanned then vectorized and at the end of preparing process also
Preformatted in special AutoCAD format for using in IntraNEK and WWW application. That
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will allow fast viewing, zooming, copying and printing and, of course, easier preparing a new
updated drawings.

These subprojects will be put together in order to give the users the most comfortable access to
needed information and data.

This is the first phase of the project which will allow also to prepare other NEK most frequently
used documents for use on the internal IntraNEK system.

1.0 Introduction

In order to give the NEK personnel as well as to other users of NEK documents ability for fast
finding the necessary data, the NEK management decided to start a project which will cover the
presentation of NEK documents on the NEK local area network called IntraNEK System.

Initially, the USAR (Updated Safety Analysis Report), the NEK Technical Specifications and
NEK Flow Diagrams are choosen as a pilot project. This pilot project is composed of two
subprojects as follows:

a. IntraUSAR (USAR and NEK TS), and

b. IntraDRAW (NEK Flow Diagrams).

The project will allow users to get:

a. prompt access to any part of USAR and NEK TS,
b. prompt access to Flow Diagrams,
c. zooming capabilities (for Flow Diagrams),
d. fast searching capabilities,
e. cross-reference finding and jumping,
f. browsing,
g. copying and
h. printing.
AH changes will be implemented promptly that means that the users will immediately have
access to all changes of the USAR and NEK TS and to Flow Diagrams (the feature which is
necessary for modification process).

The HTML (HyperText Managing Language) is chosen as a basis for transferring the NEK
documents into electronic format. This decision is made because of standardization of HTML
and the possibility of browsing all documents (and tables and figures) by any available HTML
browser such as Netscape Navigator, Microsoft Internet Explorer, Mosaic,...

SIAP d.o.o. is contracted to prepare the IntraUSAR and IntraDRAW. In next two chapters the
first results will be presented.

2.0 IntraUSAR

The subproject IntraUSAR covers the USAR and NEK TS documents. As said above, the full
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browsing, searching, cross reference jumping, printing and copying capabilities are included.
On Figure 2.1 the USAR main page is shown as well as part of Table of contents for the
Chapter 5 and Subchapter 5.1. All titles in Chapters in Subchapters are linked to appropriate
text.

i i * , Netscape - [USAR 1NTRANEKJ : ..:: : , ' ;. :? '< '

USAR
MASTER TABLE OF CONTENTS

1.0
INTRODUCTION
AND QENERAL

DESCRIPTION OF
PLANT

4.0
REACTOR

7.0
INSTRUMENTATION
ANQ..gONTR9X£

10.0
STEAM AND

POWER
CONVERSION

SYSTEM

13,0
CONDUCT OF
PPERATIPISS

16.0
TECHNICAL

SPECIFICATIONS

2.0
SHE

CHARACTERISTICS

5.0

COOLANT SYSTEM

8.0
ELECTRICAL

EfifflEB

11.0
RADIOACTIVE

WASTE
MANAGEMENT

1.4.0
riALTE

PROGRAM

17.0
QUALITY

ASSURANCE

3.0

STRUCTURES.
COMPONENTS.

EQUIPMENT
AND SYSTEMS

6.0
ENGINEERED

SAFETY

15.0
ACCIDENT
ANALYSIS

5.0 REACTOR COOLANT SYSTEM

5.1 SUMMARY DESCRIPTION

5.2 INTEGRITY OF THE REACTOR COOLANT SYSTEM BOUNDARY

5.3 THERMAL HYDRAULIC SYSTEM DESIGN

6.4 REACTOR VESSEL AND APPURTENANCES

5.5 COMPONENT AND SUBSYSTEM DESIGN

5.6 INSTRUMENTATION APPLICATION

I
J5:

5.1 SUMMARY DESCRIPTION

5.1 SUMMARY DESCRIPTION

5.1.1 SCHEMATIC FLOW DIAGRAM

5.1.2 PIPING AND INSTRUMENTATION DIAGRAM

5.1.3 ELEVATION DRAWING

•Sfe.

Figure 2.1: Main page

On Figure 2.2 the Table of Contents is presented for the Subchapter 5.2.3 which includes the
List of Tables and List of Figures for those subchapters. The right side of screen is showing the
appropriate data (text, figure or table - in this case the text). If text exceeds the window the up
and down rulers help the user get the needed link to appropriate data.

The Figure 2.3 is the exhibition of the sample of USAR table (Table 5.2-1). As mentioned
above, if table exceeds the window the up and down rulers can be used to help the user get the
needed piece of data or a link to appropriate data.

The Figure 2.4 is presenting the sample of NEK TS LCO page. The color of text other than
black means that the marked words are hot spots (links) used for cross reference jumping.

The sample of NEK TS figure page is shown on Figure 2.5. The figures are scanned and
presented in bitmap format known to any browser.
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The Figure 2.6 shows the IntraUSAR search page. The user can write the word, phrase or any
alphanumeric string. The IntraNEK server will search all chapters and subchapters and as a
result - the list of subchapters, presented as HyperText link, will be given.

5.2.3 GENERAL
MATERIAL
CONSIDERATIONS

5.2.3 GENERAL MATERIAL
COWSIPERAT1ONS

6.2.3 1 Material Specifications

5.2.3 7 Compatibility With Reactor

5.2 3 3 Compalibilily Will) External
Insulation and Environment!
AlmpsphBre

5.2.3.4 Chemistry of Reaclor Coolant

LIST OF TABLES

TABLE S.2-) SUMMARY OF
REACTOR COOLANT SYSTEM
DESIGN TRANSIENTS

TABLES2-2 LOADING
COMBINATIONS

5.2,3.1 Material-Spadfications

Typical material specifications used for the principal pressure retaining applications in each component
comprising the Reactor Coolant Pressure Boundary (RCPB) are listed in Table 5.2-7 for ASME Class 1
Primary Components and Table 5.2-8 for ASME Class 1 and 2 Auxiliary Components. The materials are in
accordance with the ASME Boiler and Pressure Vessel Code, Section III. plus Addenda and Code Cases
as are applicable and appropriate to meet Appendix B of 10CFR50 in the Federal Register. Vol. 35,
No. 125.

In some cases. Table 5.2-8 may not be totally inclusive of the material specifications used in the listed
applications. However, the listed specifications are representative of those materials utilized. All of the
materials used are in accordance with ASME B&PV Code. Section III.

The welding materials used for joining the ferritic base materials of the RCPB, conform to or are equivalent
to ASME Material Specifications SFA 5.1.5.2.5.5,5.17.5.18 snd 5.20. They are tested and qualified to
the requirements of ASME SecD'on III rules. In addition the ferritic materials of the reactor vessel beltline are
restricted to the following maximum limits of copper, phosphorous and vanadium to reduce sensitivity to
irradiation embrittlement in service:

TABLE 5.2-3 ALLOWABLE
STRFSSFS FOR ASME SECTION III
CLASS t COMPONENTS-

Copper

Phosphoioui

Hist Mebl(K)

G.lO(Udte)

O.I2(Chec!{>

As Dtfosifcil WeM Mcttl<W

0.012 (Ladle)

OJ317 (Check)

Figure 2.2: Sample text page

5.2.3 GENERAL
MATERIAL
CONSIDERATIONS

5.2.3 GENERAL MATERIAL
CONSIDERATIONS

5.2.3 1 Malarial Specifications

5.2.3 P Compatibility Will! Reactor
Coolant

5.2.3 3 CompatibililY Wrth External
Insulation and Erwronmental

5.2 3 4 Charnislrv of Reactor Coolanl

LIST OF TABLES

TABLE 5.2-1 SUMMARY OF
REACTOR COOLANT SYSTEM
DESIGN TRANSIENTS

TAgl E 6 2-2 LOADING
COMBINATIONS

TABLE 5.J-1 SUMMARY OF REACTOR COOLANT SYSTEM DESIGN TRANSIENTS

TABLE 5 2-3 ALLOWABLE
STRESSES FOR ASME SECTION III
CLASS i COMPONENTS*

ttoaLGsate

l.Heatup «id cooldown al 55.6*C/h(lOCfF^CpresEUiiztr
cooldcwn 1112* Cfh(iQCf F/1H))

2. Unit loading, mcJ unloading at 5% Df ftiU power/nun,

3. St*fj load Linens* tnd dtctbiot of 10% of ftiU power

4. Large stflp lo&d deer* wo with steam dump

200(<iach)

13^00 C««ch)

2,000 (each)

WO

J. Steady stats fluctuations

a. Initial ftuciuaiiorts

b. Random Quclualions

6. FeBtlwatarCyctngatHolShutdoivn

7. Unit Leading aid UaloadingEctiveeflO and IWo of fTjUpower

2. Boron Conc«olration. EquaHzalion

9. Refueling

Uxio5

UxltV*

AKXt

500 (»«h)

26.400

80

Occmrenccs

Figure 2.3: Sample table page
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3.1 REACTIVITY
CONTROL SYSTEMS

LCO 3.1.1 BORATION CONTROL

LCO 3.1.1.1 SHUTDOWN MARGIN •
MOPES1AN0 2

LCO 31.1.; SHUTDOWN MARGIN -
MODES 3. 4 AND 6

LCO 3.1.1.3 MODERATOR
TEMPERATURE COEFFICIENT

LCO 3 1 14 MINIMUM
TEMPERATURE FOR CRIDCAUTY

LCO 3.1.2 BORATION SYSTEMS

LCO 3.1.2.1 FLOW PATH-

LCO 3.1.3.2 FLOW PATHS-
OPERATINg

LCO 3.1.23 CHARGING PUMP •

LCO 3.1.2.4 CHARGING PUMPS-
OPERATING

LCO 3.1,15 BORATED WATER
SOURCE - SHUTDOWN

LCO 3.1.2.4 - Charging Pumps - Operating

LIMITING CONDITIONS FOR OPERATION

LCO 3.1.2.4

At least two* charging pumps shall be OPERABLE.

* A maximum of one centrifugal charging pump shall be OPERABLE whenever the temperature of one or
more of the RCS cold legs is loss than or equal to 135"C.

APPLICABILITY: MODES 1,2,3 and4.

ACTION:

With only one charging pump OPERABLE, restore at least two charging pumps to OPERABLE status
within 72 hours or be in at least HOT STANDBY and borated to a SHUTDOWN MARGIN as required by
LCO 3.1 1.2 for MODE 5 within the next 6 hours; restore at least two charging pumps to OPERABLE
status within the next 7 days or be in COLD SHUTDOWN within the next 30 hours.

SURVEILLANCE REQUIREMENTS

SR 3.1.2.4.1

At least two charging pumps shall be demonstrated OPERABLE by verifying, on recirculation flow, 1hat the
differential pressure across each pump meets the pump design curve requirement when tested pursuant to
SR 3.0.5.

SR 3.12.4.2

All charging pumps, except the above allowed OPERABLE pumps, shall be demonstrated inoperable at

Figure 2.4: NEK TS LCO page
U/Netscape"*

Figure 2.2-1 SETPOINT REDUCTION FOR OVERTEMPERATURE
DELTA T TRIP

2.2 LIMITING SAFETY
SYSTEM SETTINGS

Figure 2.21 SETPOINT REDUCTION
FQE OVERTEMPERATURE DELTA 7

RIP

Figure 2.5: NEK TS figure page
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To. seaipíi for ад article;ihoose i, or a phrasé;.

'•:Seärchibr; • £

Figure 2.6: IntraNEK search page

3.0 IntraDRAW Subproject

The same idea was used for Flow Diagrams. All drawings have to be scanned then vectorized
and at the end of preparing process they have to be preformatted in special AutoCAD format for
using then in IntraNEK and WWW application. That will allow fast viewing, zooming, copying
and printing and, of course, easier preparation of new updated drawings.

In Figure 3.1 the sample of the Flow Diagram is shown.

The Figure 3.2 is zooming the upper left corner of the Flow Diagram.

196 Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997



I/ID /ei.EO97/D3OZ112O.DWFiz

r

?£f&!?T%3Z'£Z£i

Figure 3.1: Whole Flow Diagram
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Figure 3.2: Upper left corner of the Flow Diagram from the Figure 3.1 zoomed
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4.0 Conclusion

The presented subprojects (IntraUSAR and IntraDRAW) are pilot projects for global NEK
Documents on the IntraUSAR project. These subprojects will allow the users of NEK
documents (USAR and NEK TS) and Flow Diagrams to find the needed data in more elegant
and faster as it was now.

The benefit of the project is that all documents will be updated promptly. That leads us to the
fact that the data used by users will be accurate.

5.0 References

5.1 USAR, Rev 3., NE Krsko
5.2 USAR, Rev 4., NE Krsko
5.3 NEK TS, Rev 53., NE Krsko
5.4 NEK Flow Diagams
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Chemical Decontamination With the CORD UV Process:
Principle and Field Experience

Harald Witle
Horst-Otto Bertholdt

Fernando Roumiguiere
Siemens AG, Power Plant Chemistry NW-C

Freyeslebenstr. 1, 91058 Erlangen, Germany

Abstract

The Siemens CORD / CORD UV decontamination process, is world-wide known as a very
effective and simple method characterized by the low amounts of waste produced.
Depending of the materials involved, specific processes have been developed to achieve
higher decontamination factors and to reduce waste volume. Different chemical parameters
are applied for austenitic CrNi and Cr steels, Cu alloys, Ni alloys, C steels and unstabilized
CrNi steels with high carbon content. They all have following common characteristics:

- Regenerative process
- Material specific chemistry
- In-situ decomposition of the decontamination chemicals
- No secondary waste from decontamination chemicals
- Waste free of chelating agents
- Process carried out with only one system fill of demineralized water
- Adequate also for decomissioning purposes, generating material which can be released

for reuse.

This paper describes the principles of the Siemens KWU AMDA-CORD UV technology,
which has been continuously improved over 20 years of decontamination applications in
NPPs. The application experience on sub-systems as well as of five full system
decontaminations (3 PWRs, 2 BWRs) for continuation of operation and for decommissioning
are presented as well.

1 Introduction

Decontamination of nuclear power plants and other nuclear installations is one of the
possible ways to reduce the personnel dose rates to minimum values. A decontamination
concept has to include not only components and subsystems, but also the aspects of full
system decontaminations (FSD). The problems associated with the type and, amount of
waste generated must be taken into special consideration in addition to the "engineering
aspects of a decontamination process. The progress in waste volume reduction achieved in
the Siemens/KWU chemical decontamination processes over the last 25 years is shown in
the Figure 1.

Proceedings o/4'h Regional Meeting Nuclear Energy in Central Europe, 1997 199



Figure 1: Reduction of Secondary Waste Generated during Chemical Decontamination
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The decontamination processes initially applied used high chemical concentrations of about
40 to 100 kg/m3 of decontamination solution, so called "hard" processes. The development
of "soft" processes enabled to reduce the chemical concentration to less than 10 kg/m3. The
negligible amount of today (< 0.2 kg/m3 of decontamination system volume) could only be
achieved by the development of a comprehensive concept by Siemens with the introduction
of the CORD UV -AMDA concept. The denomination "CORD" (Chemical Oxidation
Reduction Decontamination) represents the chemical decontamination process, while "UV"
indicates the in situ decomposition of the decontamination chemicals with ultra-violet light
and "AMDA" (Automated Mobile Decontamination Appliance) defines the equipment used.

The AMDA CORD UV concept is one of the results of the continuous development work and
has made Siemens one of the leading decontamination suppliers world-wide with more than
20 years of experience and a total of more than 350 decontaminations, performing about 30
applications per year.

2 The CORD UV Concept

The CORD and CORD UV processes and their applications have been described previously
in several papers
[1,2,3,4]. The

Figure 2: Principle of the CORD UV Concept
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combination of
process chemistry,
application
technology and
waste treatment of
the CORD UV
process is shown in
the Figure 2.

The CORD process
is a major step
forward in waste
reduction by
introduction of
permanganic acid as
oxidizing agent. The
use of permanganic
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acid permits to perform a decontamination cycle in only one step, avoiding the intermediate
purification, neutralization and rinsing prior to apply the decontamination step, as required by
other processes, enabling therefore a complete decontamination with only one system fill of
demineralized water, even by application of several decontamination cycles.

The system to be decontaminated is filled with demineralized water and heated to about
95°C before adding the pre-oxidation chemicals. After a few hours, this step is finished by
adding the decontamination chemicals, which also serve for the reduction of the oxidation
agent. During the decontamination there is a continuous by-pass purification and
regeneration of the decontamination solution by ion exchange resins. This mode of operation
leads to low activity concentrations during the application as well as to a constant routing of
fresh decontamination solution to the surfaces of the system or component treated.

At the end of each CORD cycle (pre-oxidation, reduction and decontamination step) the
resin contains the activity and the inactive corrosion products, while the CORD chemical
remain in solution. The last step of each cycle is the decomposition of the CORD chemicals
into water and carbon dioxide while removing the remaining impurities (activity and corrosion
products) by ion exchange resins. The water remaining in the decontaminated system has a
purity close to that of the demineralized water used for the initial fill of the system, and is
used for the next cycle. After few (2-4) CORD UV cycles, the system has achieved low dose
rates and metallic clean surfaces. The number of decontamination cycles can be selected
according to the final activity and dose rates required by the customer.

The CORD UV concept is adapted to the dominant system surface material and the
decontamination task. For a decontamination of a system or component in an operating
NPP, only the oxide layer containing the activity is dissolved and removed. For
decommissioning, the contamination and first layers of the base material can be dissolved
and removed. By selection of the chemical parameters the depth of the surface attack can
be adjusted to within 0.1 urn.

The advantages of CORD for large system decontaminations was demonstrated in systems
with volumes of up to 50 m3. The decontaminations were performed in NPPs of different
types and suppliers in Europe and Japan.

Siemens experience in full system decontamination (FSD) started with the decontamination
of the Belgian PWR BR 3 (10.5 MWe) in 1991 , the German BWR VAK (16 MWe) in
1992/93 and later the German PHWR MZFR (55 MWe) in 1995. These decontaminations
were performed with decommissioning purposes. FSDs of plants in operation were also
performed in 1994 in the Swedish BWR Oskarsharnn 1 (442 MWe) and the Finnish PWR
Loviisa 2 (445 MWe). Both units continue operating to now.

In all applications, the FSDs were performed using existing plant equipment and specific
components of the Siemens AMDA like the UV-decomposition module and additional ion
exchange columns. The fuel elements were previously removed from the reactor pressure
vessel.

3 BWR Full System decontamination (FSD)

a) VAK

The FSD of the NPP Kah! (VAK) after 25 years of operation was the first step of the
dismantling operation. VAK was a natural circulation reactor in which the steam generated
was routed to a steam transformer where, by condensation the secondary steam was
produced. As shown in the flow diagram of Figure 3, the decontamination included the
following systems:
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Figure 3: Flow Diagram for the FSD of the VAK - Primary loop with RPV(1), steam
transformer(2)and condenser
cooler(3)

- Residua! heat removal system{4)
- Reactor water clean up system(5)
- Off gas treatment system(6)
The volume of the systems was
about 60 m3 and the surface about
1260 m2. The material was primarily
austenitic steel with 30 m2 of carbon
steel and 75 m2 of chrome steel also
in the NPP.

The external decontamination system
AMDA was additionally required for:

- Circulation of the decontamination
solution

- Heating up the circuit together with
heating by steam in the RHR cooler

- Addition of chemicals
- Continuous purification of the decontamination solution in special shielded (Mosaik II) ion

exchange columns, which can be directly used for final storage
- Decomposition of the decontamination solutions by UV light in a special AMDA module
The decontamination with 5 CORD UV cycles released in total 137 kg of corrosion products
and 6.23 E12 Bq (168 Ci). The removal of the activity led to a dose rate reduction factor of
20-120. For example, the closure head of the RPV was metallic clean and had an activity
content of less than 200 Bq/g, permitting its re-use by melting. According to customer's
calculations, a personnel dose saving of about 2200 mSv in the decommissioning of the Kahl
NPP was achieved due to the FSD with CORD UV [5].

b) Oskarshamn 1

A full system decontamination became necessary after 22 years of operation in the ASEA
built Swedish BWR OKG 1 in order to permit extensive inspection and repair work in the
reactor pressure vessel. The decontamination included the following main systems and
components (Figure 4):

- Reactor pressure vessel (RPV) without the fuel and RPV internals
- Control rod drives and instrumentation housings
- All four recirculation loops including pumps and valves
- Residual heat removal system (RHR)
- Reactor water cleanup system (RWCU)
- Parts of the feed water system

The total volume of the involved decontamination systems was approximately 160 m3 and
the surface about 1500 m2. The material in contact with the decontamination solution was
mostly AISI 304.
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Figure 4: OKG 1: Basic Flow Diagram for the FSD As shown in the basic flow diagram
of Figure 4, the decontamination was
performed by using plant own
equipment. The only additional
external components required were
two UV decomposition modules and
a chemical injection skid from the
Siemens AMDA.

For the application, the RPV was
filled up to a level of 1 m in the core
region. All four recirculation pumps
were used to circulate the
decontamination solution in the RPV
and additional heating was achieved
by means of an existing 5 MW
electrical boiler in the RHR system.
The UV decomposition modules

were installed in two of the recirculation loops in an external bypass line. The liquid flow to
the ion exchange columns in the reactor water clean up system was routed, by operating a
RHR pump, from the RPV via 112 control rod drives and 61 instrumentation housings, all
connected to headers, for the purification and regeneration of the decontamination solution.
The flow return line was connected to the feed water nozzles.

Four CORD UV decontamination cycles were applied in 7 days. The result was the removal
of approximately 30 kg Fe, Cr., Ni and 2.3 E 12 Bq (62 Ci) of activity.

The Total amount of ion exchange waste produced was calculated to be only 1.9 m15.
However due to the construction of the OKG ion exchange columns in the reactor water

clean up system, a total volume of
Figure 5: Comparison of Resin Waste Generation 2.3 m3 cationic and 0.2 m3 anionic

resins had to be loaded. The
cationic resins were used for the
removal of the corrosion products
and activity. Due to the UV
decomposition of the
decontamination chemicals, no
anion exchange resin capacity was
required for this task. A calculation
of the amount of spent resin clearly
shows the big advantage of the
CORD UV process. The waste
volumes required for the LOMI and
the standard CORD process, which
require large amounts of anionic

resins for the removal of the decontamination chemicals, were calculated and are shown in
Figure 5.

More than 99.5 % of the activity inventory was removed. This resulted in an average area
dose rate reduction of factor 30 in the compartments of the recirculation loops. At the bottom
of the RPV, the dose rate was reduced from approx. 30 mSv/h to 0.025 mSv/h. This
corresponds to a DF of approximately 1000. After the chemical decontamination, the bottom
of the RPV was additionally treated by high pressure lancing (about 500 bar). The final
contamination measured by a smear test was less than 4 Bq/cmz.

cationic resin [ m» ]

/X anionic resin [ m1]

total resin [m 3 ]

LOMI CORD CORD/UV
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The necessary inspection and repair work in the RPV was possible only after application of a
FSD. Preliminary estimates showed that more than 3000 mSv of personnel dose would have
been required for only 300 working hours in the RPV. Due to the high dose reduction it was
possible to work nearly 6000 hours in the RPV and save a large amount of personnel dose
[6]-

4 PWR Full System Decontamination

a)BR3

The BR 3 (10.5 MWe) has 1 steam generator and 2 RCPs. It was operated from 1962-86.
This was the first FSD using the CORD process, performed in 1991.
For this decontamination, CORD was applied as a regenerative process; all dissolved
material was continuously removed by ion exchange resins. The reduction of the waste
Figure 6: Flow Diagram of the BR 3 " generated was achieved by

decomposition of the
decontamination solution by wet
oxidation using permanganic acid or
a catalytic treatment by Pt/H2O2.
The material of the NPP was AISI
type 304, the volume of the primary
system about 15 m3 and the surface
about 1000 m2. As many plant
systems as possible were used in this
operation. Since the capacity of the
three ion exchange columns were too
small, additional ion exchange
columns and a chemical injection skid
of the AMDA were integrated into the

purification system.

A pressure of 20 bar was necessary in the primary circuit in order to use the RCPs as heat
source to reach the decontamination temperature of 90-95°C. The control of temperature
was accomplished by using the heat exchangers of the purification system, operated at 40-
60°C and a pressure of 4-6 bar.

Three CORD cycles were applied, removing 23.6 kg of corrosion products and 2.0 E12 Bq
(55 Ci) of activity, of which 99% was Co-60. An extensive program with a total of 100 contact
and ambient positions measured by Teledetector and by Thermo Luminescence Detector
(TLD) was performed for the calculation of the dose rate reduction. The average DFs were:

1 Seam Generator
2Pressurizer
3 Main Coolant Pump

4 Reactor Pressure Vessel
5 Volume Control System
6 Coolant Purification System

SMCA

Prim. Piping and Pumps

Steam Generator

Pressurizer

Purification System

Teledetector

Contact

9.4

61.9

5.2

6.8

Ambient

5.6

33.3

2.9

3.8

TLD

Contact

9.1

3.7

3.7

5.5

Ambient

3.6

2.0

2.0

2.2

The decontamination resulted in personnel dose rate savings of about 4500 mSv in the
decommissioning program of the BR 3. The amount of waste produced was 1370 I of spent
resins (cationic 564 I anionic 806 I). The UV decomposition method was still not available. Its
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application instead of the wet oxidation would have reduced the waste produced to only 550
I.

b) MZFR

The MZFR in Karlsruhe (Germany) is a Siemens built 2-loop, 55 MWe-D2O moderated
PHWR which operated from 1965 to 84. The FSD had to be divided into 5 separate system
decontaminations. The complete primary system, excluding the RPV, was decontaminated
to reach residual contamination levels which allow the release for melting (less 200 Bq/g).

Figure 7; Flow Diagram of the MZFR The decontamination with the
CORD UV process removed 1.7
E12Bq(50Ci)and73kgof
corrosion products. The systems
shown in the flow diagram of Figure
7 had a volume of 47 m3 and a wet
surface of 3300 m2. The amount of
waste generated was 2900 I of
spent resins and 62 m3 of clean
water.

Samples were removed from three
different positions of the primary
and the auxiliary systems, before
and after the decontamination to

measure the total activity reduction.

The target of reaching a final activity which allows re-use by melting of the decontaminated
parts was achieved with decontamination by CORD UV.

Following results were obtained:

Conliinment barrier

AMOA interface poin

Modtratof loop

Secondary loop
Volume control sy»l«m
Futl hind ling and drying »ysl

Measuring Point

Total Activity [Bq/g]

Co-60 [Bq/g]

Fe-55 [Bq/g]

Ni-63 [Bq/g]

U-238 [Bq/g]

Pu-241 [Bq/g]

1

Act before

8.7 E5

8.8E4

3.4E5

3.9E5

4.0E-1

3.9E4

DF

6200

4700

18200

105000

1100
(1)

2

Act before

2.2E5

2.3E4

6.5E4

1.1 E5

1.0E-1

1.2E4

DF

1955

540

4500

14000

513
(1)

3

Act before

2.3E5

2.2E4

7.3E4

1.2E5

5.0E-1

6.6E3

DF

850

470

3100

7100

1200

(1) below detection level, DF >10E4

c) Loviisa 2

This is a 445 MWe PWR unit in Finland of the Russian type WER-440 and has been in
commercial operation since the beginning of 1981. The nuclear steam supply system
includes six primary loops. Each loop is equipped with one reactor coolant pump, one
horizontal steam generator and two isolation valves. As shown in the arrangement drawing
above, two loops on the hot-leg side are connected to the pressurizer. The steam generators
have two vertical cylinders which act as headers for the horizontal U-tube bundles. The total
volume of the primary circuit including the auxiliary systems is about 300 m3 and the surface
about 17 000 m2 (excluding the fuel surface).

A feasibility study demonstrated that all customer requirements would be fulfilled by the
Siemens CORD UV process.
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According to the decision of the customer, the FSD had to include the following systems:

- The complete primary circuit
- RPV without fuel and control rod drives but with RPV internals
- Six coolant loops each with one SG, one reactor coolant pump and two isolation valves
- Volume control and chemical injection system
- Reactor water clean-up system.

.-•
The main components in the primary circuit, all piping, most of the valves, pumps, the heat
exchangers and even the tubes in the steam generators are made of titanium stabilized

Russian stainless steel OX18H10T
Figure 8: Flow Diagram for the FSD at Loviisa 2 comparable with AISI 321 (DIN 1.4541).

The reactor pressure vessel is a welded
component made of the Russian type
07X19H10, which is a niobium stabilized
stainless steel comparable with AISI 347
(DIN 1.4551).
The plant systems in Loviisa 2 were
used for the application. The only
additional external component required
was one UV decomposition module of
the Siemens AMDA.

Reactor Pressumer Steam Generator
Pressure

TE-System
{Coolant Drainage PrepurificMion!

©-J
For the application, the RPV was
defueled and the RPV cover reinstalled.
The primary coolant was circulated with
the reactor coolant pumps and
additionally heated to 95 °C using the

steam generators. The pressure in the primary loop was kept at approximately 30 bar by
nitrogen in the pressurizer. The purification rate was about 10-15% per hour of the total
primary circuit volume.

Eight days were required to perform the four CORD UV decontamination cycles and a final
passivation step. The decontamination resulted in the removal of about 291 kg Fe, Cr, Ni
and approximately 4.1 E13 Bq (1120 Ci), of which 5 E12 Bq were released with the liquid
drains and 3.6 E13 Bq retained on ion exchange resins. Due to the low purification rate and
the tight time schedule only a partial decomposition was performed; this resulted in the
generation of 8.5 m3 of cationic and 22.5 m3 of anionic resins. If a higher purification rate
was available, more than 90% of the anionic resin used for the removal of chemicals, which
can be decomposed by UV, could be saved. This would result in total waste volume of only
10.5 m3.

A removal of 98.5 % of the total activity resulted in the following DFs:

- On the tube bundles of the SG (secondary side) 153
- On the insulation of the loop piping
- On the pressure vessel cover outer surface
- On the pressure vessel cover inner surface
- In the primary system compartments

14
33
60
16

These high DFs obtained in the FSD using CORD UV helped to save about 8000 mSv of
personnel dose during the 1994 outage. Approximately 50 000 working hours were
necessary in the area of the primary system, where extensive repairs were performed inside
the steam generators. The total collective personnel dose for the outage was 1530 mSv [7].
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The success of the FSD can be clearly observed by the recontamination effect in Loviisa 2,
as shown in Figure 9. Due to the removal of about 98% of the activity inventory, there is only
a small amount of activity left which could re-contaminate later the clean surfaces. Only a
slight recontamination at the six hot and cold loops was measured during two short
shutdowns of the reactor after about three months of operation. The outage after one year of
operation demonstrated the success of the decontamination by CORD UV. The analysis of
the contribution of the individual nuclides showed that only about 20% are caused by long
life nuclides like Co-60. Furthermore, the reduced dose rates in Loviisa 2 increased the

Figure 9: Recontamination of Loviisa 2 after FSD

2,5

2,0

0,5-

0,0
1-ftoi 1-cold 2-hot 2-cold 3-hot 3-caiO' 4-tlot t-coW 5-titrt S-cokj 6-hot 6-cold

Loop number

® After shutdown for refuelling 2.8.1994 a After decontamination 19.8.1994

• Shutdown 28.1.1995 D Outage 1995

• Shutdown 15.1.95

personnel dose savings in the following outage due to the decontamination, which
corresponds well with the requisites and expectations of the customer.

4 Conclusions

The five FSDs have demonstrated that decontaminations can be performed in an acceptable
time and with reasonable efforts. Furthermore, the experience obtained from these FSDs
shows the advantage of performing decontaminations prior to extensive maintenance which
leads to extremely high personnel dose savings. This is particularly valid for FSD in
connection with large repair and inspections and for decommissioning. Of special interest for
decommissioning decontaminations is the capability of the CORD UV process to remove
defined layers of the base material by adjustment and control of the chemical parameters. A
FSD for decommissioning should be performed in conjunction with the final shutdown, or
soon afterwards as long as the operational staff of the NPP is still present.

Only a few additional components of the Siemens AMDA together with the NPP systems and
installations are required for a FSD with the CORD UV process. In particular, application of
the Siemens CORD UV concept provides high DFs and no additional waste is generated,
due to the decomposition of the decontamination chemicals. Furthermore the waste, free of
chelates, is easy to dispose of.
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Abstract
Steam generators ofPWR plants have had to be replaced world-wide because of
unacceptable corrosion rates occurring in the tubing. The secondary side tube degradation
took several forms. This degradation occurred in spite of having very strict chemistry
specifications, and even in plants having operated far below the chemistry limits imposed.
The reason of the degradation is attributed to incompatibility between SG and plant design,
materials used in the whole secondary system, and chemistry applied, where the SG design
played a fundamental role. The Siemens SGs have design features which make them
extremely insensitive against corrosion, so that the chemistry applied can also be relaxed,
making the operation much more flexible. Plants having replaced their SGs by units of this
type are confronted therefore with a significant change of the secondary side chemistry
concept, leading to a complete review of the chemistry guidelines.

This paper describes with 'Some detail the chemistry behaviour of the replaced SGs, showing
their main features and the degree of flexibility achievable, as well as basic aspects of the
applicable chemistry guidelines.

1 Introduction

Steam generators of PWR plants have had to be replaced worlwide because of
unacceptable corrosion rates occurring in the tubing. Corrosion appeared in the primary as
well in the secondary side of the tubes.

The cause for primary side corrosion consisting on stress corrosion cracking was identified
to be the tube alloy used (I600) which is incompatible with the primary side chemistry applied
(B/Li treatment), namely the free caustic environment originated by LiOH dosing. The
corrosion rate is dependent of the primary side temperature. This kind of corrosion, known
as PWSCC, cannot be positively influenced by chemistry, since it is caused by the
conditioning agent itself.

The secondary side degradation is a phenomenon of more complex nature. It takes several
forms, like stress corrosion cracking (intergranular, transgranular), pitting and denting
among others. This degradation mechanisms occurred in a large number of plants in larger
or lesser extent, in spite of having had very strict chemistry specifications, and even in plants
having operated conservatively far below the chemistry limits imposed. The reason of the
degradation observed cannot therefore be found only in the chemistry applied or in the tube
material selected, but in the incompatibility between

- SG and plant design,
- materials used in the whole secondary system, and
- chemistry applied,
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where the SG design played a fundamental role.

In fact, the pre-requisite to have SG tube corrosion is the local accumulation of corrosion
products in stagnant or low flow areas, like the tube-to-tube support plate intersections, and
the tubesheet region. The accumulation of corrosion products create overheated zones
where impurities can concentrate by boiling, increasing their concentrations up to aggressive
levels. As a consequence of this, diverse corrosion processes can be initiated, depending of
the kind of local environment created. The local temperature increase contributes to increase
the corrosion rate.

The SG tube material selected plays also a significant role, although none of the candidate
materials can ensure absence of corrosion in concentrated environments, as demonstrated
through extensive investigation and testing works worlwide.

The avoidance of corrosion product accumulation in the SGs is therefore a priority item to
prevent SG tube corrosion.

The selection of a tube material having low susceptibility to caustic SCC completes the
picture, making them not only more sure against secondary side damages, but also
eliminating the problem of PWSCC.

Steam generators having an adequate design and tube material as described have a high
resistance against corrosion. The Siemens SGs have considered all these features in its
design and material concept, being therefore extremely insensitive against corrosion, so that
they can last the whole service life with no or negligible tube degradation.

The chemistry applied can also he relaxed, making the operation much more flexible.
Beside, the SGs of this type are inherently safe against chemistry incidents. This assertions
are supported by extensive operation experience.

Plants having replaced their SGs by units of this type are confronted therefore with a
significant change of the secondary side chemistry philosophy, leading to a complete review
of the chemistry guidelines and chemistry-related practices, in the sense of flexibilization.

2 Development
The three chemistry key parameters ruling the SG tube corrosion are, in order of
importance:

- corrosion products
- redox conditions (oxidizing / reducing conditions)
- impurities present.

Corrosion products

Accumulated corrosion products are, as said, the pre-condition for SG tube corrosion. The
SG tube corrosion takes place almost exclusively beneath corrosion product deposits. There
is almost no experience showing any significant attack on tubes in the free span area, where
the tubes are in contact with the SG bulk water. The impurity concentrations needed to
produce any attack are far higher than those normally present in the SG bulk water, and they
can only be found in areas where impurities can concentrate. Therefore, the SGs have to be
kept as far as possible free of accumulated corrosion products. This can be achieved by:

- reducing the corrosion product input coming from the balance of plant'systems, and

- providing a SG design free of areas where corrosion products can accumulate, as far as
possible.
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To reduce the input of corrosion products, a high pH has to be maintained in the system. At
a pH in feedwater >9,8 , very low Fe concentrations are readily achievable (<1 to 2 ppb Fe),
reducing the annual Fe input by a factor of 5 to 10 if compared with a plant operating at low
pH (i.e., 9,0 - 9,2 in feedwater).

The majority of the corrosion products ingressed (about 90%) will deposit onto the SG tube
surfaces. The rest will end up on the tube sheet, and a very small amount will deposit in
gaps and crevices. The later represent a serious corrosion risk.

To avoid accumulation of ingressed corrosion products in dangerous areas the SG internal
geometry, especially the tube support design, is decisive. The Siemens tube supports of the
grid type as shown in the Figure 1 ensure free flow around the tube in all points, and no
corrosion product accumulation is possible.

The only place where corrosion product accumulation cannot be avoided is the tubesheet
area. This is therefore the critical area with a view to corrosion.

Redox conditions

Oxidizing conditions in the SG water represent a serious corrosion risk. Reducing conditions
have to be ensured during the whole operation time. For that, a hydrazine concentration of
about 100 ppb is necessary. The dependence between hydrazine concentration and
corrosion potential is shown in Figure 2. Hydrazine concentrations below 20 ppb should be
avoided, and concentrations above 150 ppb do not bring any additional advantage.

Figure 1: Tube support
of grid design -

Figure 2::Jnfluence of hydrazine on the corrosion
potential of 1800 in steam generators
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Impurities

Concerning impurities, it accounts mainly the accumulation (hideout) rate in the SGs. The
hideout rate will not only depend of the concentrations present in the feedwater, but also
(and mainly) of the presence in the SG of enrichment sites, in other words, of the percentage
of ingressed impurities which remain captured in the deposits. SGs having no hideout can
have therefore a higher impurity input in the feedwater, and not necessarily experience
corrosion. The concentration of impurities measured in SG blowdown will be higher, since no
impurities remain inside the SGs and they are effectively removed by blowdown. On the

other hand, SGs
Figure 3: Evolution of cation conductivity during plant power-up

a) Plant with SG of the old type

o
a.

3.7.90 5.7.90 7.7.90 9.7.90 11.7.90 13.7.90 15.7.90

" CC A-SG - ° ~ CC B-SG Power [%]

b) Plant with SG of the new type

having a high
hideout will end up
having corrosion in
spite of having very
low impurity input.
The impurity
concentration in
SG blowdown will
be lower, since the
impurities remain
inside the SGs.

The hideout rate is
a function of the
plant power, too.
For that, plant
having ,,bad" SGs
had to operate with
power restrictions
during start-up,
because if during
start-up high
impurity amounts
are ingressing, they
will be captured in
the SGs unless the
power is kept low
(normally <30%
power by cation
conductivity in
blowdown >0,8
uS/cm). In fact,
when a plant
having SGs of this
type is powered-up,
a rapid decrease of
the cation
conductivity in the

SG blowdown is observed, indicative of the initiation of the hideout process. Plants having
,,healthy" SGs will observe the contrary: an increase of the cation conductivity in the SG
blowdown during the power-up transient. Examples of both cases are given in Figure 3.

New steam generators of adequate design will not show any hideout at the beginning of the
operation. In the course of time, as corrosion products start to accumulate, and some

1.2

-CC A-SG CC B-SG
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hideout might start to take place at a rate dependent of the amount and location of the
corrosion products deposited.

Figure 4: Plant AR: Evolution of the Na-24 Concentration in SG
Biowdown During Hideout Test in two Different SG types

New SGs, KWU grid tube supports

Old plant, drilled hole TSPs

0,4

The hideout
behaviour of SGs
can be measured by
performance of an
impurity balance in
the SGs under
steady operation
conditions. To
perform it, the input
(feedwater) should
be measurable.
Normally, the
impurity levels in
feedwater are below
the detection limit.

For that, radioactive
tracers can be used.
By pulse dosing of
very low amounts of
sulphate traced with
S-35, or a sodium
salt traced with Na-

In the Figure 4 the
SG hideout
behaviour of two
identical units is
shown. One of them
has old SGs
provided with tube
support plated of the
drilled-hole design,
whereas the other
has new Siemens
SGs provided with
grid-type tube
supports. The Na-24
concentration in SG
biowdown corrected
by decay and
biowdown rate is an
horizontal line in the
case of the new
SGs, indicative of

absence of hideout. The old SGs show a rush hideout, indicating that about 50% of the
dosed Na was captured by the SGs in less than 2 hours of operation at 100%.

0 1 2 3 4 5

(*) corrected by decay and SG biowdown dilution

24 the hideout behaviour can be easily followed-up.

Figure 5: Plant AA: Evolution of the Na-24 Concentration in
SG Biowdown During Hideout Test After SG Replacement
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The same behaviour is observed in the second example of Figure 5, corresponding to a
plant with new Siemens SGs. In the later case, it can be clearly seen that the impurity input
has being completely removed by blowdown.

In case of accidental conditions, like a big condenser leak, this behaviour can be directly
observed, since the impurity levels in feedwater become measurable. On example of

impurity balance

Figure 6: Chloride balance in the SGs in case of a condenser leak \ea^fn which T
(Siemens SGs).
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in Figure 6. During
this incident, sulphate
concentrations of up
to 1000 ppb and a
cation conductivity of
6 uS/cm in SG were
measured

Sulphate and sodium
showed the same
behaviour as chloride.
Quantitative removal
of the ingressed
impurities could be
stated.

31.8.96 5.9.96 10.9.96 15.9.96 20.9.96 25.9.96

On the light of all
these facts, it results
evident that the

secondary side chemistry guidelines and chemistry handbook shall be reviewed to adapt the
operation modality to the new situation.

Start-up chemistry

After achievement of a coolant temperature of 100 °C and during 5 days counted from
synchronization to grid, the system is considered to be in the condition of start-up. After this
period, the plant is considered to be at power operation.

This start-up period is considered as a chemistry transient, in which all measures have to be
taken to ensure that the chemistry parameters go below the limits corresponding to power
operation.

No sharp restrictions of any kind are prescribed for impurity concentration, and there are no
chemistry-related restrictions to the plant power. This is a very important fact, giving a high
operation flexibility, since the plant can be powered-up to 100% without delays.

The only chemistry limitation imposed (control parameter) is the oxygen concentration, which
shall be kept below 100 ppb. By overriding this value, measures have to be taken to reach
an oxygen concentration of <5 ppb within 5 days counted from synchronization to grid.

Power operation

After achievement of the 5th operation day, the limits of Table 1, parts a) and b) take force.
There are only five control parameters for the whole secondary chemistry control:

1;2) Cation conductivity in final feedwater and SG blowdown to limit the amount of saline
impurities,
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3) Sodium in SG blowdown to limit the amount of free caustic (i.e., ingress of regenerant
NaOH, which is not detected by cation conductivity).

4) pH in final feedwater to ensure a moderate general corrosion of carbon steel surfaces,
and low corrosion product input into the SGs

5) Oxygen in final feedwater to ensure absence of strongly oxidizing conditions.

Table 1: Secondary side chemistry guidelines for replacement steam generators

a) Control parameters

Control Parameter

Oxygen*'' [ppb]

Cation Conductivity(1) [(jS/cm]

pH

Sodium (1) [ppb]

Start-up

Feedwater

< 100

Normal Operation

Feedwater

<5

< 0,2(2)

>9,8

SG Blowdown

< 1 (< 300 uS/cm.day<3>)

(3)

< 50 (< 3000 ppb.day )
m Action levels defined for these parameters.
<3) Integrated amounts in one cycle

b) Action levels:

(2) Due to strong anions

Control Parameter

Cation Conductivity [pS/cm]

Oxygen [ppb]

Sodium [ppb]

pH

Action Level 1

FW

>0,2

> 5 ' "

<9,8

SGBD

>1

>50

Action Level 2

FW

>20

SGBD

>2

>100

Action Level 3
FW

>100

SGBD
>7

>500

c) Diagnostic Parameters:

Diagnostic Parameter

pH (25 °C)

Hydrazine

Specific conductivity

Cation conductivity

Sulphate

Chloride

Fluoride

Silica

Sodium

[ppb]
[|jS/cm]
[MS/cm]

[ppb]

[ppb]

[PPb]

[ppb]

[ppb]

Blowdown

> 9,5

-
-
-

(1)

(1)

d)

-

-

Feedwater

-

>20

> 15

-

-
-

-

-

-

Condensate

-

-
-

<0,2

-
-

-

-
< 1 <2>

Make-up

-

-

< 1,0

-

-

<50

-

< 20

-

M.Steam

-

-

-

<0,2

-

-

-

-

-

(l> Difference with respect to Na concentration in reheater condensate
(2) To be measured in case of exceeding expected values

The action levels serve to establish quantitatively the requirements to initiate remedial
actions when a control parameter is exceeded, depending of the amount of the deviation.
They correlate the extent of the chemistry deviation with the maximum time and plant power
allowable under the given conditions. They impose the following restrictions:
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Action level 1: 4 weeks at 100% power allowed.
Action level 2: 2 weeks at 30% power allowed
Action level 3: Plant shutdown within 12 hours.

By exceeding the allowed time of an action level, the next action level takes force.

Additionally to the limit values, integrated allowances for cation conductivity and sodium have
been defined. They represent the integration over one operation year of the daily average
cation conductivity and sodium values measured in the SG blowdown. They are a measure
of the total amount of impurities ingressed in the cycle, and they have the objective of
inducing the operator to reduce as much as possible the amount and duration of chemistry
abnormal periods, even if the plant operates within the limits imposed by the control
parameters and corresponding action levels (that is, the application of the ALARA concept to
the secondary side chemistry)

The rest of the chemistry parameters have the category of diagnostic parameters (Table 1
c)) and are therefore not mandatory. They are complementary to the control parameters and
serve as reference, to ensure an adequate chemistry follow-up and enable a rapid fault-
finding in front to deviations from a normal condition.

3 Conclusions
The replacement steam generators of the Siemens type are inherently safe against
corrosion and represent a clear gain of operation flexibility and profit increase, derivated
from the relaxation of the chemistry operation restrictions and reduction of the inspection and
maintenance efforts.

A mentality change in the secondary side chemistry is required to adapt the follow-up and
interpretation of chemistry data to the new response of the SGs to the feedwater chemistry.

The only critical area of the replacement SGs from the corrosion point of view is the
tubesheet. Anyway, a low corrosion product ingress associated to periodical tubesheet
cleaning are sufficient measures to ensure a negligible corrosion risk in this area.

The SG tube corrosion risk may slightly increase with the time, as the inventory of corrosion
products in the SGs increases. Periodical hideout measurements will give indication on time
about any modification of the SG condition in the long term.
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Abstract

The Siemens SIVABLAST recirculation blasting method consists basically on
injecting blasting material through the tubes with compressed air with a certain
overpressure, and recirculating it back under subatmospheric pressure, recovering
the blasting material and separating afterwards the removed deposits. By this method
the generation of waste is minimized. It can be applied independently of the
exchanger tube geometry (straight or U tubes, vertical or horizontal arrangement),
provided that the tubes are dry.

The application experience on feedwater heaters gained to now showed excellent
results:

high cleaning efficiency, even in case of very hard deposits.
negligible base material wear
drastic increase of the heat exchange capacity
time and cost effectiveness.

Since the collection of removed deposits proceeds in a closed, dry form under
vacuum, it is suitable also to clean radioactive surfaces, providing a safe and low-
volume collection of the radioactive waste. For instance, it has been already applied
for primary side cleaning of CANDU steam generator tubing.

In this paper, the field experience gained with the application of the recirculation
blasting method to clean heat exchanger tubes in nuclear power plants is presented,
as well as the main features of the application process.

1 introduction

Growth of corrosion product deposits inside the tubing of heat exchangers penalize the heat
transfer efficiency and maintenance works of these components. Depending of the nature of
the deposits and tube geometry, an effective cleaning cannot be achieved by standard
methods like water jet, bursting, etc. The Siemens SIVABLAST recirculation blasting method
appears as a very effective tool even in the most difficult cases.

Field experience was gained showing excellent results. This presentation intends to
summarize some relevant application examples.
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Figure 1: Recirculation Blasting Unit

Dry Air

2 Development

Brief description of the equipment.

The recirculation blasting method consists basically on circulating blasting material through
the tubes with compressed air at an overpressure depending on the blasting material used,

and recirculating it back under
subatmospheric pressure,
recovering the blasting material
and separating the removed
deposits. See Figure 1. The
mobile blasting unit consists on
three sections:

A) The pressure vessel
provided with the blasting
material dosing valve, from
which the material is injected
into the tube at a pressure of
about 2.5 to 6 bar,

B) The reclaimer, where
recovery of reusable blasting
material and the separation of
debris (coarse particles) takes
pface, and

C) TrTe dust collector, where the deposits removed are separated from the exhaust air by
means of a filter. The deposits removed are therefore disposed as a dry, solid waste.

The type of blasting material may vary according to case, but usually they are glass,
stainless steel or corundum beads, having a particle size of <0,1 to 0,5 mm.

This process offers also the advantage that it can be applied independently of the exchanger
tube geometry (straight or U tubes, vertical or horizontal arrangement). The only pre-
requisite for application is to have dry tubes.

Field Experience

A variety of heat exchanger of different design and tube material has been cleaned with this
method to now.

The recent application experience on PWR feedwater heaters gained to now showed
excellent results:

high cleaning efficiency, even in case of very hard deposits.
negligible base material wear
significant increase of the heat exchange capacity
time and cost effectiveness.

Some details of application examples are detailed below.

CASE 1: HP feedwater heater
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Figure 2: Blasting Application Results
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Component: high pressure feedwater heater B of a PWR plant. Tube bundle design: U type,
horizontal arrangement. Tube material: copper alloy. Reason for cleaning: thick, highly
adherent magnetite deposits, which could not be removed effectively by high pressure jet
lancing. ECT inspection could not be performed for this reason (too much ground noise
and/or impossibility of passing the ECT head through the tubes, especially in the U-bends).

Recirculation blasting application parameters: glass bead blasting, bead size 0,1-0,2 mm 0 ,
at an injection rate of 3 kg/min and 3,5 bar pressure. Application time: 3 minutes per tube.
The tubes were blasted once at a time (single head technique). See Figure 2. A second
application of 4 min. reverting the flow direction was decided by the owner, since the action
was out of the critical path. But the results showed that more than 90% of the deposits had
been already removed in the first blasting step.

Removed deposits after the 3-minute application: 460 kg
Removed deposits by additional 4 min blasting: 42 kg

Final situation of the treated surface, according to fiberscopic inspection: clean, bright
metallic. ECT could be satisfactorily applied.

The application schedule
was maintained, the work
ended up one day before
schedule. In average,
220 tubes per day were
cleaned using single
head technique (that is, a
machine capable to treat
only one tube at a time)
and 3 min blasting.

The copper content in the
removed deposits was
0,7% (original deposits
had already 0,3% Cu)
equivalent to an average
wall thinning of 0,2 urn.
The maximum wall
thinning was estimated in
1 urn. This confirmed a
negligible wear of the
base tube material, and
agreement with the
qualification predictions.

The feedwater heater A
of the same plant had
been cleaned
simultaneously by high
pressure water jet
lancing. After restarting
the plant, strong
differences in the
thermodynamic behaviour

of both heaters showing a significant improvement of the heat transfer capacity were
observed. See Table 1. The feedwater and drain flowrate of the heater B increased by 9%
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»
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I
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! 3 min blasting,
inlet side

Total Scale
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Feedwater flow [t/h]

Feedwater temperature [°C]

Drain flowrate [t/h]

Drain temperature [°C]

Heat transfer, steam area
[106kcal/h]

Heat transfer, condensate area
[106kcal/hJ

Heater A
(water jet)

2300

218

354

183

79,8

14,6

Heater B
(blasting)

2444

218

393

216

98,7

1,3
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and the heater drain temperature increased from 183 °C to 216 °C. This observation caused
many associated utilities to seriously consider the application of the SIVABLAST
recirculation blasting method on feedwater heaters to improve the plant output.

CASE 2: Feedwater heater

Two high pressure heaters, similar design than those of case 1, having stainless steel
tubing. Application conditions: Under consideration of the tube material, and after the
corresponding qualification, corundum beads were selected as blasting material, application
parameters: 2 min. application per tube, at a rate of 3 kg beads per minute. To keep the tight
schedule of 15 days including system preparation, two blasting units equipped with double
blasting head were used.

453 kg of scales were removed from heater A in only 89 hours, and 423 kg from heater B in
83 hours of application. The work was performed with one shift only. This action fully
validated the use of two-head technique to save time.

The tubes were also completely cleaned, according to fiberscopic inspection, and ECT could
be performed in the full length of the tubes. The tube wear was under specified limits.

Figure 3: Radioactive Dust Collection

CASE 3: Steam generators

Since the collection of removed deposits proceeds in a closed, dry form and under vacuum,
and considering that blasting material is reused, the SIVABLAST method is suitable also to

-.-clean-ra.djoactive surfaces, providing a safe and low-volume collection of the radioactive
waste, this encouraged to further develop the method to clean steam generator tubes of
PWR plants, primary side. The first application was already performed in 1995. A full
automation of the process had to be carried out. Fully computerized manipulators (robots),

were inserted through the SG manways to
manipulate the cleaning tools, creating the
closed loop necessary to enable
recirculation of blasting material by
connecting the blast and suction hoses of
the cleaning equipment. The process is fully
remote controlled. The manipulators are
interlocked to each other by a complex
computer-driven logic to make sure that both
units communicate together and the
exchange of information ensures that no
situation occurs which may lead to a leakage
of the system.

Visual feedback to the operator of the
manipulator movements is provided by a
viewing system which includes fixed
cameras in each bowl as well as cameras
mounted in the adaptation heads. Six
monitors in total.

Two blasting units are provided, with
independent air supply and control panel, for

Clean Air
Discharge

through
HEPA Filters

Air Exhaust
From
Blasting Unit
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a faster operation. To reduce radiation fields, the dust collector is separated from the
blasting unit and the removed dust is collected directly into a shielded waste barrel. Figure 3.
The off gas is sent to the ventilation system through absolute filters.

The operator interface of the manipulator system consists of two personal computers. One
PC is used to initiate commands. The other PC continuously monitors the software process
and it is used also for on-line diagnostics. A real time graphic simulator system was
interfaced with the robots. Thus all movements of the robots coufd be monitored on a work
station at the control place, providing for very exact and prompt information of the
manipulator actions, even when the view of the bowl cameras was restricted or unclear.

A block diagram of the installation is shown in Figure 4.

Blasting parameters: SS beads, 0,1-0,3 mm 0 , 2,8 kg beads/min, 60 sec blasting per step,
pressure at the recirculation blasting unit (RBU) 6,5 bar, underpressure at air ejectors 19
mbar. Total time for a single step; about 3 min, that means, 1,5 min/tube. Real application
times achieved: 150-210 tubes per shift. The cleaning was performed in 46 shifts.

Schedule difficulties didn't enable to adapt the manipulators to reach 100% of the SG tubes;
the number of obtainable tubes was only 76% of the total. The amount of cleaned tubes was
8209, in four steam generators, about 78% of the obtainable tubes.

Figure 4: Block Diagram of the Steam Generator Tube Cleaning
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The amount of deposits removed was 789 kg magnetite, corresponding to 96 g per tube.
The consumption of blasting material was 1925 kg in all SGs.

Very low amount of waste was produced. The total amount was collected in 14 waste
containers with approx. 235 It. each. Some operative problems didn't allow to exhaust the
capacity of some containers, leading to a higher amount of them. Only solid waste was
generated. The final waste volume per unit waste produced 4,1 It. per kg of removed
magnetite.

The dose associated to the operation was 102,7 mSv. The radiation field in the work area
did not exceed 0,30 mSv/h.

The targets established concerning amount of tubes cleaned and execution time could not
be completely achieved. Main reason was the tight schedule for development, engineering
and preparation of the system. Which resulted in some delays and operative problems,
which have been mostly already solved.

3 Conclusions

The Recirculation Blasting method has been widely proved to be an excellent tool to clean
heat exchanger tubes of any type, even from radioactive areas.

It provides a thorough cleaning of the tube inner side, is highly compatible with any tube
material and results cost and time-effective.

In particular, the application 5f-fgedwater heaters showed excellent results concerning
cleaning degree achieved. Beside, an important improvement of the heat transfer capacity is
observed, which is a very important economical factor which makes this application very
attractive.

The application for cleaning of condenser tubes is also feasible being considered for the
future.

Through automation, it is applicable also in heavily radioactive components like feedwater
heaters of BWR plants, steam generators, etc. in a safe way, where the waste production
results to be very low and the waste disposal very easy. This application was already
performed in four steam generators of a CANDU plant.
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The DIWA Expert Diagnosis System for PWR Secondary Side
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Abstract

A fundamental requirement for optimal operation of power plants is optimal water chemistry
and high corrosion resistance of the systems. However, fast and comprehensive analysis of
the water chemistry is only possible at a limited extent if traditional water chemistry
supervision methods are used. In order to achieve an optimum water chemistry supervision,
including the fast and quality-assured control under normal as well as perturbed plant
conditions, Siemens has developed the DIWA diagnostic system applicable to water/steam
cycles of PWR plants. This system not only performs a the chemistry data acquisition, like
most of the systems available, but also an analysis of them, checks for data plausibility
(quality control of the data), and by logic analysis of these data through symptoms and rules,
performs a diagnosis of the current plant situation.

This system is one of the modules of the DIGEST expert system, an integrated, modular
diagnostic system. The DIWA diagnostic expert system permits to perform an automated
monitoring of the water/steam cycle with high data density the process and operating
variables, and to detect rapidly disturbances with effect on the water chemistry, including
identification of probable perturbation sources.

The system accomplishes the following tasks:

- On- and off-line data acquisition, including manual laboratory data input.
- Calculation of derivated parameters from the acquired data.
- Checking the acquired data for plausibility, consistency (data analysis).
- Immediate annunciation of detected disturbances.
- Comparison of acquired data with threshold values and set points.
- Trend analysis.
- Generation of diagnosis (description, source analysis, countermeasures).
- Data compression and filing.

The required knowledge base for analysis and diagnosis is stored in an expert system based
on fuzzy logic, free and easily programmable by the operator.

The latest development of the DIWA system is presented in this work, attention is paid on
describing the main system features.

1 Introduction

The objective of a computer-aided diagnosis system is not only the adequate data
acquisition of chemistry and chemistry-related plant parameters, but also the analysis and
quality control of them, an mainly the reliable and rapid detection and localization of
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imminent disturbances, or disturbances which have already occurred in the chemical
conditions of the water/steam cycle (diagnosis). These general objectives open out into a
wide range of individual tasks which, only when taken together, make up a closed diagnostic
system. The DIWA secondary side chemistry diagnosis system was based on these
prerequisites.

2 Development

System design: A general method for interfacing the analytical or diagnostic computer to
the data acquisition system itself was developed within the framework of the development of
the Siemens DIGEST expert system modules. The hardware is interfaced via an Ethernet
connection. TCP/IP is used as the communication protocol. The most widely used standards
in the area of data documentation were adopted. In particular, in the case of UNIX, support
is even integrated in the -operating system, allowing the largest possible number of
associated systems already available in the plant.

The interface from the data conditioning computer to the analysis/ diagnostic computer has
two tasks to perform: A) Transfer of all data from the data conditioning computer to the
diagnostic computer. B) Transfer of all types of messages, such as diagnostic messages,
measured data requests, etc., in both directions. The data are transferred as files. TCP/IP is
used as the communication protocol.

The system design is divided logically and physically into data acquisition (including
conditioning) and diagnostics (including analysis).

• Operating system: DIGITAL UNIX, Version 3.2
• Graphics system platform: X Window, Version X11R6
• User interface: OSF/Motif, Version 1.2
• Data management C-ISAM, Version 5.3.

The system works in background, regardless of whether the system is presently active or
not, performing all the necessary tasks: data acquisition, plausibility check, calculation of
derivated parameters, data storage, monitoring and execution of diagnosis.

The measured data required for diagnostics are: On-line measured chemistry data,
laboratory data (manual input), and thermodynamic as well as plant status measured data.
The on-line measured data are collected continuously in fixed measuring cycles.

Approximately 65 chemical parameters are measured. The laboratory values are uploaded
from an existing laboratory system (LIMS). The thermodynamic measured values relate
mainly to flow rates and temperatures, and actual reactor power. A total of approximately
110 measured values result.

The diagnostic system monitors the state of calibration of the instruments. If no calibration
takes place within pre-defined intervals, an appropriate warning is output.

The measuring point list is power plant-specific and is configurable.

The measured parameters are used to calculate a number of non-measured parameters,
based on the corresponding physico-chemical correlations. Derivated parameters like pH
and ammonia from specific conductivity, cation conductivity from concentration of anionic
species, etc. can be calculated. A cross check (plausibility check) can be therefore
performed. Values which are not measured can be calculated also through mass balances.
Trends, average values are also included.

Beside, other checks are implemented: checking of the measuring range and of abrupt rises
or falls (Any value that rises above or falls below a defined measuring range may indicate an
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error in the data acquisition. Before a value is input to the diagnostic system, it is therefore
subjected to a plausibility check). When a violation of the measuring range is detected, it is
reported to the I&C system, (message to the control room or laboratory; and the value is not
used in the diagnostics.

To prevent the initiation of diagnostics as a result of an error in the data acquisition, an
abrupt rise in certain measured values is also subjected to a plausibility check.

Monitoring of limits and action levels: when limit values are exceeded, the following actions
are performed:

• Output of a message on the screen with the option of acknowledging the message
• Entry of the event in the logbook
• Output of a log on the printer (as specified in the operating manual).

Normally, the diagnostic system should have been activated before this event occurs,, to
allow the countermeasures to be implemented sooner.

Diagnostics initiation: diagnostics are always initiated by the storage of a new data record
(normally each minute, synchronised with the data acquisition cycle). The diagnosis output
by the system are the result of an evaluation of

- individual chemical and thermodynamic measured data
- calculated values
- the measured data plotted against time
- the operating state of the plant.

One of the DIGEST system's special features is the representation and processing of
uncertain knowledge using fuzzy logic: The linguistic expression of the expert to define a
symptom or a rule is mathematically expressed in the form of a ,,fuzzy" correlation. Example:
the expert assertion is „ A cation conductivity of 0,1 uS/cm is low, and 0,2 is already high".
This assertion, expressed as a fuzzy rule, could interpret a cation conductivity of 0,18 uS/cm
as low with 20% of credibility, and high with 80% of credibility; Confidence factors are
therefore used to assess the symptoms with reference to the individual diagnoses. They
make a statement about the degree of confidence in the conclusions drawn. For the
assessment, all examined diagnoses are sorted and output according to decreasing
confidence factors. Diagnoses with a confidence factor below a pre-defined value are not
listed.

Data storage: All actual values are stored initially in a short-term memory. This includes the
reference variables calculated from the measured data and the measured variables
themselves, stored as original data. For long-term storage, the volume of data is reduced
through data compression and stored in a trend memory.

The short-term memory stores the actual data for a configurable period, synchronised with
data acquisition, i.e. each minute (configurable). The storage period is 7 days (also
configurable).

Trend memories: two trend memories are created, each covering a period of one year,
containing the mean hourly values and the mean daily values, respectively.

Event-oriented storage is also implemented: when a specific event occurs, the original data
are stored in the scatter band memory for subsequent analysis. Events involving the violation
of a scatter band or any measured variable initiate the storage of data in the scatter band
memory. Capacity: 20,000 data records (configurable).
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Result memory: When a diagnosis is generated, the result is stored in a result memory, for
subsequent analysis. Content: the diagnosis number, the diagnosis text and the confidence
of the diagnosis. The values relating to the diagnosis are also stored in the results memory.

Data backup and filing: Tapes (DAT drives) are provided for backup, which are also highly
suitable for data exchange. The data backup is performed automatically by the system at
configurable times.

User Interface: The user interface allows the user to configure the module, to supervise the
process in displays containing the main measured variables, and to perform evaluations of
stored and actual states. When the system is started, the main window appears, displaying
the main menu bar and the "water/steam cycle overview" process display. The main menu
bar can be used to activate all the functions of the program.

The Parameter menu item contains functions for setting the main plan-specific parameters
for the system

Parameter | Analysis | Diagnosis | Logs j Administration | Help

Measuring points
Calibration
Measureing cycles
Chemical/ physical constants
Log output
End

Chemical values
Thermodynamic values
Laboratory values
Calculated values

configuration.

:;Pararneter | Analysis | Diagnosis | Logs [Administration Help

Measuring points
C ^ 1 ^
Measureing cycles
Chemical/ physical constants
Log output
End

Frequency
Characteristics

Pararnetefq Analysis | Diagnosis | Logs. [Administration Help

Measuring points:
The list of
measuring points

- j (chemical,
thermodynamic)
can be found under
this menu, in the
form of tables.
Editable by

-, authorized
—' personnel.

Calibration: The
settings for
calibration of the
measured values
can be defined in a

table. The "Frequency" table specifies how often each measured sensor is to be calibrated
and when the last calibration took place.

Measuring cycles: The measuring cycles are assigned to the measured values in this table.

The Analysis menu contains functions which the user can call in order to analyze the
process state, like pre-defined process displays, overviews prepared in tables, and
configurable graphical charts.

Tables: To call for tables with parameter output and measured value output.
Measured values: Gives the last 10 measurements of all measured values at a selected
measuring point.

Measuring points
Calibration
Measureing cycles
Chemical/physicarco;hstants';
Log output
End

Molecular masses
Equivalent conductivities
Dissociacion constants

Parameter Analysis7:: ;| Diagnosis" | Logs [Administration

Freely configutable diagrams
Preview
End

Measured values
Measuring points
Thermodynamic values

[Help Measuring points:
Gives the last 10
measurements of a
selected measured
value.

Thermodynamic measured values: Gives the last 10 measurements of all thermodynamic
measured values.
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Freely configurable diagrams: The standard or customer-defined diagrams are called. The
following characteristics of the graphical representations are configurable: Type of graphical
representation (trend chart, bar chart, 3D, x/y diagram etc.); selection of the time span to be
represented; selection of the measuring points to be represented; selection of the
mathematical operations to be performed on the measured values.

Preview, the last 8 hours of a variable are represented in a trend chart for a maximum of 4
values and the trend for the next 8 hours is calculated in advance.

The Diagnostics menu provides functions for examining actual or stored faults which have
initiated the diagnostic system. The cause can be analyzed, in addition to a description of the
fault. When a diagnosis is generated, this menu label turns in red.

Parameter Analysis

Parameter Analysis

^Diagnosis v;
Overview....
Selection
Edit
End

:p.iagh6sisS
Overview....
Selection
iEdit
End

Logs (Administration

it

it

| Help

Open diagnosis
Last 200
All

Logs (Administration

M

H

|Help

Information
Explanation
Acknowledgement

All the diagnoses
stored in the system
are first displayed in
the form of a table in
the diagnosis window.
The table is sorted
according to time with
the most recent time
first. Items with the

same time are further sorted according to confidence factor. The menu structure of the
diagnosis window is as follows:

The menu item Selection allows to define what is to be displayed in the table. All diagnoses
of a certain time, diagnoses which have not been recognised yet, etc.

The menu item Edit allows to examine in detail a specific selected diagnosis. Selecting the
Explanation menu, the graphical representation of the diagnosis by its rule tree is presented.

The representation
of the diagnosis
using the rule tree
gives a quick
overview as to
which rules and
symptoms were
used for the
diagnosis. The
operator can easily
evaluate and check
the diagnosis
himself with the
help of this display
following the
..reasoning" of the
computer. An
explanation line
also displays the

symptoms, their confidence factors, the involved fuzzy operators, and the rule level in a
summarized form. Once received, the diagnoses must be acknowledged. Acknowledged and
unacknowledged diagnoses are differentiated by a colour code.
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The Logs menu item can be used to display or print a selection of information in structured,
text-oriented format. The function for generating logs is plant-specific. The exact design of
the logs must therefore be specified in consultation with the customer. The Daily report,
Monthly report and the Fault log are generated at fixed times. It is possible to enter
comments to the logs.

Administration includes functions which do not make an immediate impact on the
functionality of the system, but which are used for administration and control purposes. The
menu item Administration is only accessible to the administrator.

Help contains the general hierarchically arranged help system. This menu item can be used
to call up information on the water chemistry of the water/steam cycle. The chemistry manual
can be stored here.

Knowledge base; The knowledge base is accessible and easily editable by the operator, in
a language which was developed specially for the expert system (in text mode). It is divided
into the following three parts:

Rule base: The rule base contains all the expert knowledge which has been gathered for
performing the diagnostics. It is formulated as logic linking of symptoms, called rules.

Symptom description file: The symptom description file contains the definition of all the
symptoms used in the rule base. These membership functions are described as a x,y curve,
by specifying the x,y co-ordinates of characteristic points in the function curve (fuzzy
representation).

Diagnosis text file: All text output which can verbally describe the desired diagnosis results
are stored in this file. The basic structure of this file links the diagnosis numbers with the
associated text output.

Process displays: Process displays are an essential aid for the visualization of the process
state and display the essential components of the monitored systems and subsystems
together with their current measuring points and measured values, including the laboratory
values. The displayed process values are updated in a one-minute cycle in line with the data
acquisition cycle. The displays can be called up directly using a tool bar. Displays available:

- Water/steam cycle overview - Dosing system
- Feedwater/condensate system - Condensate polishing system
- Steam generator main steam system - Demineralized water system
- Steam generator blowdown cleaning - Steam generators

The process values represented in the displays appear in boxes which symbolize the
assigned measuring points and are labelled with the plant identification system. By clicking
anywhere inside the display, a list pops up in which you can select the desired measured
value. Values which can be displayed include on-line measured values, laboratory measured
values and calculated values. The selected value is displayed in an info line, together with
details of the unit and the data acquisition time.

3 Conclusions

The DIWA diagnostic system for secondary side chemistry is a very useful tool to improve
the plant chemistry supervision, incorporating analysis and diagnostic elements to the
already conventional data acquisition systems presently used. In this way, the quality
assurance of the data acquired is improved, as well as the quality of the diagnosis, which
can be performed more quickly and accurately. The diagnosis principle, based on an easily
programmable and editable knowledge base which contains own and foreign knowledge and
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experience of many experts, is a very valuable help to the chemistry and operation staff to
prevent and correct any chemistry perturbation which may jeopardize the plant performance.

Besides, it offers a very well organized data administration, enabling an easy follow-up of the
chemistry situation at any time.

Proceedings of4lh Regional Meeting Nuclear Energy in Central Europe, 1997 229



SI0100032

DECON BOY: An Easy-to-Use Mobile Equipment for
Decontamination of Components and Small System Sections

Dr. Franz Strohmer
Gunter Marquardt

Fernando Roumiguiere
Siemens AG, Power Plant Chemistry NW-C

Freyeslebenstr. 1, 91058 Erlangen, Germany

Abstract

The DECON BOY is a compact, mobile decontamination appliance for the decontamination
of removed components or even small system sections. For removed components it
operates in a closed circuit after placing the parts to be decontaminated in a
decontamination tank. In the case of system sections, the equipment is placed close to the
system to be decontaminated and connected by special hoses.

The decontamination principle bases on the Siemens CORD / CORD UV process. In its
design, particular attention has been paid on easy and economical operation. It uses the
,,dishwasher" operation principle: once the machine is started, the operation proceeds fully
automatically.

The equipment has a modular design, adapting to all specific plant requirements and space
available, and enabling also the incorporation of other decontamination techniques. It
provides for minimal occupational exposures associated to the decontamination work, far
less than with standard techniques in use to date.

The application experience in the field show excellent results. After decontamination,
inspection and testing of components can be performed in considerably lower radiation
fields. Decontamination factors higher than 100 and up to 40,000 can be readily achieved.

In this presentation, the main constructive and functional features of the equipment are
described, as well as application examples and results obtained.

1 Introduction

The need for decontamination of components and system parts in nuclear power plants,
with high decontamination factors and low associated occupational dose rates led Siemens
AG to develop The DECON BOY mobile decontamination equipment, based on its 20 years
of successful experience in decontamination world-wide. The system was designed for the
decontamination of removed components for servicing or even small system sections
having a volume of up to 2 m3. In its design, particular attention has been paid on easy and
economical operation. It uses the ..dishwasher" operation principle: once the

230 Proceedings of 4 Regional Meeting Nuclear Energy in Central Europe, 1997



decontamination program and kind of material to be decontaminated are selected, the
machine is turned on and the operation proceeds in a fully automatic form.

The main constructive and functional features of this equipment are here described, as well
as application examples and results obtained.

2 Development

2.1 Operation Principle:

The system was designed for decontamination using the Siemens CORD™ / CORD-UV
technique, which has been proved to be the most suitable process available for component
and even full system decontamination, in a cost and time effective form and with a minimum
of waste generation /1/,/2/,/3/,/4/.

The CORD process is a major step forward in waste reduction by introduction of
permanganic acid as oxidizing agent. The use of permanganic acid permits to perform a
decontamination cycle in only one step, avoiding the intermediate purification, neutralization
and rinsing prior to apply the decontamination step, as required by other processes,
enabling therefore a complete decontamination with only one fill of demineralized water,
even by application of several decontamination cycles.

The system to be decontaminated is filled with demineralized water and heated to about
95°C. Afterwards, the pre-oxidation chemicals are added. This step is finished by adding the
decontamination chemicals (organic chelating agents), which also serve for the reduction of
the oxidation agent. During the decontamination there is a continuous by-pass purification
and regeneration of the decontamination solution by ion exchange resins. At the end of
each CORD cfcle (pre-oxidation, reduction and decontamination step) the resin contains
the activity and the inactive corrosion products, while the CORD chemical remain in solution.
The last step of each cycle is the decomposition of the CORD chemicals into water and
carbon dioxide by UV irradiation while removing the remaining impurities (activity and
corrosion products) by ion exchange resins. The water remaining in the decontaminated
system has a purity close to that of the demineralized water used for the initial fill of the
system, and is used for the next cycle. After few (2-4) CORD UV cycles, the system has
achieved low dose rates and metallic clean surfaces. The number of decontamination cycles
can be selected according to the final activity and dose rates required by the customer.

The system has also flexibility to enable the application of other decontamination techniques
like CORD A, CORD N or CORD CS.

2.2 Equipment Description

The equipment consists of compact skids equipped with all essential components which can
be linked together adapting to the specific plant requirements (available space, etc.). The
number of skids may vary according to the case, but they are basically

1- Main skid. It includes all necessary features (tank, valves, pumps, ultrasonic transducers,
chemical storage and injection, etc.) to provide the following cleaning processes:

. Chemical decontamination

. Electrochemical decontamination (optional)

. Ultrasonic cleaning

. Degreasing

. High pressure jet cleaning

. Deluge cleaning
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2- UV skid. It provides for waste minimization through photocatalytic decomposition of the
decontamination chemicals (CORD UV)

3- Ion exchange skid. Has the function of retention of the removed activity in ion exchange
resins

4- Control panel. It provides for the whole remote operation and control of the system.

A schematic drawing of the equipment is given in Figure 1, and a picture showing the
system arrangement and dimensions is shown in Figure 2

Figure 1: Block Diagram of the DECON BOY Equipment

Figure 2: View of the DECON BOY Equipment

IX skid iX manifold UV skid Main skid (tank, Control panel
pump, heater)

Other skids may provide additional possibilities, depending on the case.
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About 2 to 3 m2 are needed in total to place the skids. The external services required are
electrical supply, demineralized water, exhaust air duct, and connection for liquid waste
drain. High activity liquid waste is not produced, since, the removed activity remains in the
ion exchange filters.

The system can be operated in a closed mode, where the components are placed inside the
decontamination tank and closed, or in open mode for parts which have not been removed
(pipe sections, valve casings, etc.) in which the DECON BOY is placed as close as possible
to the system part to be decontaminated, and connected by mean of special hoses, forming
a closed loop.

The system is provided with a full degree of automation. Once the decontamination program
is selected and the process started, the whole operation is performed and concluded without
human intervention. Pushbuttons allow to select the process specific for the material(s) to
•Jpe decontaminated (carbon steel, austenitic steel, aluminium, etc.), and the number of
decontamination cycles. Only few people are needed to operate the equipment. Special
personnel qualification is not needed.

2.3 Field Experience

The system has been used in several PWR and BWR plants with great success.
Components/ systems decontaminated: RHR valves, condensate polisher filters, RWCU
valve parts, recirculation pump parts, tube sections for inspection as well as for
decommissioning, steam control valves, valve bodies and internals of different systems, etc.

The results show extremely good decontamination factors after short treatment times, on
removed components as well as in subsystems. In the case of decontamination for free
disposal/ decommissioning 80-90% of the treated parts were ready for free disposal after
treatment with the DECON BOY, using the CORD E process. The residual specific activity
achieved was < 0,1 Bq/g. Decontamination factors higher than 100 and up to 46.000 were
readily achieved.

Only resin waste was generated. No waste from decon chemicals.

The cost of the decontamination was substantially reduced, compared with former
techniques.

Example 1: Valve cover from RWCU system (BWR).

Years of service: 12. Material: stainless steel. Decon process: CORD UV.

Results:
Decon factor: 800
Remaining dose rate: 50 uSv/h
Remaining contamination (smear test): 8 Bq/cm2

Example 2: Segments of main steam piping.

Years of service: 26. Material: carbon steel. Decon process: CORD CS E, including
decomposition of chemicals by UV light)

Results:
Decon factor: 46.000
Activity measurement before decon. 350.000 Bq/cm2.
After decon: 7.5 Bq/cm2 (smear test).

Example 3: Parts of a RHR pump.

Years of service: 12. Material: SS. Decon process: CORD UV.
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Results:
Decon factor: 550 to 1.000
Remaining dose rate: 6-35 uSv/h
Remaining contamination: max. 5 Bq/cm2 (smear test)

Example 4: Main steam valve internals.

Years of service: 11. Material: carbon steel. Decon process: CORD CS E + UV

Results:
Decon factor: 41-402
Remaining dose rate: < detection limit
Remaining contamination: max. 0,6 Bq/cm2 (hot spots)

Example 5; Valve cover from main steam line

Years of service: 26. Material: carbon steel. Decon process: CORD CS E

Results:
Decon factor: >300
Remaining contamination: <0,1 B/cm2

Free disposal outside controlled area.

3 Conclusions

The application of the DECON BOY equipment associated with the CORD™
decontamination technique has been proved to be an excellent tool to deal with all kind of
decontamination needs of components and small system parts, not only due to the high
decontamination effectiveness, but also considering economical aspects like:

- short application time
- very low doses associated to the decon action
- dose and time savings by repair and inspection
- reduction of decommissioning / disposal of active parts
- personnel cost.
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Abstract

This presentation summarizes an effort that has been taken by the regulatory body in a
safety enhancement program of the Slovak Nuclear Power Plants. A basis for the regulatory
body decision making process of safety enhancement of nuclear power plants in operation as
well as a licensing process of the Mochovce NPP currently under the construction is being
described.

1. Introduction

There are four units of WWER 440 in operation in the Slovak Republic. Two units

belong to the first WWER 440 generation equipped with 230-reactor type and two units

belong to the second WWER 440 generation equipped with 213 reactors. All four units are

located at Bohunice site. Since 1982 four units with WWER 440/213 reactors are under

construction at Mochovce site. After six years of uncertainty, mainly due to lack of financing,

work on completion of Mochovce Unit 1 has started in 1996. Start-up of Unit 1 was

scheduled on June 1998.

Nuclear power plants generate almost 40 % of the total generated power in the Slovak

Republic. For that reason the nuclear power industry plays an important role mainly due to its

economical aspect. This fact is a challenging aspects for safety of the operating reactors and

those under the construction.

2. Review of WWER 440/230 design and operational safety

2.1 Bohunice Unit 1 and 2

Since the beginning of operation, some safety deficiencies of the 230 design were

known. At that time there was not enough willingness to perform a comprehensive safety
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review, however, some of the safety issues such as a Reactor Pressure Vessel (RPV)

embrittlement problem were found and addressed relatively soon. Besides that, more than

1000 minor modification have been implemented at Unit 1 and Unit 2. A systematic process

of a safety review started after 1989. A large number of international missions took place at

Unit 1 and 2 since 1990. Main objectives of the missions were to perform a thorough safety

review of WWER 440/230 reactors that were internationally suspected to have an inadequate

level of safety.

There were two major activities that contributed to the safety review of WWER

440/230 reactors in former Czechoslovakia.

(a) Review Committee established by the Federal Ministry of former Czechoslovakia

(b) The IAEA Extrabudgetary project (EP) for safety review of WWER 440/230 reactors.

Within that program, the IAEA organized a Safety Review Mission to Bohunice NPP in

1991. Similar missions were carried out at the others NPPs operating WWER 230

reactors. Output from the IAEA EP was a document TEC-DOC 640 - Ranking of safety

issues for WWER 440 Model 230 NPPs. Findings were ranked in four categories

according to their safety impact.

From all the missions a large number of safety issues, were identified. The IAEA document

"Ranking of safety issues for WWER 440 Model 230 NPPs" has become a practical

document describing generic safety issues of WWER 440/230 reactors. There were 97 issues

identified and ranked in four categories (15-IV, 45-111, 32-11, 5-1). This document is being

considered as a reference document for safety upgrading process of WWER 440/230

reactors. Follow-up missions are regularly carried out by the IAEA at the NPPs equipped with

this reactor to review implementation status.

2.1.1 Regulatory body response

Former Czechoslovak Atomic Energy Commission (CSAEC) addressed the most

urgent safety issues, ranked in category IV in its Decisions 5/91 and 213/92 (81 + 14

measures). Those measures, known as a small reconstruction were implemented at the Unit 1

and 2 during years 1992-1993. The list of areas with the number of corrective measures as

they were addressed by decisions of CSAEC contains:

Reactor pressure vessels (9) Spray system (3)

Steam generators, pressurizer (8) Hermetic compartments (4)

Pipelines of primary circuit (12) Injection system (12)

Reactor protection (6) I & C (5)
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Personnel

Operating rules

Radioactive wastes

Physical protection

(3)

(5)

(1)

(1)

Electric systems (10)

Fire protection (7)

Antiseismic reinforcement (4)

Secondary circuit (2)

Emergency feed of SG (3)

Furthermore, the original operating license was amended by supplementary licensing

conditions such as:

(a) Major reconstruction of both units will have to be carried out after the year 1995

(b) The licensee has to apply for the regulatory body permission to continue operation in the

next fuel cycle.

In 1993 the Nuclear Regulatory Authority of the Slovak Republic (UJD SR) has been

established. The proposal for safety upgrading of Bohunice Unit 1 and 2 had to be compiled

with respect to former CSAEC decisions. Having completed the small reconstruction a licensee

commenced works on the extensive upgrading program which was based on decision No. 1/94

of the Slovak Nuclear Regulatory Authority (UJD SR). The decision No. 1/94 set up safety

measures which would substantially increase the safety level of the WWER 230 reactors at

Bohunice NPP when implemented--Due to the complexity and technical difficulties of such

reconstruction process it has been decided to'implement these measures gradually in a time

period of four years.

The original operating license has been changed by UJD SR decision No 110/1194 in

compliance with the Atomic Act 28/1984. Another 14 supplementary licensing conditions were

issued. These supplementary license conditions were based on:

(a) § 13 Act 28/1984: "If there is a danger in delay in the case of facts of relevance with regard

to nuclear safety, then Chairman of the Commission and in his absence the Chief Inspector

shall order necessary measures to be taken including decrease of the power or shut-down

the nuclear facility"

(b) § 5 Act 28/84 "The Commission shall participate in increasing constantly the level of the

nuclear safety of nuclear facilities by utilizing the results of scientific and technical

development and the operation experience...".

The plant operation became conditional on fulfilling the schedule of gradual safety upgrading

according to the basic safety goals of reconstruction. Units will be allowed to put in operation

after each refueling only with UJD SR approval which will be issued on the basis of the NPP

request that will contain fulfillment of UJD SR conditions (14 conditions in Decision 110/94

UJD SR)

Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997 237



2.1.2 Status of implementation of safety measures

The regulatory body regularly reviews the status of implementation of the prescribed

safety improvement measures. A licensee submits a report on how the safety measures are

implemented in compliance with UJD SR decision No 110/94.

In 1996 the IAEA organized a follow-up mission to Bohunice NPP. The aim of the

mission was to review the current status of implementation of safety measures listed in

"Ranking of safety issues for WWER 440 Model 230 NPPs". Table 1 summarizes mission

results in areas of Design.

Tab. 1

WWER 440/230 NPPs Ranking of Safety Issues (TECDOC-640)

Area of review
DESIGN

Core
Systems
Components
I&C
Electrical
Ac. Analysis
FirejDrotection
Total

Categories
1 II

4
5
2
4
1
4

20

III

7
5
7
2
5
3

29

IV

3
5
1
2

11

Mission findinc
Action
underway

2

1

3

Partly resolved

2
9
5
7
2
8
1

34

s
Resolved

2
4
7
4
3
1

. 2
23

Total

4
15
12
12
5
9
3

* 60"

Short definition of categories:

Category I Issue reflect departure from recognized safety practices

Category II Issue of safety concerns where defense in depth is degraded

Category III Issue of high safety concerns. Defense in depth is not sufficient

Category IV Issues of the highest safety concerns. Defense in depth is unacceptable

3. Review of WWER 440/213 safety

3.1 Bohunice Unit 3 and 4

Bohunice Unit 3 and Unit 4 are equipped with WWER 440/213 reactors. Although WWER

213 reactors have numerous safety features incorporated in their origin design the licensee

implemented a number of modifications since the beginning of operation. SimiLarly to WWER

440/ 230 reactors, the IAEA has carried out a comprehensive safety review at NPPs operating

WWER 440/213 reactors. The IAEA document "Safety Issues for WWER 440/213 reactors

and their ranking (IAEA-EBP-WWER-03)" summarizes generic safety issues for WWER 213

reactors. Unlike from the 230 reactors there were no findings in category IV. However, there

were 8 findings identified as category III. Those findings represent safety concerns that should

be addressed urgently in the plant safety enhancement program.
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The framework for safety upgrading of units with WWER 213 reactors in the Slovak Republic

has been derived from generic findings listed in the IAEA document as well as from a safety

assessment carried out by the licensee, Slovak technical support organizations and the

regulatory body. A significant contribution to the safety review was the newly developed

Safety Analysis Report (SAR) after ten years of the plant operation (completed in 1994). The

PSA level 1 study has been developed and included in the SAR.

3.1.1 Regulatory body response

With the aim to enhance safety of Bohunice Unit 3 and 4 the regulatory body issued

Decision No. 4/1996 which contains Short-term safety improvement program and safety

enhancement program. The list of the short-term safety improvement measures to be

implemented at the plant contains:

• Feedwater collectors replacement inside Steam Generators

• Improvement of the protection signal "break of main steam header"

• Independent control room venting system

• ECCS sump protection

• Development Surveillance programs

• Reactor Pressure Vessel (RPV) cold overpressure protection

• Fire exhausting system in Main Circulation Pumps (MCP) compartment

• Leak detection system at Reactor Coolant System (RCS)

• Annual program of confinement leak tightness improvement

• Analysis of fast acting isolating valves on steam pipe lines behavior in transients following

pipe break

• Evaluation of the use of the ALARA principle

• Fire hazard analysis

• Safe shutdown analysis in fire conditions

The above-mentioned safety measures are going to be implemented until 1999. A long-term

safety enhancement program shall be developed by the licensee according to regulatory body

requirements such as:

• Evaluation of acceptability of all individual safety issues according to the IAEA WWER-

EBP-WWER-03 Report

• Conceptual design for I&C enhancement
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• Essential safety enhancement program for V-2 NPP (1 st edition)

• List of safety functions

• Re-qualification program

This approach should ensure maintaining a required safety level from a short-term point of

view and set up criteria for a long term safety enhancement program.

3.2 Mochovce Unit 1 and 2

A comprehensive safety review has been carried out at Mochovce NPP. The aim of the

review was to provide technical information of the design, identify safety concerns and to

propose technical solution in order to bring the safety level to the required safety standard. The

licensing process of a newly built NPP should comply with recognized western practices.

Sources where safety issues were identified are as follows:

• Safety Improvement Report (SIR) developed by EDF, BAG and SEP with assistance of

Siemens and Framatome, 1993

• Assessment of Safety Improvements, Mochovce NPP, GRS and IPSN, 1994

• Mochovce Safety Improvement Safety Review Mission, IAEA, WWER SC-102

• Safety Issues and their Ranking for WWER 440/213 NPPs, IAEA-EBP-WWER-03

• Technical Specification of Safety Improvement, Mochovce NPP, 1995

On the basis of the document "Technical specifications for safety improvements", the

licensee began to work together with contractors on the Safety Improvement Project

(modification of the original design) in order to comply with proposed safety solutions. From a

licensing point of view, this is an important issue. Every modification has to be incorporated

into the Safety Analysis Report (SAR) which is then submitted to the regulatory body.

The Safety Analysis Report is going to be used as a key document for the licensing

process of Mochovce Unit 1. The Regulatory guide of US NRC 1.70 has been used as a

reference document (content) for the SAR development. Safety measures implemented prior to

a plant start-up shall be incorporated into the SAR.

At present main emphasis is given to the implementation process of safety issues at the

Unit 1. Regulatory body requires each modification to be approved prior to its implementation.

Table 2 contains a list of safety issues ranked in category III. with the respective contractor

working on the project:
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Tab. 2

Safety issues category III.

Equipment qualification

Non-destructive testing

ECCS sump screen blocking

Feedwater supply

Bubble condenser strength behavior

Fire prevention

Internal hazards due to high energy pipes break

Seismic design

Contractor

EGP, VUJE

SKODA

SKODA, VUEZ

EGP

EUCOM

EUCOM

EUCOM

SKODA

Some example of proposed solutions for safety issue Cont 01, ranked in category III.

"Bubbler Condenser Strength Behavior at maximum pressure difference possible under LOCA

conditions", an issue of a high safety concern:

The work has been performed by SIEMENS Offenbach (analyses, proposals for

reinforcements) and VUEZ Levice (real test). It has been decided to analyze the strength of a

specific bubbler condenser system (BCS), a design solution and to perform necessary

supporting experiments by using a bubbler condenser system segment in the scale 1:1.

Based <jn the experimental-results, inevitable reinforcement of the system will be proposed.

Two computers codes were used for analysis (1) ANSYS computer code for non-linear stress

analyses (SIEMENS - calculations of the model and the real structure both with and without

reinforcements) and COSMOS computer code for non-linear stress analyses (VUEZ -

calculations of the model). The experimental model 1:1 consisting of two rows (sections) with

4 gap-cap units each, and walls with a ceiling of equivalent width and height corresponding to

those of levels 1 to 11 (VUEZ - performance of dynamic and static experiments).

Conclusions of the test:

• Experimental results with simulation of various Ap gradients at the inlet into the gap-cap

unit showed that the original peak value of the pressure impact during a large-break LOCA

assumed to be 30 kPa is rather too conservative and can be reduced to 20 kPa preserving

still a sufficient safety margin

• All thin-walled metallic structures (all walls and gap-cap units) on levels 1 to 11 are able to

withstand the aforementioned loads without any additional reinforcements preserving their

safety function. (Note: For walls, preservation of integrity up to 30 kPa has been proved

experimentally under static loads.)

• Vertical walls of level 12 (with their height substantially higher compared to that of levels 1

to 11) are able to preserve their integrity up to an overpressure of 10 kPa. An overpressure
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in excess of the a.m. value can result in limitation or failure to fulfil the function of the floor

which according to thermodynamic calculations has only a negligible effect on the bubbler

condenser system efficiency as a whole

• All other metallic structures are satisfactory with the exception of I-beams under all side

walls and vertical supports of level 1.

• The beams under the sidewalls are exposed to a pressure impact resulting in an inward

deflection (the beams under levels 1 and 12 are also exposed to a torsion stress) in a way

that might effect the stability of individual levels and they need reinforcement. It has been

proposed to reinforce (utmost) beams under levels 2 to 11 by inserting braces into gaps

between caps and ceiling (along the whole length from one side wall to the other) and those

under levels 1 and 12 by anchoring them into the adjacent reinforced - concrete side walls

• Reinforcement of vertical supports at level 1 (insufficiently fixed into the floor) was

proposed with vertical struts from level 1 to level 4.

Currently, implementation of reinforcements at the Unit 1 has been initiated.

4. Conclusions

Safety enhancement programs for operating NPPs are being implemented based on a

comprehensive safety review performed by domestic and international organizations. The

regulatory body carries out a follow-up review of the safety enhancement process and if

necessary, additional safety measures are being requested. The licensing process of Mochovce

NPP will follow internationally recognized practices in this area. The number of safety issues

identified at Unit 1 and Unit 2 are being addressed by the plant Safety Improvement Project.

Regulatory body closely follows that process in order to ensure the required safety level.
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1. INTRODUCTION

The issue of License Renewal has now been addressed in the United States (U.S.) nuclear industry
for many years. Extensive programs on the aging of nuclear power plants have been and are being
performed to support possible future License Renewal (LR) applications is the U.S. Similarly,
NPPs worldwide have initiated Plant Life Extension (PLEX) programs specifically aimed at
assessing the technical and economic feasibility of extending the life of the plant.

In addition to the technical and economic evaluations for PLEX, Life Cycle Management (LCM)
programs continue to be developed in the U.S. and elsewhere. LCM programs are aimed at
addressing cost reduction and improved plant performance while maintaining a high level of safety
for the current and extended plant life duration. The use of Risk Based Technologies such as
maintenance optimization, risk-based inservice inspection and testing, outage optimization and
forced outage reduction, decision analysis, ... are maturing technologies in the U.S. and qualified as
LCM.

LCM programs are implemented with three objectives in mind: 1) the technical feasibility of
managing aging degradation effects for the current and an extended plant life, 2) the economic
feasibility of current and extended plant life, and 3) the regulatory acceptance of PLEX and LCM
measures. This paper provides insights obtained from defining and implementing PLEX/LCM
programs in conjunction with NPP utilities worldwide. Also, specific major developments in
support of integrated PLEX/LCM programs are described including I) the U.S. License Renewal
technical requirements and the status of developments in the U.S., 2) the development of risk-based
technologies to support LCM and 3) the economic modeling and decision analysis tools used to
optimize LCM/PLEX programs.

2. INTEGRATING THE OBJECTIVES OF THE TECHNICAL FEASIBILITY, THE
ECONOMIC FEASIBILITY AND THE REGULATORY ACCEPTANCE OF LCM

Westinghouse past and ongoing LCM programs have typically been conducted in phases. The
initial phase of the program typically is a planning and scoping phase. As the program evolves,
future phases involve increasing levels of analytical depth. The final phase involves the
implementation of recommendations required to help the plant achieve its goals (i.e. extended plant
operation). The process is one of building consensus on all three areas of the program:
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1. technical feasibility
2. economic feasibility
3. regulatory acceptance.

Close interactions exist among the above three dimensions of emphasis. An integrated program
takes into account all interactions. Examples are provided below.

2.1 Technical feasibility - Regulatory acceptance

Technical feasibility and regulatory acceptance are linked through the following:

• a clear set of rules, accepted by the nuclear regulatory authorities, is required to perform
technical feasibility studies for PLEX and ultimately demonstrate the adequacy of aging
management programs (AMPs) to address aging degradation effects for the current and the
extended life of the plant.

• an understanding is required of the type and amount of technical information needed to
support LR or PLEX.

In the U.S., regulatory requirements for License Renewal applications are covered by the LR rule
(Title 10, Part 54, of the U.S. Code of Federal Regulations). An overview of the common (i.e.
regulatory authorities and nuclear utilities) understanding of technical requirements in the U.S. is
provided further in this paper. This includes U.S. License Renewal rule technical requirements as
well as U.S. nuclear industry research programs on the understanding of the significance of aging
degradation as well as Aging Management Programs to address degradation effects.

2.2 Technical feasibility - Economic feasibility

Nuclear power plant utilities are faced in the U.S., and worldwide, with increasing pressure to be
cost-effective. In the economic equation, the question whether to pursue plant life extension
(PLEX) is important. To address the question of PLEX, major investments required specifically
for PLEX must be identified, such as major component repairs or replacements, based on aging
models and component life predictions.

Although the regulatory requirement for PLEX will impose assurance of adequate aging
management of safety-significant components, two additional aspects of PLEX must be addressed
from a utility point of view: 1) adequate aging management programs guarantee that aging effects
are mitigated or are discovered in time so that safety functions are not jeopardized, but do not
address the questions of expected life of a component, and the optimal PLEX plan (actions, timing
and cost of actions) for components; and 2) components which are outside of the regulatory
requirements can still be significant from a plant availability and power production standpoint, and
hence require PLEX technical evaluations and adequate aging management or maintenance
programs.

For PLEX of individual major components, several aging management scenarios can often be
proposed. Also, the uncertainties on the need for PLEX actions as well as associated costs and
timing of such actions lead to a large number of PLEX alternative action plans with corresponding
PLEX cost probability distributions. Decision analysis tools have been applied in PLEX/LCM
programs to model and manipulate PLEX action plans with these associated uncertainties.
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Expected (best estimate) Net Present Value (NPV) costs for PLEX strategies are calculated, as
well as uncertainty bands on the expected value. Decision analysis tools permit the simulation of
PLEX strategies and verify the impact on the expected NPV.

The figure below illustrates the process that can be used to evaluate the economic impact of these
uncertainties for a set of components and choice of PLEX repair/replace/inspect/test strategies. In
this model, the uncertainties associated with each of the actions, e.g. defined action, timing and
cost, are defined as a probability. The decision analysis software calculates combines the
information into PLEX cost distributions as a function of time. The 95% confidence level cost is a
measure of the risk of incurring higher costs than the expected, median cost.

COST

EXPECTED
COSTS

TIME

2.3 Economic feasibility - Regulatory acceptance -4

Pressure exists on nuclear power plants to operate in a cost-effective manner, in particular if the
PLEX alternative is investigated. Also, opportunities become available to optimize current plant
operations. Evolving programs to reduce the costs of current and future nuclear power plant
operations, are categorized as part of LCM.

Such programs include the application of performance based /risk-informed applications.
Additional detail is provided in a later section of the paper.

These performance based/risked informed programs are considered part of LCM for the following
reasons:

• significant cost reductions from such programs can be obtained; utility resources can be used
more effectively by concentrating their attention on truly safety significant items, thereby
maintaining adequate levels of plant safety.

• such programs can help to provide the technical support for documenting the adequacy of
aging management programs. ••

Obviously, regulatory acceptance of performance based / risk-informed technologies is required.
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3. U.S. LICENSE RENEWAL TECHNICAL REQUIREMENTS AND THE STATUS
OF DEVELOPMENTS IN THE U.S.

3.1 The U.S. License Renewal Rule

Since the U.S. LR rule was first issued in 1990, the nuclear industry led by the Nuclear Energy
Institute (NEI) has worked with the U.S. NRC to understand the LR requirements and improve the
predictability and cost-effectiveness of license renewal through simplifications to the original LR
rule. The Westinghouse Owners Group (WOG) has actively participated in this effort. As a result,
the LR rule has been revised and was reissued in 1995. The need for detailed mechanistic aging
evaluations for a large number of components was eliminated and replaced by a need to
demonstrate aging management which would assure equipment 'intended' function. In particular,
the implementation of the Maintenance Rule (MR) was credited as an assurance that the intended
functions of active components were managed. Aging management reviews, as part of the LR rule
are now limited to passive functions of components which are long-lived. The MR mandates that a
set of performance goals for active components be established, and that monitoring is put in place
to verify that the performance goals are met.

The new License Renewal rule simplified the regulatory process which U.S. utilities will use to
obtain an extension of their current 40 year operating license. The license can be extended up to a
maximum increase of 20 years per request. Also, the nuclear plant is required to have achieved at
least 20 years of operation prior to the submittal of a license renewal request. This requirement is
intended to assure that the plant has a sufficient history of successfully managing and operating the
nuclear plant prior to consideration, by the U.S. NRC.

The new License Renewal Rule was based on two regulatory principles:

1. The Current Licensing Basis (total of all regulatory requirements and utility commitments)
together with regulatory oversight is adequate for license renewal

2. Each plant's Current Licensing Basis must be maintained throughout the renewal term

The new License Renewal Rule requires the identification of long-lived, passive, safety related
components that require aging management reviews and their intended safety functions. The aging
of active, safety related, components are addressed by the new Maintenance Rule that became
effective in mid-1996. For the components that require aging management reviews, the aging
effects must be identified and then aging management programs defined to manage the aging
effects so that the intended safety functions of the components are assured during the life extension
period.

In addition to the License Renewal Rule, utilities in the United States will be required to modify
their Environmental Impact Statement. The NRC finalized the new Rule for Environmental
Review for Renewal of Nuclear Power Plant Operating Licenses in December, 1996.

3.2 Status of License Renewal Industry Programs in the United States

The NRC and the U.S. Nuclear Industry have been working to develop regulatory and industry
guidance regarding the implementation of the rule on a plant specific basis. The Nuclear Energy
Institute (NEI), which has the responsibility for all generic industry licensing interactions with the
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NRC, has led the industry effort to develop License Renewal implementation guidance. The NEI
License Renewal Implementation Guideline Task Team and Working Group have written the initial
implementation guideline, NEI 95-10, Revision .0.

The NRC is currently developing a Regulatory Guide, DG-1047, that will provide an NRC
accepted approach for implementing the License Renewal Rule on a plant specific basis. The NRC
has determined that they will incorporate the industry developed License Renewal Guidance, NEI
95-10, Revision 0, pending the resolution of several issues. These issues include the required
"level of detail," use of new one-time inspections for aging effects, demonstration of aging
management programs, use of operating experience and the definition of component "intended"
functions" in License Renewal submittals. The NRC plans to finalize Regulatory Guide DG-1047
in March, 1997 and anticipates approval by the Commission in August, 1997.

As a means to demonstrate the adequacy of the NEI 95-10 guideline for implementing the License
Renewal Rule, an industry "Demonstration Program" was established. Six utilities provided plant
specific information on selected portions of a License Renewal Application. NEI and the
Westinghouse, BWR (Boiling Water Reactor) and B&W Owners Groups provided generic
support. This demonstration program identified several issues that need to be resolved and
modified within NEI 95-10 prior to its incorporation into the NRC Regulatory Guide on License
Renewal.

A Westinghouse Owners Group License Renewal program was initiated in 1993. The WOG is a
utility organization comprising 24 domestic and 8 international utilities. The Westinghouse Owners
Group License Renewal program has the following objectives:

1. Support the development of the new License Renewal Rule
2. Support industry efforts to develop implementation guidance
3. Develop Generic Technical Reports for all components and structures within the scope of the

License Renewal Rule that require an Aging Management Review for license renewal

The Westinghouse Owners Group has also established a Subgroup often utilities and
Westinghouse to collectively develop the plant specific technical information that is required in a
License Renewal Application. By working together the group anticipates significant cost
reductions and improved regulatory acceptance of the results. This information is anticipated to be
incorporated into a plant specific License Renewal Application over the next several years.

The B&W Owners Group has an ongoing five year program to collectively develop the technical
input to the License Renewal Application for their three participating utilities.

Baltimore Gas & Electric has been performing license renewal technical evaluations for the Calvert
Cliffs plant for several years. This program currently represents the Combustion Engineering
Owners Group program on License Renewal.

The BWR Owners Group has been performing license renewal technical evaluations on the
containment and major equipment within the containment. This group has had a generic license
renewal program for four years and has been using a reference plant, Monticello, as the basis for
its generic evaluations.
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U.S. utilities are planning to submit plant specific License Renewal applications, beginning in
1998.

3.3 Industry Reports on NPP Components

U.S. industry wide research programs have been performed to obtain an understanding of the
technical issues related to renewal of operating licenses for NPPs in the U.S. More generally, an
understanding was sought of 1) the detrimental effects of aging on NPP structures and components,
2) the adequacy of aging management programs to address the aging effects. Several research
programs are mentioned hereafter.

The U.S. NRC Office of Nuclear Regulatory Research established the Nuclear Plant Aging
Research (NPAR) program. The objective of the program was to develop an understanding of age-
related degradation processes and their effect on NPP systems, structures and components.

In the late 1980's, NUMARC (Nuclear Utilities and Resources Management Council, now NEI)
developed a number of Industry Reports (IR-s). Industry Reports were developed for Reactor
Vessel, Containment, Reactor Coolant Pressure Boundary and Reactor Vessel Internals for both
PWR-s and BWR-s. Two more IR-s addressed 'Class 1 Structures' and 'Low-Voltage, In-
Containment, Environmentally Qualified Cable'.

NUMARC IR-s were reviewed by the NRC, with the exception of the IR on 'Low-Voltage, In-
Containment, Environmentally Qualified Cable'. The review is documented in NUREG-1557.
Considerable effort was expended by the nuclear industry and the U.S. NRC to reach agreement on
the technical positions in the IR-s. Several open technical issues remained, for which further work
was required to come to a consensus. A set of 17 such 'generic technical issues for license renewal"
have been identified. Of the 17 generic technical issues identified, all have been resolved with the
exception of three remaining issues'. Irradiation Assisted Stress Corrosion Cracking (IASCC).
Stress Relaxation, and Void Swelling. Industry efforts are underway to resolve the remaining three
issues in 1997.

One deliverable of the Westinghouse Owners Group License Renewal program is a set of Generic
Technical Reports for major components or component groupings in the scope of the LR rule (the
passive, long-lived structures and components). Generic Technical Reports are intended to
establish a firm technical basis for implementing aging management programs and to be referenced
by individual licensees as part of their plant specific LR applications. Aging management programs
are described in the GTRs for the applicable components, providing alternative aging management
programs such as I) current or enhanced plant maintenance, inspection and testing programs, 2)
diagnostic and monitoring (D&M) programs for assessing component/structure condition, and 3)
analysis for component life prediction.

A uniform format for documenting Aging Management Programs has been established. The agmg
management programs being-defined by the Westinghouse Owners Group (WOG) and other
industry groups within the United States have six attributes, or characteristics, to fully address the
License Renewal Requirements. The aging management program's six attributes and a summary
description of the attributes are provided in the table below.
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Table: Aging Management Program Attributes

Attribute
Scope

Surveillance Techniques

Frequency

Acceptance Criteria

Required Actions

Confirmation

Description
Stmctures, components, or subcomponents and applicable aging
effects.
Monitoring, inspection, and testing techniques used to detect aging
effects.
Time period between program performance or when a one-time
inspection must be completed.
Qualitative or quantitative criteria that determine when actions are
required.
Actions to further analyze, prevent, or correct the consequences of
the effect. Preventive actions should include evaluation of failures to
determine where similar effects may occur and actions, if practical, to
mitigate or eliminate the effect from occurring.
Post maintenance test or other techniques to confirm that the actions
have been completed and are effective

3.4 Application to PLEX/LCM Programs Outside the U.S.

A number of PLEX/LCM programs have been performed by Westinghouse outside of the United
States. The most notable programs to date include efforts at Mihama Unit 1 in Japan, Kori Unit 1
in Korea and currently efforts at two Beznau NPP units in Switzerland. The following is a brief
summary of some of the major program elements included in the Beznau program.

Technical Elements

1. Data collection and the consideration of electronic storage of information
2. Engineering Tools to support and integrate Life Cycle Management databases and analysis
modules
3. Design basis versus operating transient counting and future On-Line Transient Monitoring
4. Major mechanical NSSS components degradation mechanism combination evaluations (aging
management programs, required PLEX actions)
5. System performance and functional review to identify piant design and performance issues
which could lead to PLEX requirements and corresponding costs
6. Risk informed technologies pilot study (RCS piping)
7. Maintenance optimization pilot study (maintenance program review for a pilot set of
components)
8. GTR reviews and plant specific customization of the GTRs
9. Technical Project Management and Integration

Economic Elements

1. Review of plant operation and maintenance programs and identification of the benefits from a
variety of risk-informed programs, based on implementation of such programs at other NPPs
2. PLEX/LCM investment planning - A decision analysis module used to model the costs
associated with the PLEX/LCM plan
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Regulatory Elements

Licensing Plan - Determination of the strategy and format to be used to submit information to the
regulator.

4. PERFORMANCE BASED / RISK-INFORMED APPLICATIONS

The objective of risk-based inservice inspection and testing is to apply risk-based methods for
defining inservice inspection programs for piping systems and major passive components and
inservice testing programs for pumps, valves and other functional components. A risk-based
testing program begins with the determination of risk significance based on PRA/PSA results (core
damage frequency/LERF) using risk importance measures. This results in functional components
being categorized as more risk significant or less risk significant and more safety significant or less
safety significant. Then the key characteristics that could influence the most effective testing, e.g.,
service duty, and the predominant failure modes are identified. Subsequently, a qualitative
assessment of the effectiveness of each alternative testing methods is made based on their ability to
detect a failure or significant degradation that is a precursor to failure. Finally, testing strategies
are formulated to define the methods and schedule for testing. The cost, e.g., cost of the test, man-
rem exposure, failure cost, and impact on safety of the alternative strategies is evaluated to
determine those that result in the optimal cost-benefit. A similar process is used to define a risk-
based inservice inspection program.

Based on Westinghouse Owners Group and ASME pilot study results, the following example
benefits may be obtained from, these risk-based programs. ^Direct benefits from a Class 1 piping,
risk-based inspection program are about $100K to $200K per plant, per year from reduced
inspection and ALARA costs. Direct benefits, e.g., reduced testing costs, and indirect benefits,
e.g., reduction in outage critical path, from a risk-based, ECCS check valve testing program are
about SIM per plant, per year.

The NRC issued the document, "Framework for Applying Probabilistic Risk Analysis in Reactor
Regulation" (SECY-95-280), which describes the staffs framework for the expanded use of PRA
methods in NRC's reactor regulatory activities. The purpose of the framework is to provide a
general structure to ensure consistent and appropriate application of PRA methods: As part of this
effort, the staff has developed a plan for developing Regulatory Guides (RG) and Standard Review
Plans (SRP) associated with this framework. The emphasis of these RG-s and SRP-s is on the
expectation of improved safety by comprehensive consideration of risk information. The documents
address PRA guidance, Risk-Informed ISI and 1ST, Risk-Informed Technical Specifications and
Graded Quality Assurance.
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ROOT CAUSE ANALYSIS

B. Bach, B. Bozin, D. Kavsek
Operating Experience Feedback Group
KRSKO NUCLEAR POWER PLANT

ABSTRACT

This article provides some fundamental techniques of evaluating human performance and equipment
related events which are in use in Krsko NPP.

Before the large industrial accidents the human factor was considered as very reliable and was not
accepted as a possible source of errors. Today it is evident that safety is a proper combination of
factors associated with people, technology and organization. Determining the cause of equipment
failures is a much more enjoyable exercise than doing the same for human errors. People are
emotional: they can be angry, scared, defensive, not trustful. Because of all that the determination
of causes for human errors is much more difficult.

la many cases the definition of human factors relates to operators as the source of the human
errors. Such an approach restricts the search for the true root cause of an event. In reality the
human factor is associated with operators as well as with managers, designers, instructors,
maintenance people etc.

Operating experience and in-depth analysis with the resulting lessons learnt are all evidence of the
relevance of human errors for safety. The nuclear power plant industry has estimated the risk due
to human errors closing to 70%. It is therefore obvious that sophisticated techniques are needed to
focus on human errors.

The root cause analysis in NPP Krsko is based on the following methods: Event and Causal Factor
Charting, Change Analysis, Barrier Analysts, MORT {Management Oversight and Risk Tree Analysis)
and Human Performance Evaluation.

Event and Causal Factor Charting is used for investigation of complex problems which need to be
visualized in the form of a chart so as to provide a better understanding of the chronology of an
event.

Change Analysis is usually used for a particular problem with the equipment failure by using key
questions: what?, when?, where7, who? and how? to find a final answer to- the question WHY
something happened.

Barrier Analysis is used for procedural and administrative problems in order to establish what barriers
were failed and why.

MORT analysis is used for large and complex problems at the management level. Human
Performance Evaluation is applied when a human error is detected as a possible root cause.
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1. INTRODUCTION

Root Cause is defined as the most basic cause(s) or reason(s) for an non desirable
condition (failure, problem, deficiency) that, if corrected or eliminated, would
prevent recurrence of that condition [2].

According to that definition the goal of a root cause analysis is to find the most
basic reason(s) of the unwanted condition to prevent it's recurrence. If the final
result of the root cause analysis is a solution that prevents recurrence of the
condition, then the goal has been met regardless of the method used to determine
the solution.

Root cause analysis in NPP Krsko is based on the following methods: Event and
Causal Factor Charting, Change Analysis, Barrier Analysis, MORT (Management
Oversight and Risk Tree) and Human Performance Evaluating System. The
recommended root cause techniques for particular event cause are presented in
Table 1, while all methods are summarized in Table 2.

EVENT CAUSE

Human Performance Problem

Equipment Failure

Natural Phenomena/Sabotage

Other/Unknown

PRIORITIZED ROOT CAUSE
TECHNIQUES

Human Performance Evaluation System
Event and Causal Factor Charting
Barrier Analysis
Change Analysis
MORT

Event and Causal Factor Charting
Change Analysis
Barrier Analysis
MORT

Event and Causal Factor Charting
Barrier Analysis
MORT

Event and Causal Factor Charting
Barrier Analysis
Change Analysis
MORT

Table 1

Basically, root cause analysis starts with the question WHAT happened, which
means that the first step in analysis is to gather information about equipment and
human performance problems, symptoms and defects in man-machine systems
interfaces. HOW did it happen is a question which gathers information about human
behaviour and a mechanism of failure. The last question WHY will give the actual
cause of the event or reason for inappropriate action or equipment malfunction.
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CD
METHOD

Event and Causal
Factor Charting

Change Analysis

Barrier Analysis

Human Performance
Evaluations

MORT

WHEN TO USE

Used for multi-faceted
problems such as reactor
trips or plant transients.
Helps identify holes in the
investigation information.

Used on singular
problems. Especially useful
in evaluating equipment
failures.

Used for procedural or
administrative problems.
Also good for human
performance problems.

Used whenever people
have been identified as
being involved in the
problem cause.

Best technique for large,
complex problems.

ADVANTAGES

Provides visual display of
analysis process.
Identifies probable
contributors to the
condition.

Simple 6-step process.

Provides systematic
approach.

Through analysis.

Provides a pre-set series
of questions to ensure a
complete investigation.
Fully integrates the
contributions of people,
procedures and hardware.
Also includes a look at
Management System
contributions.

DISADVANTAGES

Time-consuming and
requires familiarity
with process to be
effective

Limited value
because of the
danger of accepting
wrong, "obvious"
answer.

Requires some
familiarity with
process to be
effective.

None if process is
closely followed

Through analysis

REMARKS 1

Requires a broad
perspective of the event to
identify unrelated
problems. Helps identify
where deviations occurred
from acceptable methods.

A singular problem
technique that can be used
in support of a larger
investigation. All root
causes may not be
identified.

May also be used for
equipment failures.

Requires individual trained
in HPES technique.

Requires individual trained
in MORT technique.



To be effective the root cause analysis solution must:

* prevent recurrence of the unwanted condition,
* be within the control of the organization,
* allow achievement of other objectives (i.e., economic production) and
* be able to be implemented at reasonable cost.

The importance of a good root cause program is:

* safety benefits will decrease likelihood of repetitive occurrences resulting in
incidents or near misses,

* economic benefits will reduce unnecessary outage time and
* industry benefits will enable positive feedback from events occurred in

industry.

In order for a root cause program to be effective, management involvement is the
key in assuring:

*
*

proper attention is placed on important equipment and systems,
proper emphasis is placed on learning from past experience,
feedback of root cause determinations is factored into ail aspects of plant
operation, and
performance is trended to measure whether basic root causes are found.

2. EVENT AND CAUSAL FACTOR CHARTING

Event and Causal Factor Charting (ECFC) is a graphic'representation of "what" and
"why" things happened on a time line. Event and Casual Factor Charts are useful
particulary for complex and complicated situations and are more useful than long
narrative descriptions.
They show exact sequence of events from start to finish and allow the addition of
barriers, other conditions, secondary events, presumptions and casual factors that
influenced the event.
This technique is very effective because many of the casual factors become evident
while plotting the time line for the event. When ail the data collection has been
completed, the next step is to draw some logical conclusion from the information
gathered.

3. CHANGE ANALYSIS

Change Analysis looks at a problem by analyzing the deviation between what is
expected and what actually happened. The evaluator essentially asks what
differences occurred to make the outcome of this task or activity different from all
the other times this task or activity was successfully completed.
This technique consists of asking the questions: What? When? Where? Who? How?
Answering these questions should provide direction toward answering the root
cause determination question, Why?
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Primary and secondary questions included within each category wilt provide the
prompting necessary to thoroughly answer the overall question. Some of the
questions will not be applicable to any given condition. Some amount of
redundancy exists in the questions to ensure that all items are addressed.
Change situation analysis is a good technique to use whenever the causes of the
condition are obscure, you don't know where to start, or you suspect a change may
have contributed to the condition. This technique may be adequate to determine the
root causes of a relatively simple condition. In general, through, it is not thorough
enough to determine all the root causes of more complex conditions.

4. BARRIER ANALYSIS

Since barriers can fee viewed as controls to prevent unwanted actions, they can be
analyzed to determine why they were either non-existent or failed to prevent the
occurrence of some undesirable action. Barriers can be physical, such as a chain
lock on a valve, they can be administrative, such as a procedure; or something else,
such as time or distance.

Barrier Analysis can be performed independently, but it has one weakness. If the
evaluator does not recognize all applicable failed barriers, the evaluation may be
incomplete. For this reason barrier analysis should be used in conjunction with
Events and Causal Factors Charting and/or Change Analysis. When the barriers are
identified in a logical progression, failed or missing barriers can be identified and
corrective actions taken.

A list of example barriers is presented in Table 3.

PHYSICAL BARRIERS

Safety and Relief Devices

Engineered Safety Features

Redundant Equipment

Conservative Design Allowances

Locked Doors and Valves

Radiation Shielding

Fire Barriers and Seals

Interlocks

ADMINISTRATIVE BARRIERS

Plant Operating and Maintenance
Procedures
Company Policies and Practices

Training, Education, and Experience

Work Control Program

Radiation Work Permits

Licensing of Operators

Technical Specification

QA/QC

Table 3
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5. MANAGEMENT OVERSIGHT AND RISK TREE

As it was defined in the introduction root cause is the most basic reason for an
unwanted condition that, if corrected , would eliminate recurrence of that condition.
The Management Oversight and Risk Tree (MORT) [4,5] is defined as
specific/systemic factors that cause or create conditions that may be less than
adequate performance or that could result in unusual events (deviations, incidents,
accidents). Once identified less than adequate conditions can be corrected and
future events prevented. The bottom line is identifying all the "why's" that set up
an event.
MORT is a comprehensive analytical technique for analyzing technical,
administrative and management systems. It has deductive fault tree analysis as the
basis for its approach in analyzing events for a root cause. It uses a MORT manual
consisting of approximately 1500 questions to guide the investigator to the root
cause(s) of an event. Due to complexities of MORT, MORT should only be used
when directed by management or as recommended by a MORT trained individual.
Specifically, assessment and control of management factors directly related to a
barrier or control would greatly enhance the value of probabilistic risk assessment
(PRA) and provide a greater degree of reliability assurance.

6. HUMAN PERFORMANCE EVALUATING SYSTEM

This technique is applied when human error is detected as a possible Root Cause.
It applies all three analyses described before (Change Analysis, Barrier Analysis and
Event and Casual Factor Charting) plus some, specially developed for breaking a
task into subtasks in order to identify specific human errors [1].

These analyses are:
1. Walk-through Task Analysis is a step by step re-enactment of the task without

performing any of the required actions. The purpose of this analysis is to
determine how the task was actually performed.

2. Human Factors Survey addresses the man-machine interfaces and how they
relate to procedures, design factors and general physical environment, i.e. the
work area.

3. Technique of Operational Review analysis is a tool for detecting management
oversight and omissions. It is used for evaluation of repeated inappropriate
actions.

4. Human Performance Questionnaire is used to determine the specific mental
process and the type of inappropriate action involved in the event as well as
the most appropriate .form of a corrective action. The questionnaire is helpful
in determining if the training program covers the appropriate material or if the
person involved in human performance has retained the supplied training.

5. Interviewing is the most important and direct method of data gathering. It is the
only reliable way to determine all behavioral factors and casual factors.
However, interviewing does have limitation: it can be time consuming and
require a degree of skill. Also facts become less clear as the time between the
event and the interview increases.
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7. ROOT CAUSE ANALYSIS IN KRSKO NPP

According to the administrative procedure "Root Cause Analysis" Krsko NPP is
using ail methods for root cause analysis techniques (Event and Causal Factor
Charting, Change Analysis, Barrier Analysis and MORT) and specifically Human
Performance Evaluating System as a basis for optimizing human performance and
as a part of the Human Performance Enhancement System. An example of a casual
factor worksheet from this procedure which is frequently used for root cause
determination is given in Table 4.

The input for a root cause analysis is the administrative procedure "Deviation
Report" which defines the way of reporting all deviations from normal operation and
condition of the equipment, system or plant as well as deviations from optimal
human performance. A Deviation report is drafted as a form and can be generated
by any person in the plant.

As a constitutional part of the administrative procedure "Operating Experience
Assessment Program", the deviation report is subject to screening for further
investigation in cases that have a potential for significant impact on safety and
reliability of the plant, as well as a potential impact on industrial safety of the
personnel.

If by the event screening no further investigation or direct action is necessary, then
the in-depth root cause analysis is not required. In the other case when the event
screening declares further investigation, then the in-depth root cause analysis is
performed by a trained root cause investigator. According to results of the root
cause analysis further corrective actions are defined and approved at the Krsko
Operating Committee meeting. Corrective actions are further followed until they are
fully implemented.
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Procedure No.
ADP-1.1.203

Revision - 0

APPENDIX 6.5
CAUSAL FACTOR WORKSHEETS

NEK /ING

Page 3 of 17

C . W o r k P r a c t i c e s - Worker methods uvd ingrained habits used in Ac completion of a task.

I I Applicable I I Not Applicable

1. Document That Slates the

Work Practice

a Administrative procedure

b Job procedure

c Other job documents

d Not formally stated

i II III IV 2. Intended Or Required Error

Detection Method

x Self-checking

b Immediate check by second

person

c Delayed check by second

person

d Documented

e Direct

fIndirect

I a in IV

Why were work practices a cause ?

Rate (1,2,3) each 3.
contributing factor:

1 = Primary
2 = Secondary
3 = Possible

Er ro r Detection Practices

a Self-checking not used

b System alignment, tagout, restoration not verified

c General equipment condition (temperature, pressure, etc.) not checked before
starting work

d Independent checking riot used

Document Use Practices

e Required procedures, drawings, or other references not used

f Documents not followed correctly

g Up-to-date documents not used

Equipment/Material Use Practices

h Used tool(s) not designed for job

i Made unauthorized material substitution

j Improper/nonuse of equipment

Worker's Practices

k Inattention to detail, misdiagnosis, wrong assumption

1 Carelessness, contusion

m Inadvertent bumping, stepping on, or damage to equipment

n Administrative controls not performed

o Radiological/ALARA work practices not followed

p Industry safety not followed

q Unidentifiable

r Other (specify)

Code

0302

0303

0304

0305

0306

0307

0308

0309*

0310

0311

0312

0313

0313

0314

0315

0316

0301

0300

I II m IV

Recommended Corrective Actions:

Table 4
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Operational Safety and Upgrading of Bohunice and Mochovce

Peter LJSKA, Stanislav RAPAVY, JiPi SUCHOMEL, Vladimir TVAROSKA
Nuclear Power Plant Research Institute (VUJE), Okruzna 5,918 64 Trnava, Slovakia,

ABSTRACT

Based on comparison with safety experience of Western PWRs, the Bohunice operation has been
safe and reliable. To ensure a safe, reliable, ecological and economical power for future, the option
with the least costs was decided to implement - to complete the Mochovce units in accordance with
current international nuclear safety standards, to upgrade the safety of two V-1 Bohunice units with
the deadline in 1999, and to modernize process equipment and safety systems of two V-2 Bohunice
units later on. By implementing safety upgrading of the V-1 Bohunice units 1 and 2, internationally
acceptable safety level with regard to the recommendations of various safety missions will be
achieved and their operation till the end of their design life time may be envisaged. The completion of
the Mochovce-1 in June 1998 and unit 2 in June 1999 becomes a key environmental issue and a
strategic concern for meeting future demands, with the aim"not to exceed the import of 15% of the
consumption.

INTRODUCTION

40 years of nuclear power development in Slovakia was celebrated at the Bohunice plant recently.
The point of embarkment on nuclear power in Slovakia was marked by the establishment of the
Nuclear Power Plant Bohunice in the former Czechoslovakia in 1957. At the same year, a joint design
commenced between Czechoslovakia and the former Soviet Union of the first nuclear power plant
A-1 Bohunice with heavy water moderated and carbon dioxide cooled reactor with the gross output of
150 MWe. The A-1 plant was put on line in December 1972. Due to technical deficiencies and human
errors two incidents occurred in 1976 and 1977 which resulted in the decommissioning of the plant.

In 1970, the project of PWRs of the WER-440 type was initiated. Two units of the old generation
V-230 type were connected to the grid in 1978 and 1980 at Bohunice. Currently a safety upgrading
program is being implemented to increase their safety up to the internationally accepted level with the
deadline for completion in 1999;

Other two units of the new generation V-213 type were commissioned in 1984 and 1985 at Bohunice
with their safety level closer to international standards - at. that time. Their safety enhancement
program will be implemented, too.

The construction of another four units with WER-440/213 reactors with seismic design was started on
the Mochovce site at the beginning of eighties. The construction of the first two Mochovce units shall
be completed in 1998 and 1999 with significant safety enhancement.

It is not possible to meet the tasks resulting from the responsibility of the utility for the supply of
electricity at the high level of quality and reliability without nuclear power [1]. Nuclear units in Slovakia
produce almost half of the electricity of the utility. Credible expectations that the rate of GNP increase
in the range of about 6% will continue in the future cannot be met from natural resources. The basic
source will be nuclear power. For the utility the safety and environmental factors are of the utmost
priority when addressing the operation of nuclear units.
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1. BOHUNICE OPERATIONAL SAFETY IN 1996

It is necessary to inform technical people in details what events occur in the operation of the
Bohunice V-1 and V-2 plants and what is their safety relevance in international comparison. At the
same time it is necessary to assure the general public about the high level of safety in the Bohunice
operation and about a decisive effort the operators take to maintain and permanently improve the
global safety level, in a common effort with the Nuclear Regulatory Authority (UJD SR) and
supporting organizations such as the Nuclear Power Plant Research Institute (VUJE) in Trnava.

Revealing openly the events which occurred in Bohunice operation, we try to contribute to public
awareness by showing a permanent control over nuclear safety, and in this way we try to strengthen
the image of reliable and unquestionable operation.

1.1 SAFETY RELEVANT EVENTS AT THE V-1 BOHUNICE PLANT IN 1996

1.1.1 V-1 events with high safety relevance (INES > 1)

No V-1 event in 1996 was rated as event with high safety relevance.

1.1.2 V-1 events with moderate safety relevance (INES 0-1)

* HO-2 medium scram during a test with subsequent HO-1 fast scram (INES 0)
* HO-1 scram from a trip of the last operating turbine by error (INES 0)
* Inadequate start of four HP SI pumps during a RPS check, confinement spraying during a spray

system test, damage of a pressurizer relief tank disc (INES 0)
* Inadequate start of four HP SI pumps during a test (INES 0)

Four events with moderate safety relevance at V-1 in 1996, out of which one manual HO-1 scram
from rated power level following a non- necessary HO-2 scram actuation, one: automatic HO-1 scram
from 53% power level, and twice starts of high pressure safety injection (HP SI) pumps, represented a
significant reduction in comparison with 1995 when there were 9 such events. All these events
occurred in the course of surveillance tests.

All HO-1 and HO-2 scrams at V-1 in 1996 were fail-safe events as there were no actual needs for
protection actuation. Two HO-1 actuations at power represented the frequency of 1 per reactor-year
which was by a factor of 3 lower than in 1995. All HO-1 scrams were rated as INES level 0.

1.1.3 V-1 events with low safety relevance

31 events at both V-1 units in 1996 had a low impact on safety. It was by a quarter more than in 1995.
The total amount of the safety relevant events in 1996, however, was at the 1995 level.

Out of the total amount of 55 events, the human factor contributed to 20, which represents 36% and
was less than 46% in 1995. 19 events with human factor participation were safety relevant, their
fraction was thus 40%, which was slightly more than 37% in 1995.

1.1.4 Conclusions from the evaluation of V-1 operation in 1996

The amounts of events at V-1 in 1996 are shown in Table 1. 35 events of Category I and 11 less
important events of Category II were reported at V-1 in 1996. It represented a slight rise in
comparison with 1995. The average 17.5 of safety relevant events per reactor- year was roughly the
same as in 1995. The amount of events with moderate safety relevance dropped significantly (4
against 9), however, the amount of low safety relevant events rose (31 against 24). These numbers
were significantly lower than during the Small Safety Upgrading in 1992 to 1993. They did not exceed
the range of 15 to 30 safety relevant events at Western PWRs.

1.2 SAFETY RELEVANT EVENTS AT THE V-2 BOHUNICE PLANT IN 1996

1.2.1 V-2 events with high safety relevance (INES>1)

No V-2 event in 1996 was rated as event with high safety relevance.
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1.2.2 V-2 events with moderate safety relevance (INES 0-1)

* Water overflowing from RCS into confinement through an open SG during unit shut-down (INES 1)
* opening of output breaker with reactor load rejection (INES 0)
* HO-1 scram at Unit 3 and a single turbine trip at Unit 4 initiated by protections in an external

switching station (INES 0)

The amount of three events with moderate safety relevance at V-2 in 1996, out of which one
automatic HO-1 scram from full power, one unit disconnection from the grid with smooth load
rejection down to the level of house consumption, both due to electrical causes, and the overflowing
of RCS water into the confinement at a unit in refueling outage, was approximately at the level of four
such events in 1995 and of three in 1994.

A single V-2 event in 1996 resulted in automatic HO-1 scram, the scram frequency was thus 0.5 per
reactor-year. In 1995 and 1994, the HO-1 scram frequency at V-2 was 1.

1.2.3 V-2 events with low safety relevance (all INES level 0)

The amount of 40 low safety relevant events at V-2 in 1996 was by a third higher than in 1995. It
resulted mainly from an openness in event reporting in line with safety culture principles because
most of them were revealed and repaired during tests and at shut-down units which is a sound policy.
However, certain types of failures at some equipment or systems recurred from the past.

In 1996, 20 events at V-2 were caused by human factor. It provided a slight increase in comparison
with 16 such events in 1995. Out of the 55 reported events, the contribution of human factor
represented 36% which was roughly at the 1995 level (34%). 19 events with human factor
contribution were safety relevant with the fraction of 44%, which was approximately the same as 42%
in 1995.

1.2.4 Conclusions from the evaluation of V-2 operation in 1996

The amount of events at V-2 In 1996 is shown in Table 2. 19 events of Category I were reported and
36 events of Category.II, totally 55 events. The amount of 43 safety relevant events at V-2 in 1996
was significantly higher than 18 in an exceptionally successful year 1994, and was slightly higher that
33 in 1995. The frequency of 21.5 safety relevant events per reactor-year in 1996 did not exceed the
range of 15-30 events at Western PWRs.

1.3 SUMMARY CONCLUSIONS TO THE SAFETY OF BOHUNICE
OPERATION IN 1996

The operation of all four Bohunice units has been safe and reliable both in 1996 and during the whole
operation of about 70 cumulative reactor-years till the end of 1996. The operators (SE-EBO)
investigate the causes of operating events carefully and take corrective measures to avoid their
recurrence. Root cause analysis is carried out for safety significant events according to
methodologies such as IAEA ASSET or Human Performance Enhancement System (HPES). The
Nuclear Regulatory Authority (UJD SR) regulates safety and in case of a need enforces measures
necessary. Independent analyses of events have been carried out in the Nuclear Power Plant
Research Institute (VUJE) Trnava. The actual events in Bohunice operation have had potential
impact on safety only with regard to defence in depth degradation, none of them had either on-site or
off-site impact.

Following the commissioning of both V-1 units in 1978 resp. 1980, the amount of reported events was
increasing in line with the "bath curve" law, but since 1983 these numbers were decreasing till 1990
due to the stabilization of operation. In the course of the V-1 Small Safety Upgrading carried out in
1991 to 1993, the amount of events at a number of new equipment was again increasing, but since
1994 it has been dropping again. A similar trend has been shown at the V-2 units: increasing amount
of events following their commissioning in 1984 resp. 1985, and then a permanent decrease. The
initial trial rating of safety significant events in Bohunice operation, including INES rating, was more
stringent than the current standards of rating.
The amounts of safety relevant events at V-1 and V-2 have always been in the lower range of such
events in Western PWRs. E.g. 3000 to 5000 events are reported per year into INPO from about 100
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US units which represents the frequency of 30 to 50 per reactor-year. 50 to 75 of the reported events
are safety significant which corresponds to the value of 0 to 1 per Bohunice reactor-year.

There was one INES level 1 event at four Bohunice units in 1996 (see Table 3) which provides the
frequency of 0.25 pre reactor-year. At 54 EDF units in 1995, the average of level 1 anomalies was 1.4
per reactor-year, two INES level 2 incidents occurred and no level 3 serious incident. In 1996, the
EDF frequency of INES level 1 events was 1.6 per reactor-year, again with two level 2 incidents.

There were three HO-1 scram events at Bohunice in 1996 which provides the frequency of 0.75 per
reactor-year. Western PWRs have higher scram frequency than the Bohunice units, e.g., for US
PWRs the cumulative shutdown rate per reactor-year till the end of 1995 was 3.59 per reactor-year,
and in the second half of 1995 the shutdown rate annualized was 1.29 per reactor-year. At French
units, the automatic shut-down rate in 1996 was 1.5 per reactor-year.

The year 1996 confirmed good results of Bohunice operation achieved in previous years. Load factors
were high and safety indicators did not record any degradation: the amount of scrams was low, the
amount of safety relevant events was low, and mainly no event was rated at level 2.

Events in V-1 and V-2 Bohunice in 1996 had a potential impact on safety with regard to defence in
depth degradation only, none was rated according to the attribute of on-site or off-site impact.

The experience from Bohunice operation confirms the need to improve permanently safety culture
which establishes that, as an overriding priority, safety issues receive the attention warranted by their
significance. One of the significant principles of safety culture is an efficient feedback of operational
safety experience from both national and foreign plants.

The highly developed introspection of the nuclear system means that all those involved are on a
permanent look-out for the slightest sign of abnormality or malfunctioning long before they could
produce undesirable effects. Root causes of events are investigated in particular as regards human
and organizational aspects: when it comes to risks, knowledge is the first step on the road to wisdom.

Behind the good results obtained in Bohunice;'there is the focus of attention on safety matters. The
operators do not think that safety is now a fact and that other operational concerns are requiring
priority attention. The reality of the progress made must not conceal the fact that still there is progress
to make in many safety related fields. Self-congratulation concerning safety is out of place now as it
always was.

Although the effects of low safety relevant events at Bohunice operation were not significant, they are
nevertheless unacceptable. In the preparation, performance and checking of system alignment and
periodic tests there were situations in which expectations have not been realized.

The physical state of working areas, particularly during outages when many workers are present, does
not correspond to the neatness, cleanness and orderliness that one expects from a nuclear operator.

The provision of numerous tasks by service suppliers.from outside needs special consideration. The
service supplier must be subject to quality requirements and the operator responsible must possess
suitable supervision capability.

An IAEA OSART mission reviewed the operational safety of the V-2 Bohunice Units 3 and 4 in 1996.
The review was based on a comparison of the plant operation with good international practice and did
not result from any particular deficiencies or concerns about safety.

The total results of the review showed that Bohunice has carried out a number of activities with the
assistance of international community with the objective to enhance nuclear safety.

The OSART team identified the following good areas:
- The general material assurance and plant housekeeping is at a good level.
- The units have diagnostic and safety systems at a good quality level. These systems include

computer-based monitoring system for emergency diesel generators and extensive diagnostic
systems to ensure early detection of leaks from primary and secondary systems.

- The monitoring programme for radiation and contamination outside the exclusion zone is very good
with remote monitoring of radiation levels from 42 points.
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- A permanent system of fission products monitoring is installed in RCS. It is connected to the plant
computer network which enables to monitor the results not only at the main control rooms, but also
at other points in the plant.

The OSART team developed several proposals for the Bohunice management how to stimulate
personnel to improve the performance:

- Assure root cause analyses of operational events and implementation of corrective actions to
prevent recurrent events

- Enhance the quality of normal operating and emergency procedures and procedures for early
warning and notification

- Improve the ability to reveal deficiencies and non-standard situations during plant walk-through.
- Improve the effectiveness of training of plant personnel, regulatory inspectors and management.

The OSART team expected that the implementation of these recommendations would result in
enhancement of a number of plant programmes and would contribute to future safety operation.

2. SAFETY UPGRADING OF V-1 BOHUNICE

2.1 INTRODUCTION

Safety weaknesses and advantages of VVER 440/V230 units are well known. An adequate
harmonization of the V230 unit features with the current safety requirements can thus be achieved by
extensive and timely and economically requiring modification activities. The former Czechoslovak
regulatory body (CSKAE) based on its own evaluation, as well as on proposals from the operators
themselves and the results of international expert groups, issued the Decision No. 5/91. In this
Decision, 81 preconditions for continuing with the operation following 1992 refueling and
preconditions for subsequent operation following 1995 were specified.

2.2 GOALS FOR V-1 SAFETY UPGRADING

The Safety Upgrading (Backfittinq, Reconstruction) was based on:

- CSKAE Decision No. 5/1991
- CSKAE Statement on V-1 Backfitting
- Decisions of the CSFR Government Nos. 21 and 111/91, 283/92
- UJD SR Decision No.1/94

Background Materials:

- WANO Recommendations
- SIEMENS Review Commission
- Austrian Expert Commission
- Recommendations of IAEA Safety Review Mission at V-1 Plant
- IAEA Ranking of Safety Issues for VVER 440 Model 230 - February 1992
- Policy of Fundamental Backfitting - November 1991
- Technical and Economical Analysis of Backfitting Effectiveness - December 1991
- Preliminary Safety Analysis Report for Backfitting - June 1992
- Basic Engineering -1996

The scope, requirements and priorities of the objectives and intentions require to prepare and
implement backfitting works at the V-1 plant in two separate timely distinguished phases.

The first phase, the so called "Small Safety Upgrading" was going on since 1991 till 1993 and
included the most actual and relatively developed ideas for safety improvments implemented in short-
time or intermediate deadlines.
The second phase, the so called "Gradual Safety Upgrading" was significantly more requiring as its
objective is to achieve such level of nuclear safety as is used in Europe when operating nuclear
power installations. Within the preparation of this phase, the "Specification Safety Analysis Report for
V-1 Gradual Upgrading" was developed in VUJE. The Nuclear Regulatory Authority (UJD) of the
Slovak Republic (SR) issued the Decision No.1/94 whose attachments form the conditions and
priorities for the gradual upgrading.
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2.3 SMALL SAFETY UPGRADING

From a relatively broad program of the small safety upgrading, those activities will be presented here
which provide a permanent part of the policy for V-1 safety upgrading, or will be further developed in
the subsequent process of upgrading:

- assurance of reactor pressure vessel integrity. Based on the assessment of reactor pressure vessel
life time and thermal- hydraulic and strength calculations during unit transients, measures were
taken to reduce the fluency of fast neutrons on pressure vessel wall and regenerative annealing
was implemented

- seismic upgrading of the plant - phase I. Building structures of the main civil premises were
upgraded, and the integrity of the reactor coolant system, steam and feedwater lines was improved

- computer and experimental works proving the probability of a break of main circulation piping with
the diameter of 500 mm to be less than 10"6 per reactor-year, the so called LBB method

- qualification of selected equipment in safety systems and safety related systems. The qualification
criteria are selected so that they provide an evidence about the reliable function of this equipment
in accident conditions

- improvements in confinement integrity
- increase of the reliability of steam generator super emergency feedwater system - addition of a

redundant pipeline and adaptation for the connection of a back-up water source
- modification of confinement spray discharge lines for enhancing spraying efficiency
- interconnection of both V-1 units in the extent of safety injection systems (in the part of boron acid

emergency storage tanks)
- modification of pressurizer safety valve including addition of a new relief line
- installation of isolation valves at main steam lines for coping with situations associated with main

steam line breaks
- replacement of sensors and associated measurement and evaluation devices of in-reactor

monitoring systems
- -addition of safety-parameters display system into the control system at the main control room
- addition of safety parameters display system in the areas of the twin unit (replacement of

emergency control room)
- separation of the distribution system of DC power supply between units, installation of additional

accumulator batteries at each unit, two-channel design of the essential power supply of Category II
for each unit (including addition of new diesei generators)

- replacement of electric fire alarm system in the reactor building
- addition of hafon fire extinguishing system at selected busgears and computers
- and a number of others.

All measures were implemented gradually at both V-1 units during extended refueling outages.

2.4 GRADUAL SAFETY UPGRADING

The gradual safety upgrading follows up the results of the "Small Safety Upgrading" and is carried out
in 1996 -1998. Trie basic objectives specified for the gradual safety upgrading are as follows:

- improve reliability and effectiveness of the reactor core cooling during operation and in accidents:
- from secondary side
- from primary side using residual heat removal system
- by "bleed and feed" method

- provide core cooling during loss of coolant accidents so that in the event of the newly defined
design basis accident (break of pressurizer surge line with the diameter of 200 mm with double-
ended discharge, or a partial break of primary pipe with the equivalent break diameter of 200 mm)
the probability of severe core damage would be less than 10"4 per reactor-year

" achieve the probability on demand of a failure of the modified emergency core cooling systems
including all support systems less than 10~3

- modify the confinement including its spray system so that:
- in the event with a design basis accident, or with a main steam line break, or a main feedwater

line break, the limiting values of overpressure and negative pressure will not be exceeded and
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the authorized dose equivalents at the exclusion zone boundary (50 mSv whole body, 500 mSv
thyroid) will not be exceeded as well

- in the event of a beyond design basis accident with a break of a pipeline with the diameter of
500 mm with double- ended coolant discharge, the safety function of the core cooling would not
be impaired and the dose equivalents at the exclusion zone boundary (250 mSv whole body,
1500 mSv thyroid) will not be exceeded

_ design the modified instrumentation and control system of the reactor emergency protection
system, including its power supply, so that the probability of its failure on demand will be less than
10'5 per reactor-year

- improve the seismic resistance so that the unit would be shut down safely by means of seismic-
proof safety systems following an earthquake with the intensity of 8 degrees MSK-64

- improve the reliability of plant off-site power supplies.

These basic objectives for the safety upgrading will be implemented in the form of:

- addition of steam dump stations on main steam lines
- modification of steam generator super emergency feedwater system
- modification of the Madunice hydro-power plant - establishment of the power supply source No.II!
- modification of emergency core cooling systems
- completion of fire protection systems
- modification of power supply systems accounting for measures for the separation of redundancies

in essential and vital supplies - •
- modification of instrumentation and control systems
- modification of confinement spray systems
- establishment of a new confinement system for mitigating the consequences of beyond design

basis accidents
- improvement in confinement integrity
- upgrading of confinement strength
- establishment of a new filtered venting system

"- complete the modification of essential service water systems
- modification of heat-up, ventilation, air-conditioning and cooling systems (HVAC)
- enhancement of the seismic resistance of safety relevant parts.

For the implementation of the gradual upgrading, REKON consortium was established consisting of
two partners, German SIEMENS AG KWU and Slovak VUJE Tmava Inc. The goal of the consortium
is to join the know-how of Western nuclear industry with the possibilities and experience of Slovak or
Czech suppliers.

An extended planned annual outage for maintenance and refueling began on August 17, 1996 at the
V-1 Bohunice Unit 2. The extension of the outage was needed to implement modifications of
components and systems within the framework of the Gradual Safety Upgrading based on a contract
for the implementation signed by the utility SE and the REKON consortium. The upgrading with the
aim to enhance the safety level of both V-1 units by 1999 will totally costs about 5.5 billion Slovak
crowns (now about $155 million US). The REKON consortium consists of the Siemens company and
the Nuclear Power Plant Research Institute (VUJE) Trnava, Inc. The top German firm will participate
approximately by 40% at deliveries and capacities.

Based on the Specification Safety Analysis Report, the results of plant equipment requalification and
the conditions of regulatory body shown in the Decision No. 1/94, the SIEMENS together with some
Slovak organizations developed in 1994-1995 the-,so called Basic Engineering.

Project Organization:

Customer: Bohunice
General Supplier: REKON
Siemens: Deliveries from Germany, I&C implementation, Supervision
VUJE: Deliveries from other countries, Component installation, Commissioning,
Personnel training, Documentation for authorities
Project Manual: Relations EBO-REKON
QAP for the Reconstruction: Siemens part and VUJE part
Special QA programmes required by Slovak authorities
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Structure of REKON Project Organization:

Steering Committee - Directors of Bohunice, Siemens and VUJE
Status Group (monthly) - Project leaders from Bohunice and REKON
System Groups - Preparation of Project Documentation
Term Status - Joint REKON and Bohunice Group for Checking Schedule
Implementation Team in Bohunice - Leaders and Supervisors from VUJE and Siemens during

installation and commissioning
Bohunice Committees for Work Management During Refueling Outages - Coordination Between

Normal Plant Activities and Reconstruction

Quality Assurance in V-1 Gradual Safety Upgrading:

Quality Assurance (QA) and Quality Management (QM) plays an important role in the Gradual Safety
Upgrading. It is split into four phases:

- definition of processes (organization and QM system)
- personnel training
- internal and external audits
- implementation

The project management is supported by quality management, project coordination group, site
management, commercial management, and scheduling, documentation and administrative services.

2.5 CONCLUSIONS FROM THE V-1 BOHUNICE GRADUAL SAFETY UPGRADING

The described intentions for the gradual safety upgrading of the V-1 Bohunice units provide the most
requiring upgrading program from all nuclear power units with WER 440/V230 reactors with regard to
both technical and economical aspects. The implementation of the gradual safety upgrading is
focused within extended planned unit outages under the condition that both units have to be fuily
operable without any degradation of nuclear safety following each phase.

This is, however, the only way how to assure the V-1 nuclear safety level acceptable internationally.
This is not only a technical and economical issue, but a political one as well.

3. COMPLETION AND SAFETY UPGRADING OF MQCHOVCE UNITS 1 AND 2

Final contracts for the completion of the first two units of the Mochovce nuclear power plant has been
signed on April 16, 1996. The national utility Slovenske elektrarne (SE) signed the contracts with the
main suppliers for the completion:

Czech main supplier of production process and safety systems &KODA Prague

Czech main designer Energoprojekt (EGP) Prague.

Another main parties within these contracts are:

Atomenergoexport - nroof" body for Russian organizations resolving safety improvements and
participating in commissioning activities for certain systems

French EDF - consultancy services for preparation of operation and commissioning

EUCOM - a joint venture of German Siemens and French Framatome - responsible for the main part
of safety improvements

VUJE - technical support for resolving safety improvements and implementation of commissioning

A number of other organizations participate in the organization of the completion and commissioning,
such as Westinghouse for symptom-oriented emergency operating procedures, SAIC for
development of PSA study, and Slovak Power Equipment Research Institute (VUEZ) for confinement
improvement.

The construction will be completed on the acceptable level of nuclear safety based on the
recommendations of the IAEA ..Safety Issues and Their Ranking for WWER 440 Model 213 NPPs",
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accounting for specific features of the Mochovce design as defined in a RISKAUDIT report No.16
from 1995, and from an IAEA Safety Improvement Review Mission from 1995.

The process of safety improvement implementation has been discussed with the Nuclear Regulatory
Authority of the Slovak Republic (OJD SR) so that the regulators are constantly informed about the
results of the resolution of safety improvements. In case of a necessity of hardware changes, the
regulatory body approves design modifications. The regulatory authority will have an exclusive right
to issue a license for the plant commissioning based on a Final Safety Analysis Report developed in
line with the US NRC Regulatory Guide RG 1-70.

It is the first such case that partners from the EU participate in the construction of such large power
generating facility together with nations associated to EU, as well as with countries not associated yet-
Such broad cooperation is a picture of future Europe, of a joint approach to addressing global
problems, as well as an example of the way how to approach the assurance of fundamental needs of
society while minimizing adverse impacts on the environment.

According to an evaluation of alternatives for the Mochovce plant carried out by_ a US company PHB,
the costs for a gas fuelled plant would be by 28% higher than the completion. Nevertheless, such
plant is being built in Bratislava and will provide district heating in parallel with electricity supply.

The Slovak government provided a state guarantee for credit on the completion of the two Mochovce
units. The guarantee provides for loans including interest 27 billion Slovak crowns (770 million USD).
Komercni banka from the Czech Republic will provide the largest portion of the loan - 200 million
USD. Other loans from Ceska sporiteina - 100 million DM, Credit Anstalt Frankfurt an Main - 130
million USD, SGP (France) - 64 million DM, VSeobecna uverova banka + Slovenska sporiterfia -
95 million USD + 6.3 billion Slovak crowns.

Totally 87 safety improvement measures were accepted for implemention to enhance Mochovce
safety level. Based on the IAEA-SC-WWER-03 document, these measures were split into four safety
categories with increasing significance:

The resolution of these safety improvements is split in the following way:

Leader

EGP
EUCOM
Russian organizations
SKODA
VUJE
SE

Category
111
2
3
5
3
3
5

II
3

27

7
2
2

I
8

12

5

Total

13
42

5
15

5
7

In the most important Category 4, no safety measure was ranked. All measures from Category 3
shall be implemented prior to the commissioning at least in such extent that the particular measure
could be transferred into Category 2 or Category 1.

The implementation of the safety improvements was split into the following phases:

A - studies and analyses

This phase is completed in case of a need to change the original design by means of '..Basic Desig". It
was completed in April 1997. The focus in this phase was on the particular leaders.

B - designing

This phase begins with a ..Change Procedure" with subsequent development of partial initial and
detailed execution design. Currently a major part of the safety improvement is in this phase. Its
completion will be different. The focus in on EGP.

C - implementation

Currently this phase is starting for certain cases. The focus is on SKODA Prague and its
subcontractors. Its completion is different as well.

Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997 267



Analyses, studies and designs have been developed for all 87 safety enhancement measures, and
their implementation into the original design is going on, with 30 modifications being already
approved. All 87 safety enhancement measures will be implemented. More than 50 percent of them
will be the responsibility of the consortium EUCOM consisting of Framatome and Siemens.

The management of the SE utility takes adequate care for Mochovce completion to meet the
deadline for unit 1 start-up. A deadline for the first milestone in the commissioning - an extended
pressure test of the reactor coolant system at the unit 1 - was met on August 21, 1997.

The completion of Mochovce is carried out with full involvement of the Nuclear Regulatory Authority
(UJD SR). The plant has to submit to the regulators a draft of Final Safety Analysis Report by
September 1997, as the plant has to know the principal regulatory position regarding the
implementation of safety measures in order to meet the deadline for the start-up. The regulators are
involved not only in safety improvements, but also in installation and commissioning works
(evaluation of the results of revisions and repairs, of start-up programmes, evaluation of QA
programmes of subcontractors. Currently more than 3500 construction personnel are working on the
site and the completion work is strongly in the hands of the investment organization and main
contractors.

References:

[1] Mikus, T., Role of nuclear power in Slovakia, SARM'97 Conference on Severe Accident Risk and
Management, Piesfany, Slovakia, June 16-18,1997
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Table 1 Numbers of safety relevant events at V-1 Bohunice

Plant

V-1

Year

1996
1995
1994
1993
1992
1991
1990
1989
1988
1987
1986
1985
1984
1983

Number of
Cat l+ Cat II
35PU+11Z

41
65
96
78
93
77
77
76
95
110
113
147
174

Number of safety relevant events
High

L 1NES>1
0
0
0
1
1
0
0
1
2
0
1
2
3
2

Moderate
INES 0-1

4
9
3
8
7
7
3
6
6
3
5
4
7
4

Low
INESO

31
25
17
37
34
20
26
24
31
27
27
31
20
17

Total

35
34
20
46
42
27
29
31
39
30
33
37
30
23

Table 2 Numbers of safety relevant events at V-2 Bohunice

Plant

V-2.

Year

1996.
1995
1994
1993
1992
1991
1990
1989
1988
1987
1986
1985
1984

Number of
Cat l+ Cat II
19PU-fj86Z

48
56
66
58
76
66
85
99
88
134
131
65

Number of safety relevant events
High

INES>1
0
0
0
0
0
0
1
1
1
3
1
3
1

Moderate
INES 0-1

3
4
3
2
2
4
6
8
6
11
11
7

22

Low
INESO

40
29
15
33
19
18
24
28
36
38
53
51
17

Total

43
33
18
35
21
22
31
37
43
52
65
61
40

Table 3 Numbers of events rated in the INES scale at Bohunice plant

YEAR

1996
1995
1994
1993
1992
1991
1990

V-1
INES 2 .

-
-
-
-
-
-
1

INES1
"0
3
1
3
3
1

L 5

INESO
35
31
19
43
38
24
23

V-2 I
INES 2

-
-
-
-
-
-
1

L INES 1
1
1
1
1
1
3
3

INESO
42
32
17
34
20
19
27
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Abstract

Public opposition to nuclear power in Slovenia was quite small in the past year. There was
enough time to concentrate on long term information and education of public. At Nuclear
Training Centre in Ljubljana we had more than 6000 visitors listening to the lecture about
nuclear energy and visiting the permanent exhibition. We have set up an interactive World
Map with the display of all nuclear power plants of the World. Such a device makes strong
impression especially to young visitors. This year we have also performed the poll about
nuclear energy among the visitors. Some positive shifts in public opinion can be observed.

Introduction

The period since our last report on this meeting [*] was quite favourable in Slovenia regarding the
public opinion about our only operating nuclear power plant Krsko. After very unsuccessful attempt
of opponents to organise a national referendum about the future of that plant (they have collected
only about 6 % of needed 40.000 supportive signatures for that proposal), any public activity against
nuclear power has virtually ceased. At parliamentary elections in the fall 1996 the Green party did
not even reach the minimum number of votes to come into the parliament, so their activity has
almost stopped. In the mean time the upgrading and uprating processes in the plant are going on, so
that the immediate future is looking promising.

Activities of Nuclear Training Centre Milan Copic
Such favourable general situation-gave us opportunity to focus on long term information and
education of general public. At the Nuclear Training Centre Milan Copic in Ljubljana we are
concentrating to younger population, mainly to organised school groups. In last four school years we
had altogether already 24.715 visitors, mainly students of last two years of elementary schools and
high schools with their teachers. From figure no. 1 their number can be followed through the years.
It is interesting to note that we had the most visitors (8090) in the school year 1995/96 when the anti-
nuclear campaign was the strongest. Last year, 1996/97, when nuclear power plant was almost not
present in the public anymore, we are back at "normal" numbers around 6000. We are making some
steps to increase it to some extend in the future.
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Figure 1: Number of visitors in NTC

In addition to the activities described already in [2] (Lecture How do we get Electricity from Nuclear
Energy, exhibition Electricity from nuclear energy, visit to TRIGA reactor and radwaste storage), we
are now additionally offering to the visitors the following:

New exhibition about the history of the use of radioactivity Atoms through their time
Two leaflets about the nuclear energy around the World and about the operation of the nuclear
power plant,
Interactive panel with the map of the World and indicated locations of all power reactors
(described below),
World Wide Web site with increasing amount of information,
Lecture about radioactive waste*,
Four different leaflets about the radioactive waste*,
A mock-up of surface and underground waste repository*.

(*prepared together with Agency for Radwaste Management [3]).

In continuation we will describe our efforts to present the importance of nuclear power for today's
developed world and compare the results of the poll of our visitors with those from four years ago.

Presenting the importance of nuclear power

Most of us nuclear professionals know that there are about 400 operating nuclear power plants
around the world. But already the next question How many are there in Europe? is hard to answer.
Of course most of us have no idea about the years the plants were put in operation or how many are
already shut down. During our work with the public we came to the conclusion that answers to these
types of questions are very much misconceived among the general public. With the majority of
negative news about nuclear power in media an average citizen easily comes to the conclusion that
nuclear energy is a curiosity, which can easily be abandoned without any serious threat to his way of
life. So we came to a conclusion that one of very important messages we have to bring to the public
is the importance of nuclear power for today's well being of developed world.
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In the past we have displayed a static map of the
World with the nuclear sites shown as coloured
dots. To improve the educational effect of the
exhibit we have developed a new, computerised
World map, which offers much more interactive
possibilities to the user (Figure 2). It actually
consists of four maps (Europe, North America,
Far East and the whole World), since otherwise
the density of LEDs would be to high.

There are 557 LEDs installed on the map, one
for each power reactor planned, operating or
shut down. Three colours are used: green for
PWRs, red for BWRs, and yellow for all the
others. In front of the map we have installed a
monitor, from which the user can interact with
the display.

Figure 2: World Map of NPPs
The software, running on the ordinary personal
computer and controlled only with the mouse, offers number of possibilities how to display the
NPPs:

by continents,
by individual countries,
by status (planned, operating, shut down),

- by types (PWR, BWR, HTGR, CANDU, RBMK and others),
by year (before or after the selected year or only in selected year),
chronologically from the year 1956 to 2000,
or any combination of above.

By clicking to the name of any reactor on the screen one can get basic data about it: type, owner,
power, years of construction, operation or shut down. Gradually we are adding also the photographs
of each site, which can be called to the screen. There is a short description available for each type of
reactor.

One of the hardest parts of the project was the collection of data. Although there are several well-
known databases managing such information in the World (e.g. IAEA, Nuclear Engineering),
number of inconsistencies appeared and we had to make our own decisions. For example, first we
decided to consider Armenian NPPs as shut down, but then before the conclusion of our project one
of them was operating again. Even more problems are with the planned plants. However, for the
general public the absolute correctness of data is not of crucial importance, therefore we are
updating them only occasionaly.

With this device it is now easy to get answers to questions from the beginning of this paragraph: by
selecting continent Europe and operating plants 215 LEDs come on. Similarly we can learn that
there are 253 PWRs and 94 BWRs around the World, that 74 reactors are shut down and 41 under
construction. The chronological options are especially interesting also for some professionals trying
to make a historical review of development of nuclear power and possible predictions for the future.

The response of the public, especially school children, is very positive. They like the interactivity,
which gives you additional challenge and invokes the interest. It is quite impressive to see more
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than 200 LEDs in Europe only and to realise this is not something that we could discard without
serious problems.

A simplified version of the exhibit is shown also on Internet at the address
http:\\www2.ijs.si\~icjt\npps.html. Only data without maps are currently available.

Gallery of Nuclear Power Plants

At the end of the year 1996 we sent a letter to all nuclear power plants around the world asking them
for an example of their public information materials. We have received answers from about 110
nuclear sites, so we have established a comprehensive collection of printed public information
materials, which gave us number of ideas. Collection itself could be a basis for separate study of PR
activities around the nuclear world, but here we want to describe only the simple immediate
application. We have^canned and prepared for publication on Internet WWW all available pictures
of Nuclear Power Plants. At the Gallery of Nuclear Power Plants at
http://www2.iis.si/~icjt/npplist.html user can now see how nuclear power plants are looking from the
outside and thereby maybe change possible misunderstanding about ugly industrial facilities.

Public opinion about nuclear energy

One of the ways we can measure the public opinion about nuclear energy is by polls. For the first
time we made such a research in the year 1993 [2]. We have prepared the questionnaire based on the
similar poll performed by Faculty for social sciences. Every visitor was polled before listening to our
lecture and before seeing the exhibition. By that they should have only knowledge of nuclear energy
obtained elsewhere. They were mainly children in the age between 12 and 19 years. Table 1
compares basic data about the structure of polled population:

Table 1: Polled population

Number of asked students

Elementary : High school

Boys : Girls •:•-.

1993 1997

1791 432

75,80% : 24,20% 75,70% : 24,30%

57,73% : 42,27% 44,70% : 55,30%
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Age distribution of polled population is shown at Figure 3. Most students were in both years from
the eight grade of elementary school (age 14).

Figure 3: Age Distribution

10% 20% 30% 40% 50% 60%

• 1993 m 1997

The answer to the question about themcSst:"harmful things for our environment (several answers were
allowed) shows little changes: ozone holes and pollution of forests are losing on importance,
radioactive waste is understood to be worse than four years ago, while radiation from NPPs is given
less importance

Figure 4: What is most harmfull to the environment?

Ozone holes

Pollution of rivers and seas

Chemical pollution

Pollution of forests

Greenhouse effect

(Radioactive waste

Acid rain

Radiation from NPRs

Automobile exhaust gasses

I don't know

5% 10% 15% 20% 25% 30%

• 1993 1997
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Figure 5: What are the reasons against the use of
nuclear power?

Possibility of an
accident

Disposal of fuel

Enough of other energy
sources

Radiation from NPP

I don't know

0% 10% 20% 30% 40% 50%

• 1993 M 1997

In the answers to the questions about the reasons against the use of NPPs some kind of the shift into
the sensible direction can be observed: more people think that there are enough another energy
sources and less of them are concerned by accidents, fuel disposal or radiation.

Figure 6: What are the reasons for the use of
nuclear power?

Low er price

Energy independence j

Cleanliness of this
energy source

Lack of other energy
resources

I don't know

QQ%

is;

m 21,7Q%

[20%

22,33%

9,34%

0% 5% 10% 15% 20% 25% 30% 35% 40%

D1993 S 1997

Reasons for the use of nuclear energy (Figure 6) also make more sense: it seems that people were
more aware of low price, small environmental impact and energy independence.
With the understanding of what is going to be stored in low level waste repository we can not be
satisfied: almost one quarter of population believes there is going to be fuel, reactor coolant or ash
from fossil power plants in there, while another quarter has no idea about the content.
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Figure 7: What will be stored in the low level radioactive
waste repository?

Spent fuel "

Reactor coolant w ater

Used dresses and tools

RWfrom hospitals and

industry

RW from 2irovski vrh

uranium mine

Radioactive ash from fossil

power plants

Nothing from that

I don't know

• 1993 1997

'If we compare Figure 8 with the similar one from the year 1993 [2], we can see that more people
would be willing to live close to the NPP (28,7% compared to 25,1%) and RW repository (34,3%
compared to 24,3%). On the other hand more people would be willing to live close to the fossil plant
(36,3% compared to 33,4%).

Figure 8:1997 - How acceptable is it for you to live in the vicinity of:

Nuclear Power Plant if^Wl 53,94% [-3,72%

Mine repository 51,62% 9,26% 8309$

Animal farm

IL
Pulp factory |J£^

F T

36,34% 7,41%

31,25%

Highway

Low and intermediate RW
repository

Fossil power plant

33,10%

51,85% 7,64% B;

i i"
46,76% 10,4256-

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

acceptable II partly acceptable • not acceptable 0 I don't know 0 no answer

Proceedings of 4 Regional Meeting Nuclear Energy in Central Europe, 1997 279



Figure 9 shows the answers to the perhaps most interesting question. Number of supporters has
remained almost the same, while the number of opponents has decreased on account of undecided.

Figure 9: When should NPP Krsko be shutdown?

Immediately

In five years

At the end of its life >'
time

I don't know

-L====
'} TVm 11rro.11%

0% 10% 20% 30% 40% 50% 60% 70%
—r"
80%

• 1993 1997

Conclusion

Information activity of our Nuclear Training Centre is already well established and certainly has
positive effect in our society. The results of the poll show us some good trends in public acceptance
of the nuclear energy. We will continue with our efforts to contribute to such situation.
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MEDIA RELATIONS
AN OPEN WINDOW TO PUBLIC ACCEPTANCE

Tomaz Kukovica, Irena Mele
Agency for Radwaste Management,

Ljubljana, Parrnova 53, Slovenia

Abstract:

The growing impact of electronic media and the press on general public opinion has been
widely accepted as a fact which might have positive or negative economic and political
consequences: a media headline announcing possible health damaging ingredients in your
favorite ice tea, may persuade you to stop buying this product. Many other consumers
may react as you did and make a routine decision on this matter without serious
consideration. The negative selling trend is usually a result of such media public opinion
impact, therefore for company owners and shareholders that media headline is not just
one of daily pieces of gossip, but the primary business concern.

We are dealing with a similar, if not even worse situation in the nuclear industry, where
only bad news is good news: News about various "accidents" that "daily" happen in
nuclear facilities, which spread fear and terror among people are still dominating.
Because journalists sometimes do not have enough knowledge about nuclear issues, they
see no difference, for instance, between nuclear accidents and incidents. Such serious
lapsus pennae are damaging to the nuclear industry. How to reduce this phenomenon and
prepare the media to write objective reports on nuclear issues is one of the prime
concerns of nuclear public relations professionals. ...

The Agency for Radwaste Management has been systematically working on this problem
during the past three years in Slovenia. A professional approach to the issue by several
steps, starting by defining the problem field, and continuing with various researches into
media knowledge and the approach to nuclear energy issues, and into media sources of
misleading information, have all given us the basic orientation for building better
relations with media.

Within this paper the media relations strategy, practical use of public relations tools and
results of media relations work will be presented.
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CRUCIAL ROLE OF MEDIA RELATIONS

It is not surprising that public relations professionals give major attention to the media.
The media can reach broader publics and therefore create and revert public opinion. The
general public receive the majority of information from the media. This information
represents the skeleton of their beliefs. This is the main reason why media relations
represent the core of public relations in every corporate communication strategy.

Unfortunately media relations do not stop when the company's message is sent to the
media, as many people believe, but it continues: The editor, or sometimes journalist will
be the person who will decide whether the received message will be published or not.
There are many reasons why editors do not publish PR (public relations) messages, but
the task of PR practitioners is to know those reasons with the purpose of avoiding
mistakes that can negatively affect the company's image. The positive company image
can be ruined by negative, sensational news or even by absence of information, as was
experienced by the Agency for radwaste management, too.

Four years ago, the Agency was facing wide media "attack" after an unsuccessful public
approach during the third phase of site selection for low and intermediate level waste
repository in Slovenia. The journalists wrote many negative articles and critical
commentaries about its work, which had a bad influence on public opinion. It was
obvious that a lot of things had to be changed in the Agency's PR strategy. The public
relations strategy was fenewed on the basis of past negative experience and various
analyses, and was then implemented. The media relations have a crucial role within this
strategy.

MEDIA RELATIONS POLICY: BUILDING BRIDGES

The first analyses of the media approach to radioactive waste management in Slovenia
and to the Agency for radwaste management have shown that journalists prefer to use
environmental opinion leaders as a source of information, rather than nuclear institutions.
On the other hand, many journalists are dealing with a lack of knowledge about nuclear
energy, which is usually combined with an environmental perception of the issue.
Frequently both are accompanied by false translation or by misinterpretation of foreign
news agencies' information. All of those obstacles have the nature of communication
problems and could be eliminated or alleviated by better media relations.

It was transparent that the future aim of agency's media relations strategy would be
focused on building trust with the media by various interactive tools. The lack of two -
way communication within past media relations was One of weakest fields of the
Agency's PR praxis. To identify the main problems and to define short-term PR goals a
small study among journalists was performed, asking them whether they would like to
receive more information from the Agency and what would be the most appropriate form.
On the basis of their answers we have chosen some achievable short term goals to break
through the embarrassing situation. The priority of PR work was oriented towards
increasing the Agency's information credibility by:
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• Providing the media with prompt and accurate information;

• producing and distributing various educative and informative publication
about radioactive waste management;

• creating a cooperative PR department, always at disposal for media
questions and requests.

PUBLISHING ARTICLES

The media focus on the nuclear industry is mainly concentrated on negative stories about
various "accidents" or "incidents". This kind of public image is damaging to the nuclear
industry reputation and to public acceptance of nuclear facilities. Therefore the nuclear
industry media presence is necessary to show the general public the true picture of events,
scientific efforts and achievements.

The concept of the Agency's media presence was formed on the notion of information
accuracy and current radioactive waste management news. The public credibility of
nuclear institutions could be increased, if radioactive waste management issues were
brought up continuously, no matter whether the nature of information is positive or
negative or whether the news concerns domestic or international events. In October 1994
the first article was published in the main Slovenian newspaper, Delo, and since then
Agency for radwaste management regularly has provided the media with up-to-date
radwaste management news.

\ YLAR

1994

*.( 1995

> 1996

1997 (until August)

by Agency

2

17

11

5

\ by JOUI ualistb

3

40

71

'. 2 4

Total

5

57

82

29

Table 1: Published articles on radioactive waste management in the Slovenian media
from 1994 to August 1997

The dynamics of the published articles on radioactive waste management in the Slovenian
media from 1994 to August 1997 shows that the trend of mention has been on the
increase since the 1994 (Table 1). It is also noticed that from year to year there are more
and more articles written by the journalists on the basis of various Agency sources such
as press conferences, interviews, press releases and different Agency publications. This is
an important fact, because it is usually quite hard to balance the company's wishes to be
present in the media with the editor's concept of "interesting news". The editor certainly
is the "hot news" arbiter. The decision, as to whether the received press release will be
published or not depends on his judgement and criteria. And if the company is
"bombing" the media editors with press releases too often, and for almost every "small"
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event or discovery, the effect may be the reverse: there will be no news published, and
even in cases when you may have something important to announce, editors will regard
your message as trash information.

Therefore it is important to choose carefully the news and the events that are big enough
to pass the editors' selection and reach the general public. The information about
journalists and editors "hot news" criteria can be taken by personal contacts with the
media. Personal contacts are of mutual benefit: exchange of information and building
trust.

MEDIA RELATIONS TOOLS

Many opinion studies among journalists about the PR department's information
accessibility have shown that they have many problems in obtaining reliable information
and responsible or authorized persons for statements. It may happen that operator
reconnects journalists call several times, and still there is no-one that can answer or give a
short response to a simple question. The significant role of PR practitioners is to help
journalists get access to the information!

In the Agency for radwaste management every journalist is welcome, and we do not make
any difference between young, inexperienced journalists and experienced senior
journalists who know precisely what they need to ask, or even journalists looking for a
sensational story. Through the first contact with the journalist, the Agency tries to get the
frame of the ..story that journalist wants to cover. This is a regular and useful procedure
that saves time for both parties, especially in case when the journalists are not familiar
with nuclear technology or radioactive waste management and have difficulties in
defining the data they require. Once the issue and questions have been defined,
preparation of the answers is usually routine work.

Many questions about radioactive waste management are repeatedly asked. In order to
facilitate the communications Agency has prepared various publications with the answers
to most frequently asked questions:

*t* Series of five leaflets about radioactivity, radioactive waste, disposing low
and intermediate level waste, high level waste disposal and radioactive
waste facilities in Slovenia;

• Agency newspaper with thematic issues;

• Book about radioactive waste;

• The most frequently asked questions and answers about radioactive waste
management;

•

•

Videocassette about the remediation project for temporary low and
intermediate level waste storage near Zavratec, and

Annual reports.

All these materials have informational and educative value, and they are written in clear
and simple language supported by many illustrations and pictures. The Agency has also
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its own Internet homepage (http://www.sigov.si/arao/sarao.html) designed on the same
concept. New publications are in preparation.

For covering the current nuclear events other PR tools are used. The usage of tools
depends on the situation. If there is an important decision to be announced, the press
conference is the right means for doing so. In those areas in which radioactivity, as the
main concern, cannot be seen or felt, yet the fear of the deadly consequences excites
imagination and spreads the NIMBY (Not In My Back Yard) syndrome it is of great
importance, not just to explain, but to illustrate or demonstrate future projects. A press
conference with additional demonstration of planned activities was organised by the
Agency last year at the beginning of remedial works on the temporary storage of
radioactive waste in Zavratec. The conference was organized in the village of Zavratec.
After the "official" part of file conference, journalists were invited to visit the storage,
where they "freely" observed and photographed the works. Their fear of deadly
radioactivity consequences disappeared fast, and they reported about the project most
professionally and objectively.

Within the Agency's PR strategy the press conference represents the priority tool when
Agency communicating important decisions and in crisis communication cases. Less
important information is spread to the general public by press releases.

EVALUATION

Evaluation is the. final part of every PR project, and a necessary process inside PR
management. There are several evaluation systems used in the Agency for radwaste
management to evaluate the efficiency of our PR work and to define media needs or
demands and specialties. A regular daily procedure is surveying the main Slovenian
press. By regular survey of the press we daily follow media reporting, which makes it
possible for us to react promptly if negative, untrue or incomplete information appears.
Later attention is given to calming down the situation and to managing the problem by
positive public opinion output from the Agency.

There are also monthly and yearly press clipping surveys and evaluations: These analyses
show us the frequency of radioactive waste management issues appearing in particular
media, the journalists who cover this field and, of course, their attitude to the issue. All of
the evaluated data give us instructions on how to improve future media relations and
campaigns. The annual press clipping survey, together with the annual report, is sent to
the journalists in order to help journalists to gain a detailed picture of nuclear events.

A public opinion poll among target publics is conducted every year. The journalists are
also interviewed within public opinion polls. The questionnaire consists of two parts.
First part represents questions about specific projects that are in progress, and the second
part represents general questions, which are repeated every year. General questions give
us the possibility to compare results and to detect progress or regress in the journalist's
opinion, and also in the opinion of other target publics.

The recent opinion poll results show that the Agency made great progress in media
relations within the last three years. From table 2, one can see that only 30% of
interviewed journalists actually new the name of the responsible institution for
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radioactive waste management in Slovenia in 1995. A year later, in the next opinion poll,
77.4 % of journalists recognized the Agency for radwaste management as the responsible
institution for this matter in Slovenia.

1995

percentage

Vc* 30.0

No 70.0

nontkn««

I O I M 100.0

1996

percentage

77.4

3.2

19.4

100.0

Table 2: Can you quote the name of the responsible institution for radioactive waste
management? (Target public: media)

It is well known that through the media the general public can be reached. By managing
media relations, general public opinion can be influenced. However the processes do not
occur simultaneously. Changes in general opinion can be expected with a certain delay,
as is illustrated in table 3:

Journal istb

{^bvernmeni

Parliament

Agency foi radwaste managemenl

Ecologist*;

Ess pens

ScicntisU.

Ho one

Someone else

Don't know

1995

percentage

4.3

3,4

1.6

6.0

29.7

2S.5

13.9

13.2

1.4

1.0

"-\1996- •

percentage

; _ T&: ,"
1.4' ' '

' , 4 . 0

14,1

35,6 • •
V X.

•,?? (' -

*0,4^ ,

116.6; .

Table 3: Whom do you trust the most for the safe disposal of low and intermediate
radioactive waste? (Target public: general public)

* -
In thel995 opinion poll results there were 6.0 % respondents who trusted the most in the
Agency for the safe disposal of low and intermediate level radioactive waste. Last year
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the figure decreased to 4.0 %. The same trend is noticeble in all other answers, with one
exception. The public trust in the experts is increasing. It is obvious that the Agency has
to pay more attention towards presenting itself as an expert organisation in creating a
future corporative image. But more precise answer to this question will be given by the
next opinion poll, which will be finished in October this year.

CONCLUSION: BUILDING TRUST WITH THE MEDIA

Nowadays public opinion about nuclear facilities depends also on media reports. But it is
wrong to think that only journalists create the public image of the nuclear industry. The
positive image of the nuclear industry can also be created by the industry itself.

The Agency's experience shows that the media are faced with the lack of knowledge on
nuclear technology on the one side, and on the other they do not receive enough
information from the nuclear facilities. These are the major reasons why the media turn to
other sources of information, such as environmental opinion leaders. The other obstacle
in media relations is the unapproachability or clumsiness of nuclear institutions. The
supposition that the media are natural enemies is wrong: If nuclear institutions do not
communicate through media with the general public someone else will. And who knows
better our jobs than we? This is a rhetorical question which indicates that the media are an
open window to public acceptance of the nuclear industry.

The Agency for radwaste management has already learned that communications are an
important part of its work and mission, and it intends to continue working with the media
as an ally.
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Abstract

The paper presents results of a study entitled "Energy, System Economic and Environmental Issues
of an Early Retirement of the Krsko Nuclear Power Plant". The study is based on the most recent
assumptions of the economic and demographic development of Slovenia up to 2020. It is on their
basis that estimations are made of the overall energy and electric power system development of
Slovenia. By means of a comparison of development variants involving an early shut-down of the
Krsko NPP with those that foresee its operation until the end of its design life period the authors
estimate effects of the plant's early shut-down. The obtained results indicate that the decision of the
Krsko NPP shut-down should not be conditioned by its energy, system economic or environmental
effects. The analysis of the same offers quite a number of arguments that speak in favour of the
plant's further operation.

1. INTRODUCTION

The novelation of the study "Energy, System Economic and Environmental Issues of an Early
Retirement of the Krsko Nuclear Power Plant" [1] follows the most recent assumptions about
the future electricity demand that are based on two alternative prognoses (conjunctive and
recessive analyses) of the economic and demographic development of Slovenia, as submitted in
1995 by the Government of the Republic of Slovenia to the State Assembly within the frame
of the scheme of the Strategy of the Economic Development of Slovenia.

Considering results of the numerous researches in the long term development of the Slovenian
power and in particular electric power system made after the completion of the initial study
done in 1992, we came to the conclusion that by taking into account the two prognoses of the
future electricity demand development (the higher - conjunctive and the lower - recessive) and
two development Electric Power System (EPS) alternatives (exploitation of domestic sources -
DV and natural gas - ZP) the coverage is made of the overall realistically expected course of
development alternatives that ajre of a decisive character for the estimation of consequences of
an early shut-down of the Krsko NPP. By doing so we managed to decrease the number of
the envisaged development variants into two pairs (Krsko NPP shut-down/operation).

190 19S5 2000 2005 2010 2015 2020

Figure 1. Scenarios of the annual peak and electricity demand
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The higher demand scenario, that foresees the exploitation of domestic sources, represents the
upper limit of the cost increase for the EPS management that would be contracted in a
rational approach by an early shut-down of the Krsko NPP.

The lower scenario, that foresees the operation of modern combined cycle power plants
(CCPP) and gas turbines (GT), constitutes the lower limit of such increase.
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2. SYSTEM ASPECTS OF AN EARLY KRSKO NPP SHUT-DOWN

With no regard whether the Slovenian economy will be developing according to either of the
two scenarios, i.e. the higher (conjunctive) or lower (recessive) scenario (which after the
transition period lasting up to 2005 represents the zero growth), an early shut-down of the
Krsko NPP would necessitate the replacement of its overall power by new production
capacities. This means that by 2007 the Slovenian EPS should have assured some 700 MW of
new capacities more than this would be necessaiy in the case of its further operation. Due to
obligations assumed towards the Republic of Croatia this is over 300 MW more than the
Slovenian EPS will Be needing itself. Considering the already rather huge scope of new
constructions and upgrading needed for the replacement of the shut-down old units up to
2020, their total power being some 720 MW, and meeting the increase in the demand
(according to the higher scenario until 2020 it should be necessary to build almost 1000 MW,
and according to the lower one almost 600 MW of new power plants), one may expect that
additional difficulties will be encountered as far as quality consumer supply and correct co-
operation with the UCPTE European interconnection members are concerned.

According to the higher scenario it would be possible to have the Krsko NPP power
completely replaced with combined cycle power plants, whereas according to the lower one the
combined cycle power plants are to contribute approximately three quarters of the power of
the replacing capacities and the gas turbines the rest, Fig. 2. According to the present state-of-
the-art these two types of power plants, together with imported coal fired plants that have not
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been treated in this study, should practically be considered as a sole alternative for the Krsko
NPP replacement.
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2016 2020

3500

1996 2000 2004 2008 2012

SN-PE-ZP
2016 2020

1996 2000 2004 2008 2012

SV-PE-DV-BN
2016 2020

3500

1996 2000 2004 2008 2012

SN-PE-ZP-BN
2016 2020

|exist.HPP|f newHPP||NPPK-SLof§§exist.TPP-clj j newTPP-cf | i ccPP-no§| GT-lf gjigcontract|||NPPK-CRO

Figure 2. Time schedule of the power plant structure changes over technologies and scenarios
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With no respect to the fact that the entire power of the Krsko NPP should be replaced by
new power plants, its production could be replaced by both, the existing and new power
plants. According to the higher scenario the existing plants would assure some 14% of the
overall needed replacement production, whereas according to the lower scenario this would be
26%. The largest replacement share will be seen to by new combined cycle power plants
(according to the higher scenario 79% and according to the lower one 64%) and by coal fired
thermal power plants (TPP) (12% and 20% respectively).

ill

^ ^ ^ ^B^^^

Figure 3. Quantitative and relative changes in the cumulative production over power plant
groups and scenarios for the period 2007 - 2020

A better adaptability of new thermal power plants would also facilitate a certain decrease in
the scope of the system unused energy production thus resulting in an increased production of
hydro power plants (HPP) which would according to the higher scenario contribute some 2%
of the substitution production and some 6% according to the lower scenario.

In case of the demand development according to the lower scenario (this scenario corresponds
to the so called zero growth energy demand), additional investment funds in the amount of 0.9
billion DEM would be needed for the replacement of the Krsko NPP; under conditions of a
gradual demand growth such needed additional investment funds would be 1 billion DEM.
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Table 1. Impact of the Krsko NPP shut-down on the increase in investments for the period up
to 2020 (mio. DEM)
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Owing to an early shut-down of the Krsko NPP under conditions of a lower demand growth
operating costs would increase by 3.4 billion DEM, under conditions of a gradual demand
growth this figure would be 4.1 billion DEM.

The cost of an early shut-down of the Krsko NPP was analysed also from the point of view
of the revenue that the Slovenian system should have to additionally assure in order to
compensate the resulting increase in the cost. The relevant optimisation of financial flows
should harmonise investments, payments, cost of the loan servicing and the level of the system
production activity. According to such breakdown of the cost of an early shut-down of the
Krsko NPP for the period 1996-2020, the lower demand growth scenario foresees that the
relevant cost would be 5.2 billion DEM and the higher demand growth assumes that this
figure would be 6.1 billion DEM.

Scenario of
lower

demand
growth

Scenario of
higher

demand
growth

Figure 4. EPS costs caused by an early shut-down of the Krsko NPP (production and
transmission)

Figure 5. Changes in the cumulative production scope in the period 1996 - 2020 over power
plant types and scenarios
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At variations of the electricity demand according to the higher scenario and at the orientation
towards domestic sources, the average annual consumption of Velenje lignite would be
increased by some 650 kt, brown coal from coal mine RTH by some 230 kt and natural gas
by almost 700 Mm3. The consumption of liquid fuel and imported coal would change
minimally.

According to the lower scenario and orientation toward natural gas, the consumption of
Velenje lignite would increase by above 1 million tons, natural by for some 550 Mm3, and
liquid fuel by some 70 kt.

Irrespective of the future electricity demand development and emission restrictions as foreseen
by the Ordinance on Emissions into Air from Incinerators (the Official Gazette of the
Republic of Slovenia no 73/94), an early shut-down of the Krsko NPP would result in an
increase in emissions of harmful substances into air and in quantities of deposited ash from
power plants. The pertaining increase would be in the quantitative as well as in the relative
sense higher in case of the lower demand growth.

This applies to both, the horizon emissions in 2020 and cumulative emissions in the period
following the shutting-down.

Figure 6. Relative changes in horizon emissions over scenarios (in 2020)
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Figure 7. Relative changes in the emission cumulative for the period 2007 - 2020 over
scenarios

Emissions of CO2 and NOx would increase most as a result of the fact that the major part of
the dropped out production of the Krsko NPP would be replaced by CCPP and TPP.
According to the lower scenario, horizon and cumulative CO2 and NOx emissions would be
increased by some 70%, whereas according to the higher one the increase would attain 40%.

Speaking in terms of emissions of harmful substances, characteristic for coal fired thermal
power plants (SO2 and deposited and air emitted ash), the lower scenario foresees that the
relative aggravation would be even more explicit as these plants would cover over a quarter of
the replacement production (the higher scenario foresees just some 10%). The increase in the
horizon emissions of these substances would be of the order of some 40% and in case of the
higher scenario 20%. According to the lower scenario, cumulative emissions would increase by
over 30% and according to the higher one by some 20%.
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An early shut-down of the Krsko NPP would require a considerable change in the development
concept of the Slovenian 110 and 400 kV network and its transformation. Considering the
current circumstances, this would mean increased losses (cost) at the electricity transmission,
new corridors for the overhead transmission lines needed for the inclusion of replacement
sources into the electric power system, and reinforcement of their connections with the 400 kV
network.

If GT and CCPP, that would be replacing the Krsko NPP in case of its early shut-down, were
connected to the 100 kV network due to their low power, the shut-down of the Krsko plant
would cause instability and would very much decrease reliable operation of this part of the
interconnection thus practically disabling Slovenia to participate in the exchange and trading in
electricity.

This is why it would be necessary that apart from the construction of new production
capacities reinforcement of their connections with the 400 kV network would be a prerequisite.

Following results of an analysis of operational states, a conclusion can be drawn that at the
demand development according to the higher scenario in case of an early shut-down of the
Krsko plant, the possibility should be considered of having new sources at Brestanica (Pinst —
350 MW) connected to the 400 kV level for which further investment into the transmission
system in the amount of some 12 million DEM would be needed.

Though at the demand development according to the lower scenario in case of an early shut-
down of the Krsko NPP and construction of new sources on the 110 kV level the capacity of
the transmission system would not bring along major problems, we may nevertheless expect an
increase in transmission losses.

Energy import from the UCPTE interconnection is particularly at peak states very much
reduced due to the overengagement of transit paths between France and Italy and Switzerland
and Italy. The loading of these paths at some connections reaches the value that is very close
to their permissive thermal limit. This consequently means that at particular states the
electricity import from the West is absolutely impossible.

The import from the Middle and East-European countries causes no problems as far as
capacities of transmission paths and commitment of the transmission network are concerned.
Yet, it is the energy availability for the future import from these countries that is uncertain.

Generally speaking, it can be concluded that the long term electricity import cannot be a
strategic orientation of the Slovenian EPS development.

Speaking in terms of the cost movement, any type of power plants that according to the
current state-of-the-art can be taken into consideration for the replacement of the Krsko NPP
is relatively risky and moreover, GT and CCPP bring forth a certain risk also with regard to
the long term reliability of the fuel supply.

An early shut-down of the Krsko NPP would deprive the Slovenian EPS of the possibility of
taking advantage of the technological development that may be expected around 2023 which is
the year of expiration of the plant's life period when its replacement should take place. This
opportunity would be beyond reach for a certain period even after 2023 as in case of an early
shut-down the obligation towards the Republic of Croatia to provide it with replacement
supplies will terminate at that time and the Slovenian EPS would thus have some 300 MW of
surpluses of the installed capacity.

3. CONCLUSION

Decision taking about the development of the production part of the Slovenian EPS is a highly
demanding task as it involves capital highly intensive facilities with an extremely long life
period. This is why such decisions fully take into account the basic EPS characteristics for a
very long period of time and irreversibly change marginal conditions of its further development
optimisation.

It is for this reason that it is even more important that at the decision making the basic
principles and criteria for the energy system development and criteria and procedures for the
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rational decision making are fully observed. Disrespecting them would unavoidably result int<
the following very frequent deficiencies:

• planning of nonfeasable implementation schedules,
• reliance on technically, technologically and/or commercially unverified solutions,
• insufficiently radical and not complexly verified alternatives,
• consideration of a too short research horizon etc.

which altogether give rise to temporary difficulties and/or long term deviations from the optima
development.

Complete and timely realisation of all the necessary measures needed for a reliable anc
universally acceptable energy supply following the shut-down of the Krsko NPP should
irrevocably be assured prior to the taking of the decision about its shut-down. The shut-down
procedure should be followed-up on a regular basis and its definite shut-down term
correspondingly adapted whenever this turns out to be necessary. The responsibility for it
should only be assumed by the Electricity Supply Industry and - owing to the very high level
of the state interventionism in the energy sphere in Slovenia - by the top Slovenian political
and administrative bodies.

The novelising reconfirmed findings of the basic study that the decision about an early shut-
down of the Krsko NPP cannot be based on its energy, system economic or environmental
effects. The analysis of these effects offers a great number of arguments that speak against an
early shut-down of the Krsko NPP.
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Introduction

The Nuclear Regulatory Authority of the Slovak Republic (UJD SR) as the state authority

provides information related to its competence, namely information on safety operation of

nuclear installations, independently from nuclear operators and it enables the public and media

to examine information on nuclear facilities. The important aspect is proving that the nuclear

,-energy in the Slovak Republic is due to obligatory rules acceptable and its operation is regulated

by the State through the independent institution - UJD SR.

UJD SR considers the whole area of public relations as essential component of its activity.

UJD SR intends to serve the public true, systematic, qualified, understandable and independent

information regarding nuclear safety of nuclear power plants, as well as regarding methods and

results of UJD SR work. Communication on reactor incidents or more broadly on operational

events at nuclear power plants represents a substantial part of public information. Generally,

public information is considered as significant contribution to creation of confidence into the

regulatory work.

The obligation to inform the public is legally based Act No. 261/95 on State Information

System. More specific requirements on contents of information provided including plant events

and incidents are expressed in the new Atomic Act, which is at present in advanced stage

approval. Information in the field of nuclear energy and facilities is given also to State

authorities, organisations as well as to domestic and foreign mass media on request. A clear

communication is the key to credibility and credibility is earned, not created. Why the nuclear

industry has so often a lack of confidence has a lot of historical reasons like the military origin,
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the difficulties in communicating scientific topics and the reactor accidents which are creating

negative publicity. The credibility is closely related to concerns for ethics, rationality,

responsibility professionalism and independence.

The means of communication and work programs

The public relations will be understood as attempts to establish, keep and improve UJD SR's

good relations to its surroundings through purposeful informing. In parallel, such communication

also means to follow particular ethical principles and independence, which are precondition of

attaining a respect of the national surveillance over nuclear safety in Slovakia.

Professionally, the public relations at the UJD SR are under responsibility of the Public

Information Manager, who is directly assisting the Chairman of UJD SR. Of course, his close co-

operation with (Directors of Departments) all staff members is absolutely needed. The Manager

co-ordinates all public relations activities, but he also personally prepares press releases, writes

articles, organises press conferences and communicates with TV, radio and journalists. He also

monitors news in various media on subjects interesting for the UJD SR.

An Information centre (IC) at the offices of UJD SR was built and opened in October (1995)

with IAEA Director General Dr. Hans Blix as the first visitor. The entrance to the office building

has been rebuilt and two rooms have been reserved for information purposes. The bigger room

contains the Information centre. It is equipped with a TV-set, a VSR, a radio and a tape recorder.

The room is big enough to be used as a meeting room. The press conferences are held there. I

think that the Information centre could be a good means to spread information to schools and

interest groups. In order to make it a two-ways communication tool it has to be adequately

staffed. The Information centre still is without some own information material due to lack of

funds. From the foreign experiences I can suggest that the information material produced for the

IC is made so that it can be movable, foldable, and used in exhibitions, meetings etc.

If the public has enough general knowledge about radiation and nuclear power, it is easier for

us to manage an exceptional situation. It is important that particularly professionals, such as

medical doctors and teachers, have sufficiently information on nuclear issues at their disposal.

Approaching the UJD SR by telephone or through mail should be convenient, and information

must be available without requiring much effort from public.

According present organisational order of the UJD SR all employees are supposed to provide
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information to the public within the framework of their own responsibilities. As a matter of fact,

journalists prefer to contact, besides the Information Manager, official representatives, the

Chairman, the Vice-Chairman, the Chief Inspector and Directors of Departments.

In the UJD SR are good internal relations within the authority form the basis of good external

communication. This is especially important as the UJD SR is located both in Bratislava and in

Trnava and so some simple day-to-day routines for continuous information exchange between

the two offices had been established. Daily faxes are sent from the Inspection branch at Trnava

to the head office every day. They deal with the status of the operations at the NPP sites. E-mail

is also used for internal and external information by own computer networks. As to other

improvements of internal information I have noted that special all staff meetings are held at

regular intervals. I think this is an excellent form of internal information and for discussing

external information matters.

The UJD SR Public Relations has preferred the media relations and the UJD SR has been

visible in the press and TV and it has participated in radio programmes. The UJD SR had formed

good relations/connections with a Slovakia's news agency. The Agency regularly asks the UJD

SR for information. The UJD SR's press releases are sent to the news agency, which sends them

to the journalists then. The manager of Public Relations and other employees at the UJD SR have

written articles published in different papers and magazines. Such articles have also been

published in the papers the NPPs issue. I think this is a good mean to reach out to different target

groups. It is important to stress the authority angle in these articles so that the UJD SR role as an

independent regulatory body is clear. The advantage of articles written by staff members is that

you decide how your message is forwarded without a journalist Afilter". The UJD SR has taken

all opportunities to contact the mass media. The spokesman is aware of the importance of

enhancing the UJD SR profile as an independent, non-promoting authority. The role of the UJD

SR as an objective authority is always stressed in these articles.

INTERNET network is the important information source allowing the Information Centre to

obtain IAEA, US NRC, NucNet and other databases information, which are used for internal

UJD SR employees' information communication.

The UJD SR has started to publish a bulletin, which will appear three or four times a year.

It consists of current issues regarding nuclear power and the UJD SR activities. The UJD SR

intends to send this to the media, politician's etc. The UJD SR plans to translate it into English

and send

it to neighbouring countries when the costs allows. We will prepare a simple weekly or bi-weekly
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information sheet for the staff about recent external relations including information about press

releases, upcoming visits and meetings, policy decisions etc.

The UJD SR has issued another detailed annual report written in Slovak, which has been sent

to selected ministries, enterprises, nuclear facilities and related industries and research institutes.

For public information purposes in Slovak and English versions and illustrated has prepared too.

This is the main written material from the UJD SR it is important that it is written in a manner

that is understood by a larger public (this noticed experts Sweden/Finland mission to the Public

Relations in the UJD SR). This version is to be sent to the Government, Foreign embassies in

Bratislava, Embassies of Slovak Republic in abroad and International organisations and the

media.

The media relations have been prioritised in the UJD SR from the beginning of activities in

the Information Centre. Mass media is the best way to reach the public at large and an essential

means to make the UJD SR visible. When resources are poor media relations often are the only

way to reach a larger public. The disadvantage is that one cannot govern how the message is

interpreted. The way the authority expresses its message is therefore very important so that it is

easy and understandable for the journalists.

The UJD SR has a direct access to the relevant information including reporting of events

through its site inspectors. Nevertheless, the main information channel to the UJD SR is provided

directly by the NPP staff. Daily reports are regularly sent to the UJD SR every morning about the

status of individual reactor units. The plant is also primarily responsible for dissemination of first

appropriate information about operational events to the public. This responsibility includes also

the judgement which information should be considered of the public interest. Level of the public

interest is sometimes very difficult to predict and therefore quite broad spectrum of events should

be considered.

The UJD SR shall be, however, under all circumstances, on request of any citizen, media, or

international partners, to provide prompt, independent, qualified and understandable information

about the events. Media regularly utilises this possibility. For events either already reported by

the plant or discovered by other channels, journalists often require to confirm, to explain or

simply to provide independent information. This information is as a rule collected by means of

special inspections of the UJD SR.
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The public concerning the emergency planning and exercises

The UJD SR has an Emergency task group, which is divided into a Reactor safety group, a

Radiation protection group, a logistic group and an Information group. An Information group

consists of the Head of a group, the Report analysis expert and News service expert. The other

members are from the emergency preparedness department and a staff member from UJD SR's

department of International Relations. The information group is responsible for public

information in care of emergency as well as for informing the authorities. The IC is placed close

to the Emergency Response Centre (ERC) and it is therefore intended to be used both during

emergency drills as well as during real emergencies. Over the past year UJD SR have been

working toward demonstrating their response to an emergency. This has involved the

commissioning of the ERC in April 1995, development of emergency response procedures and

planning for their first demonstration which was held on 28th March 1996 in co-operation with

the Bohunice NPP. This first collaborative exercise with NPP Bohunice was successfully carried

out with participation of 22 members of emergency headquarters (EH), observers from the

English and Hungarian regulatory bodies and representatives of VUJE, a.s. Trnava. The main

goal of this exercise was to harmonise activities and co-operatjon of EH with the NPP emergency

committee. Besides, review of the newly created emergency regulations, activity of the

management of EH was made, co-operation of individual groups and co-operation with the site

inspector were exercised.

On 22 and 23 May the first joint exercise between the Army of SR and UJD SR took place

under the leadership of the Council of the State Defence. Within this exercise, notification and

warning systems, collaboration with the involved parties, co-operation between individual groups

of EH and information evaluation were reviewed, including development of situation reports and

recommendations. All the planned tasks were fulfilled within the co-operation with the General

Headquarters of the Army of SR. Information group was responsible in this exercise for co-

ordinating the technical briefing material prepared by the Reactor safety group and Radiological

assessment group. This material was used as the basis of a brief to the Chairman of UJD SR

attending the National Emergency Commission for Radiation Accidents (NECRA) and of

information to the media. The Information group was also prepared messages to be sent to

international bodies such as IAEA and, to neighbouring countries as part of Slovak Republics

bilateral arrangements. More detailed messages was sent to Parliament and selected Ministries
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of Slovak Government. Furthermore, this group monitored reports issued by the media on

television and radio.

The next planned exercise was an international exercise INEX-2-CH that took place in

November 1996 and was organised by Switzerland under the auspices of OECD-NEA (OECD's

agency for nuclear energy). EU countries and other invited countries participated at this exercise,

in total 26 countries from all over the world. 7 representatives of EU countries, as well as

representatives of UJD SR as observers attended exercise in the Zurich Crisis centre. The aim

of the exercise was to review communication routes, assessment of an accident, communication

between sectors in emergency planning and improving information level for the public.

The last planned an extensive international NPP accident exercise was arranged in Finland

on April 17, 1997 with 27 countries and international organisations such as the IAEA, World

Meteorological Organisation, The World Health Organisation and the European Union taking

part in addition to Finland. In NPP Loviisa was the focus of the exercise. The exercise was aimed

at developing domestic and international information exchange between various organisations.

Also the dissemination to the public and the media was tested during this exercise.

The Activities of Nuclear Regulatory Authority of the SR in 1996

UJD SR as the state authority provides information related to its competence, namely

information on safety of operation of nuclear installations, independently from nuclear

operation and it enables the" public and media to examine information on nuclear facilities.

This systematically and regularly provided information has to be true, correct and

understandable to avoid misunderstandings and misleading public attitudes. UJD SR started

building up a broad information publicity, conception resulting in UJD SR Information Centre

establishment in 1995. The Centre provides information on the Nuclear Regulatory Authority

activities. The Authority's speaker regularly provides information every UJD SR domestic and

foreign activities for TASR, newspapers, Slovak radio and TV.

In 1997 an agreement was established the UJD SR, the utility Slovenske Elektrarne, and the

two NPPs - Bohunice and Mochovce - to communicate in a timely manner with one another.

This agreement ensures that the public information office of the UJD SR will receive a copy of

information being sent out by NPPs regarding any event or other development. This agreement

not only facilitates communication between the utility and the UJD SR, but it places the UJD SR
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Public Information Officer on an equal footing with utility. This equivalency with the utility is

viewed as an important factor in the overall success of the UJD SR public information

component.

Information on nuclear energy facilities situation is given to state authorities, organisations

as well as to domestic and foreign mass media on request. 41 press reports, 3 radio interviews

and 5 TV records providing information on some important UJD SR events we worked out in

1996. The Slovak Information Agency has presented 4 basic UJD SR documents, consequently

3 press conferences were held. Concerning some less frequent communication activities, UJD

SR can present the UJD SR annual report in three versions (for the Slovak Government, for pubic

and detailed report for experts). UJD SR and StJJB CR (Nuclear Regulatory Authority of the

Czech Republic) issue together ANuclear Energy Safety Newss every two months. UJD SR

activities Bulletin started issuing in 1996 3 to 4 volumes per year. Newspapers, radio and TV

news monitoring is performed for Bratislava and Trnava offices providing interesting papers or

important events records and photos of UJD SR visits.

A meeting honouring the International Atomic Energy Agency's 40th anniversary was held

and approximately 17 journalists attended. Good attendance by journalists (about a dozen) also

marked the International Event Scale (INES) training and seminar on informational databases

held by the UJD SR at the centre.

Practical experience of the information activity performance in connection with the Authority

mission and liability was obtained last and this year. Methodical and organisational guidelines

to adjust the state regulatory authority activities in this field have been prepared.

Conclusion

A communication programme must be tested in practice. Our communication programme is

regularly evaluated in emergency exercises held at the UJD SR. Inviting journalists to participate

in or observe the exercises has intensified this, or by having staff members simulate the mass

media and the public.

The communication means, tools and channels developed and enhanced during the recent

years has increased the UJD SR's functional capability to carry out its information policy.

However, communication cannot achieve its goals unless the receiver is willing to accept the

message. If the receiver is suspicious about the sender's intentions, good communication is
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almost impossible. Maintaining the trust with the media and the public as well as increasing

radiation and nuclear safety knowledge in the society is therefore essential.

All UJD SR communication and information activities in 1996 presented herein aim to

Creation of public confidence, favourable UJD SR image at home as well as abroad.
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Abstract - A two-electron temperature plasma flowing from a source to an exposed surface is studied
analytically and with a simulation code. The collector floating potential is continuously decreasing with the
increasing hot to cold electron temperature ratio. It is also found that at the hot to cold electron temperature ratio
which is greater than 15 and in a certain range of their density ratio three simultaneous solutions exist for the
source sheath potential drop. Outside this range it has either a small value determined by cold electrons or a large
value determined by hot electrons. It is shown by particle-in-cell (PIC) simulations that a potential structure with
a double layer is formed in the plasma in the former cases. The numerical results of the analytical and simulation
study are compared and good agreement is found.

1. Introduction

It has been widely accepted that the tokamak scrape-off layer modelling should be
reconstructed taking into; account several edge modifications. One of the most important
modification is the appearance of energetic electrons due to strong rf fields during ion
cyclotron and lower-hybrid wave heating and rf current drive. The presence of the energetic
electrons has a remarkable effect on potential formation in the plasma because it is closely
associated with the electron distribution. A simple multi-fluid formulation on the sheath
formation was already presented in [1], where also the secondary electron yield from target
materials was included. Later, the steady state potential formation in a two-electron-
temperature plasma was theoretically investigated [2] to clarify the potential structure and to
evaluate the potential drop in such a plasma. The ions were assumed to be generated by
ionisation of neutral atoms without thermal motion. It was also found that a steady-state
monotonically decreasing potential consisting of a presheath, a current-free double layer , a
second presheath and a sheath in front of the target could be set up in a certain range of the
plasma parameters. The double layer was sustained by separation of the two electron species
and generation of ions at the two presheaths. In the present work we investigate the potential
structure in a two-electron temperature plasma flowing to an exposed surface and in which no
ions are produced in the regions of interest. The model may well apply to the collisionless
plasma flowing to a'first wall limiter in a fusion device, as already noticed in literature [3].

2. Model

The plasma system is modelled after Schwager and Birdsall [3]. The distributed plasma
source is represented by a planar source at x=0, as shown in Fig.l. The system is bounded at
the opposite side by a floating collector. The plasma , which is injected from the source,
consists of ions, electrons and additional hot electron component. At the floating collector all
the ions are absorbed and nearly all electrons are reflected. They are then refluxed in the
system in the source region. The electrostatic potential is assumed to be decreasing with
position.
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Fig. 1. Model of the plasma system. Plasma, consisting of ions i, cold and hot
electrons, ec and eh respectively, is injected in the system from the plasma
source at the right. At the left, the floating collector absorbs all ions and reflects
nearly all electrons. They are refluxed in the system in the source region.

The ions are therefore described by an accelerated half-Maxwellian velocity distribution and
the electrons by a truncated full Maxwellian distribution to which a hot component is added :

nOeh exp — exp
M \ t ) { t

( i)

InEq.l is the hot electron density of the full Maxwellian source, y/ is the normalised

t is the ratio between hot electronpotential —-; Vis normalised electron velocity v —
7 ' ilkT.

temperature Teh and cold electron temperature Tec'7 and H is the Heaviside step function with
VMe (x) = - y/c as the normalised velocity of the fastest returned electron; y/c is the

floating potential of the collector. In order to calculate the collector potential y/c and the
source sheath potential drop y/p, we characterise the potential between the source and the
collector sheaths by V V P = 0- Setting the net charge to zero, n^y/P) = nec{y/P) + nef](y/p), the
first expression which relates ^cand y/p is obtained:

- ao)exp{y/P% - y/c a0 exp

(2)

The ratio /o of the ion to electron plasma source densities is obtained from the assumption of
zero net electric current (floating collector):
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n,0; - a0 )exp(y/c exp (3)

T .
with /̂  denoting ion to electron mass ratio and r - ——; CCQ is the hot electron to total

Tdec

electron plasma source density ratio.
A second equation relating y/c and y/p is obtained by assuming zero electric field at y/p.
According to Poisson equation the zero net charge expression is integrated:

= 0
(4)

Vp

The resulting relation is:

(5)

The calculations were performed for hydrogen plasma (l/ju = 1836) with ion to electron
temperature ratio r= 0.1. The dependence of the potentials y/c and y/p o n h°t. to cold electron
density ratio a and temperature ratio t was investigated. Typical curves from Eqs.2 and 4 are
plotted on Fig.2 for two values of temperature ratio t. Only one stable simultaneous solution
was found for t < 15 in the whole range of a but for / > 15 in certain range of a the
simultaneous solution exists at two additional points. The solutions are shown as plots of y/c
and y/p versus electron density ratio a in Fig.3. For t = 10 both potentials, y/c and y/p, are
continuously changing in the whole range of a, but for t = 20 the potential y/P has three
different values in a narrow range of a , 0.23< a < 0.29. The collector potential y/c, which is
mainly dominated by ttje hot electrons, is again continuously changing in the whole range of

'a, regardless of y/p behaviour. In the case of t = 20 and 0.23< a < 0.29 the smallest value of
y/p is chosen as the value of the potential at the source side and the largest value at the
collector side of the plasma system. The third value lies in the transition region between these
potentials (double layer). It corresponds to the layer of cold electron total reflection. Fig.4
shows the collector potential y/c as a function of electron temperature ratio t with density
ratio a as a parameter. Again, it can be seen that y/c is determined mainly by hot electrons,
since already a small value of hot electron current is sufficient to compensate the ion
saturation current to the floating collector. For a pure warm Maxwellian plasma, the
calculation recovers the well-known value for the floating potential y/c — -3.45.
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Fig. 2. Solutions of y/c versus y/p for neutral charge density expression in
Eq.2 and zero electric field condition in Eq. 4. Tlvee simultaneous solutions
are found for t - 20.
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Fig. 4. The normalised collector potential y/c versus hot to cold electron
temperature ratio t with various values of their density ratio a..

3.Simulation

A PIC simulation code XPDP1 composed at Berkeley [4] was used to study the plasma
system. The set of fixed and variable parameters were similar to those used in [3]. A second
hot electron population was added to the input file and the mass ratio for hydrogen plasma
was utilised. A typical phase space, potential and density profiles which evolved in these
simulations are shown in Figs. 5a-5l. In the first column the results for a plasma with only
cold electron component are shown. They are in accordance with those already obtained in
similar investigations [3]. The same situation is met in the third column where a plasma
system with only hot electron component (t = 20) was simulated. The numerical values of the
plasma parameters are accordingly changed because of the higher electron temperature Teh. In
the second column the results for a plasma with cold and hot electron component are shown
(a « 0.23 ~ 0.24). In the potential profile (h) all the analytically evaluated results are
recovered (high value of collector potential y/c , three values of y/p). The numerical values are
also shown in Fig.3 and they fit the theoretical values very well. The density ratio a was
calculated with source particle density data obtained from Fig. 5k. It ca be clearly seen in this
plot that the cold electrons are totally reflected in the double layer region and that only the hot
electrons partially hit the collector to compensate the ion current.
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ratio a in a hydrogen plasma with Tec

 :" 2e V and. ion to cold electron temperature ratio r =
0.1.
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4. Conclusion

We have investigated, theoretically and by PIC simulation, the potential formation in a two-
electron temperature collisionless plasma flowing to a solid surface. Analytically, in certain
range of the two electron species density ratio and at higher electron temperature ratio, three
values for source sheath potential drop were simultaneously found. We ascribed the higher
value to the plasma potential near the collector, the lower value to the plasma near the source
and the third value to the transition in the double layer region in between. The results were
confirmed by simulation and it was also observed that the higher potential region
corresponded to the plasma with only hot electrons and the lower potential region to the
plasma in which both electron species were still observed. The collector floating potential was
continuously increasing with increase of the electron density ratio and was predominantly
determined by the hot electron component. Further simulation work is still going on in order
to obtain more quantitative results for comparison with theory.
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Abstract
A reliable quantitative neutron radiography (NR) method has been developed at Ljubljana Triga
research reactor of the "Jozef Stefan" Institute recently. NR is a very useful non-destructive method
for the determination of moisture and hydrogenous material in laboratory samples of porous building
materials. Monitoring of relatively fast (lmm/min) processes of moisture transport in porous building
materials requires short exposure times and use of very fast NR methods. Novel imaging plates
neutron detectors (IP-ND) developed by Fuji® enable recording of time frozen images of advancing
water front in porous samples with time resolution of 1-40 s. By profilometric evaluation of recorded
NR images attenuation of neutrons in the samples due to hydrogen content is determined. To obtain
quantitative results measurements need to be corrected for the difference in exposure of detectors, the
contribution of background and the nonhomogeneous profile of the neutron beam. Calibration by
standards is necessary to transpose neutron attenuation profiles into moisture concentration profiles.
In this paper some recent results of the application of (he NR methods to the problem of moisture and
hydrogenous liquids transport in porous building materials will be presented.

1. INTRODUCTION:
Non-destructive detection and measurement of moisture is of great importance in civil
engineering and building materials industry. Among different non-destructive techniques
neutron radiography (NR) has many advantages for its high sensitivity for hydrogen
detection, good resolution and quantitative results although it is limited at present to
examination of only few cm thick laboratory samples [1,2].

Qualitative non-destructive detection of moisture in building materials by various static
neutron radiography (NR) techniques is long established at Ljubljana Triga research reactor
of the "Jozef Stefan" Institute [3]. Detection of hydrogenous matter and examination of its
distribution (2D) in porous samples is performed by static NR methods. To obtain
quantitative results, contributions of the neutron beam components to the detector response
have to be determined. For this purpose an extensive neutron beam characterization was
performed in 1995 including neutron and gamma dosimetric measurements [4]. By
introduction of new type of NR detectors, the imaging plates neutron detectors (IP-ND), near
real time NR became possible. Relatively fast moisture transport processes (~lmm/min) can
be monitored by recording time frozen images of the advancing moisture front [5].

The aim of present work is to determine the type of process of moisture and hydrogenous
liquids transport in porous building materials samples and to describe it with transport
equations. In this paper the principle of quantitative NR will be described and some recent
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results of quantitative moisture content measurements with various NR techniques will be
presented.

2. METHODS:
A neutron radiographic image is a shadowgraph of the object, obtained by the transmitted
neutron beam. Thermal neutrons are absorbed and scattered in the object and image of the
attenuated neutron beam is recorded by neutron imaging detector such as radiographic film or
imaging plate IP-ND. Neutron converter material such as Gd metal foil or Gd2O3 (contained
in IP-ND) is required for conversion of neutron radiation into ionising particles (IC electrons)
that are recorded by the detector. 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.

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. Images of sample, open neutron beam and background need to be recorded
to determine the correction factors for the measured profiles of neutron attenuation. The
difference in exposure of individual NR images has to be taken into account.

To determine the concentration of moisture in samples calibration with standards with
known moisture content has to be done. Using fast NR techniques for near real time imaging
moisture profile in samples can be recorded at different wetting times and the advance of
moisture in the material can be monitored. In Figure 1 neutron radiographic image of brick
samples with moisture advancing up the brick is presented and measured neutron attenuation
profiles through the moisture front are shown.

Figure 1: Neutron radiographic image showing wetting of brick samples with moisture advancing up
the samples. Thickness of samples is 2.5 cm, moisture content is up to ~16 w.% (saturated).
Recording time of this NR image is 40 sec at neutron flux of 4-105 n cm"2 s"1. Next to samples standard
plexy wedge is recorded for calibration. Gd markers on the edges mark the relative position of
samples to the neutron beam.
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3. EXPERIMENTAL:
NR experiments are performed at the neutron radiographic facility in the thermal column of
the Ljubljana TRIGA Mark II research reactor. An extensive characterization of this neutron
source has been done in 1995 [41. Thermal neutron flux is 4-10 n cm" s" with cadmium ratio

0 1

of-10 and intensity of gamma background is 1.5-10" mSv s" . The neutron beam diameter is
12 cm but the profile of the beam is rather nonhomogeneous (Figure 2) and for quantitative
measurements only area 9-9cm is used and data have to be corrected for the neutron beam
nonhomogeneity.

For static NR detectors based on combination of radiographic film and converters as Gd
foil or Gd dioxysulphide medical scintillation screens are employed. Single coated Kodak R
radiographic film enables high resolution imaging but is limited by long exposure times (lh
with Gd metal converter, several minutes with scintillation converter).

Monitoring of relatively fast (lmm/min) processes of moisture transport in porous
building materials requires short exposure times. Novel imaging plates neutron detectors (EP-
ND) developed by Fuji® [6] is very sensitive and enables recording of time frozen images of
advancing water front in porous samples with time resolution of 1-40 s. Characteristics of
film based detectors and imaging plates are presented in the Table 1. The advantages of
imaging plates detectors over radiographic films for quantitative near real time measurements
can be clearly seen.

Table 1: Comparison of characteristics of two types of neutron imaging detectors employed in NR
experiments: film based detectors and imaging plates IP-ND. For quantitative near real time
measurements imaging plates detectors are best suited because of linearity of response, higher
sensitivity, wider dynamic range and digitized images.

detector
characteristics

response to
exposure dose

sensitivity
(detector speed)

dynamic range
of exposure dose

resolution 1

image
processing

radiographic film-+
scintillation converter

1 linear only in
narrow range

relatively slow
static NR method

narrow
<102

0.05 mm

film photometry
+ calibration

imaging plates
IP-ND

linear in
all range

very sensitive
imaging in 1-30 sec

wide
< 104 (105)

0.2 mm (0.05 mm)

digital
images

The processing of recorded NR images depends on the type of detector employed. Film
images are evaluated by profilometry using Joyce Loebl 3CS microdensitometer with analog
output, profile width is 0.5 mm. Uncertainties in the results are large and increase even more
at conversion of these analog results into digital. Calibration by standard gray wedge is
necessary due to non-linearity of microdensitometer signal at high optical densities. The
images recorded by imaging plates detectors are read, digitized and saved in computer
memory. For profilometry of images program TINA 2.09 (Raytest Isotopenmeftgerate
GmbH) is used, profile width is 1 mm. Further processing of data is done by program Origin
4.0 (Microcal Software).

316 Proceedings of 4 Regional Meeting Nuclear Energy in Central Europe, 1997



Porous samples used for experiments are prepared from commercially available building
materials produced by local building material industry. Standards for the calibration curve are
prepared from the same material. Amount of water added to the standards to obtain desired
concentration of water in samples is weighed by precision balance. Average moisture
concentration in standards is determined with a precision of ±0.003% and it varies in the
volume of standards by ±0.5%.

4. QUANTITATIVE NR MEASUREMENTS:
For quantitative measurements with NR following requirements have to be fulfilled [1,7]:

1. neutron beam has to be well colimated and moderated with a homogeneous profile and
the background of y-rays and scattered neutrons has to be low enough,

2. detector's response to exposure dose needs to be linear in wide exposure range,

3. contributions of various neutron beam components and background to the detector
response have to be determined,

4. a suitable standard with known neutron attenuation due to its hydrogen content is required
for calibration of the NR method.

250 -

200

I
rt 150

100

i riSht

bottom

neutron beam profile - thermal column
vertical profile horizontal profile

background = epithermal neutrons + gamma rays
vertical profile horizontal profile

10 20 30 40 50 60
position [mmj

70 80 90 100

Figure 2: Nonhomogeneous profiles of neutron beam and background of epithermal neutrons and
gamma rays. Distortion of the neutron beam is up to 10% from the maximum value. Background
contribution to detector response in the open neutron beam amounts to up to 20% of the total value.

Time frozen images of concentration profiles of moisture in building materials are recorded
using IP-ND detectors [6]. Precise position of individual images is determined by Gd
markers. Images are corrected for different exposures of the detectors. Contributions of
neutron beam components to the image detector response were determined by recording the
filtered neutron beam [7]. Contribution of background is subtracted from data. Profile of the
non-homogeneous neutron beam is measured and data corrected. Calibration of quantitative
method is made with a series of standard porous samples with known moisture content made
from the same building material as the investigated samples as well as with a standard plexy
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(methyl-methacrylate) wedge with known neutron attenuation. Corrected experimental results
are correlated with the moisture content values by use of calibration curve [7]

5. RESULTS AND DISCUSSION:

Figure 1 shows a NR image recorded by IP-ND of wetting of brick samples. Water front
advances up the bricks. Qualitative NR is a shadowgraph presenting attenuation of neutrons
in the sample. For calibration standard plexy wedge is recorded together with samples. In
Figure 2 the distorted profile of neutron beam and background is presented with background
contribution reaching up to 20% of the neutron beam values. Figure 3 shows measured
profile of neutron attenuation in a wet sample across the wetting front. The effect of
background subtraction and correction of data for the nonhomogeneity of neutron beam
profile is clearly visible. Figure 4 is the calibration curve used for correlation of measured
and corrected detector response and the concentration of moisture. In Figure 5 moisture
profiles in sample at different wetting times are presented as final results. Profile of dry sample
(before the start of wetting) shows the level of nonhomogeneity of the building material.
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Figure 3: Processing of measured profiles of neutron attenuation in samples to obtain quantitative
values. Background is substracted from measured data and profile is corrected for neutron beam
distortion. Neutron beam and background profiles are smoothed to avoid the accumulation of noise.
Experimental error in profile measurement is -2%.

.6. CONCLUSIONS: *•*-'-

Quantitative measurements of moisture content in laboratory samples of porous building
materials can be effectively performed by NR when all contributions to neutron detector
response are well defined and the data corrected for the beam distortion and background.
Calibration by standards with known moisture concentration is necessary to convert
experimental data to concentration values. Using IP-ND detectors relatively fast moisture
transport processes can be monitored in near real time. Experiments using quantitative NR
will continue in the characterization of moisture transport processes in various samples of
porous building materials.
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Figure 5: Final results of quantitative NR measurements are profiles of moisture concentration in the
samples of porous building materials. From the moisture profiles obtained by recording time frozen
images at different wetting times the speed of moisture transport can be estimated. Moisture transport
in porous building materials samples is a combination of various mechanisms such as suction,
capillary rise and diffusion. The error in moisture profiles is determined mostly by the calibration
error and is below 5 %.
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Abstract
An overview paper on the criticality safety analysis of a pool type storage for a TRIGA

spent fuel at the "Jozef Stefan" Institute in-Ljubljana, Slovenia, is presented; It was shown in [1] that
subcriticality is not guaranteed for some postulated accidents (an earthquake with subsequent fuel
rack disintegration resulting in contact fuel pitch). To mitigate this deficiency, a study was made
about replacing a certain number of fuel elements in the rack with absorber rods [2] in order to
lower the probability for supercriticality to acceptable level.

1. Introduction
It was shown in [1] for spent fuel storage pool at 250kW TRIGA reactor

operated by "Jozef Stefan" Institute in Ljubljana, Slovenia, that for some postulated
accident conditions (an earthquake followed by total fuel rack disintegration where fuel
elements pile together to contact and water remains in the pool) subcriticality cannot
be guaranteed. This deficiency was mitigated by the replacement of certain number of
fuel elements by the absorber rods [2], thus lowering the probability for supercriticality
to acceptable level. Since the same pool would be used for emergency core unloads
also, the calculation with the most reactive, fresh 12 wt% standard TRIGA fuel was
performed to cover the possibility for such unload to occur in the very beginning of the
core life.

The criticality analysis was performed by calculating the multiplication factor
(denoted as keff further in the text) for the spent fuel pool for the pitch being decreased
from the design pitch of 8cm down to contact in a square arrangement of the fuel and
the absorber rods, and additionally, for the most compact, hexagonal contact
arrangement.

Besides, a short study of different absorber rod designs and different materials
,was done. Due to its availability, cadmium was chosen as an absorbing material.

After the determination of the critical number of fuel elements for both modes
of compaction (the square and the hexagonal contact pitch arrangements) was done,
the number of uniformly mixed absorber rods in the lattice needed to sustain the
subcriticality of the storage is studied (again for both lattice loading modes), assuming
that the fuel elements and the absorber rods keep their relative positions.

It was further assured that random mixing of the absorber rods and the fuel
elements occurs during the lattice compaction. Therefore, the possibility for
supercriticality cannot be excluded. A probabilistic study was made in order to sample
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the probability density functions for random lattice loadings of the absorber rods. From
the obtained probability density functions, the probability for the supercriticality
immediately follows.

2. Description of the pool and the absorber rods
The pool, excavated in the basement of the reactor hall, is 2.6x2.6m wide and

3.6m deep. It is filled with pure demineralised water. The walls are made of reinforced
concrete clad with stainless steel. The aluminium fuel rack is attached to the bottom of
the pool, consisting of top and bottom support plates connected by vertical props at
the sides. Top support plate has 21x10 holes for inserting fuel elements. Pitch is 8cm
and the hole diameter is 4cm. Holes are arranged in a square array. The rack is divided
in three segments of 7x10 positions by aluminium-clad cadmium plates (see Fig. 1).

side view

top suppc plate

\ 1
bottom support plate

fuel or absorber rod

top view

Al-Cd plates

4

\
fuel or absorber rod

Fig. 1: Side and top views of the spent fuel pool rack at TRIGA Ljubljana [2]
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During the postulated accident, when random mixing of the fuel elements and
absorber rods and their compaction to contact pitch can be expected, equal probability
must be assured that either fuel elements or absorber rods would occupy one of the
available lattice positions. This can be achieved if mechanical properties, i.e. the shape
and the weight of both element types, are the same.

A short study for absorber rods, made of cadmium for the Cd layer thickness
between 0.0001mm and 15mm is presented (Fig. 2). It can be seen that the influence of
the thickness of absorbing layer on the multiplication factor plays little role for values
greater than lmm [3]. Due to its availability, cadmium was chosen as an absorbing
material in further calculations. The final shape of the absorber rod was modelled with
top and bottom plugs made of stainless steel and 6.2mm thick cadmium plate, rolled in
the form of hollow cylinder, to match exactly the total weight of standard fuel element.

1,10

1,05

"eff

1,00

0,95

10 1000,0001 0,001 0,01 0,1 1

thickness [mm]

Fig. 2: keff for the pool with cadmium rods versus the thickness of cadmium layer

3. Calculationai method
Monte Carlo computer code MCNP4B [4] was used. A continuous neutron

cross section library, evaluated from ENDF/B-VI data [5,6] was applied. The
scattering functions for graphite, hydrogen in water molecule and hydrogen in
zirconium were taken from the ENDF/B-IV library. Detailed three-dimensional
geometry was used. Both the fuel elements and the absorber rods were exactly
modelled, as well as the pool, so that axial and radial leakage is described correctly.

4. Results

4.1 Critical number of 12 wt% fuel elements in contact

The first task of our analysis was to determine the critical number of fresh
standard 12 wt% fuel elements for square and hexagonal contact lattice pitch. It was
assumed that, during the rack disintegration, all fuel elements pile together to square
contact in two possible modes, that is along the short side or along the long side of the
rack. Water is assumed to remain in the pool. We started our calculation with a certain
subcritical number of fuel elements and then sequentially added fuel elements for both

Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997 325



lattice modes until criticality was achieved. Other available lattice locations contained
only water. The same calculation was performed for hexagonal contact lattice pitch,
where it was supposed, that the fuel elements and the absorber rods from each of three
segments form a triangular pile on the bottom of the pool.

The second task of the analysis followed the same reasoning as before, differing
only in that previously water filled lattice positions were now replaced with above
described cadmium absorber rods.

The results showing the critical number of fuel elements for described
situations are given in the Table I.

Table I: Critical number of fuel elements

short side loading
long side loading
hexagonal loading

fuel elements
35
46
52

fuel el. + Cd rods
39 + 31
48 + 22
58 + 12

The given results are quite understandable: the first mode of loading has the
denser pile configuration than the second one. It is closer to the spherical (or
cylindrical) reactor model and the second one to a slab reactor model. The highest
critical number of fuel elements for hexagonal loading is due to a worse moderation
(lower moderator / fuel ratio).

The third column of the Table I, representing the critical number of fuel
elements, where previously water flooded lattice positions are now filled with cadmium
absorber rods, shows that additional cadmium absorbers, when piled along one side of
the fuel rack and fuel elements along the opposite side, cannot essentially lower the keff
during the rack disintegration and lattice compaction. However, as it will be shown,
the probability for such an event to occur appears to be negligibly small.

4.2 Criticality for uniformly loaded absorber rods during pitch decrease

To show that uniformly mixed absorbers among the fuel assure subcriticality
under postulated accident conditions, a certain number of absorber rods (8, 10, 12, 15,
17 and 20) was mixed among the squarely arranged fresh fuel elements in a more or
less regular manner. kea- was calculated for different pitches from the design pitch of
8cm down to square contact pitch for every chosen number of absorber rods (Fig.3).
The similar calculation was done for the hexagonal contact pitch, where 2, 4, 6, 8, 10
and 12 absorber rods were inserted into the lattice (Fig. 4).

Results show that, for square arrangement, even only 8 uniformly positioned
absorber rods among 62 fuel elements assure subcriticality for all pitches down to
contact, and only 4 uniformly positioned absorber rods among 66 fuel elements assure
subcriticality for contact pitch with hexagonal packing. Result for fuel elements in all
70 positions (no absorber rods) is added to confirm our concern about supercriticality
if no additional absorber rods are inserted into the lattice.
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Fig. 3: keff for various numbers of uniformly loaded Cd rods for square
arrangement versus the lattice pitch.
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Fig. 4. keff versus the number of Cd absorber rods for the hexagonal contact
pitch arrangement

4.3. Supercriticality probability estimation

In the case of random mixing of fuel elements and absorber rods, a non-zero
probability for supercriticality can be expected. There are N possible ways to load n
indistinguishable absorber rods and 70 - n indistinguishable fuel elements into this
lattice. N is given by

N =
70!

n!(70-n)!
(1)
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For example, if n = 20, N is approximately 1.62-1017. So, the probability for each
possible loading, like, for example, all fuel to one side and absorber rods to another
side, would be negligibly low, i.e. 10"17. This occurrence is highly unprobable, but the
possibility for some other supercritical loadings can be expected.

To determine the probability for supercriticality for the square and hexagonal
arrangement, two similar calculational schemes were used:
• a program was written for preparing 500 different MCNP inputs, describing 70 - n

fuel elements and n absorber rods randomly distributed in a square and hexagonal
contact pitch arrangement for every chosen n\

• after the execution of the MCNP runs, the MCNP output files were checked and keQ-
and its standard deviation a were retrieved and incorporated into the probability
density file (simply, unity was added to a vector between keff - a and keff + a with
resolution of 0.0001 in order to cumulatively build the probability density function);

This calculational scheme was done for all selected numbers of absorber
elements n (8, 10, 12, 15, 17 and 20 for square arrangement and 4, 6, 8, 10 and 12 for
hexagonal arrangement). The accumulated probability density functions dpn/dkeff were
then normalised in order to define the probability for supercriticality pn(ke£f> 1):

pn(kcff > 1) = J
ok.

-dk"ff (2)

The samples of cumulatively built probability density functions dpn(keff)/<3keff for
some numbers of absorber elements for hexagonal arrangement are presented in Fig. 5.

20

4
•t io

5

0

number of absorber rods ^

6

0,7 0,8 0,9 1,0 11

L
Fig. 5. Probability density functions <9pn(keff)/dkeff for selected numbers of randomly
loaded absorber rods (hexagonal packing)
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From the obtained probability density functions the probabilities for
supercriticality directly follow from Eq. (2). They are given in the third column of
Table II. Although 500 MCNP runs were done for each number of absorber elements,
the curves of the "experimental" probability density data still show scatter. To avoid
this, the gaussian and exponential least squares fits were applied to the right hand side
tail of the "experimental" probability density functions. Although that gaussian
provides better fit, both gaussian and exponential supercriticality probability
estimations are included in Table II for illustrative purposes.

Table II: Probability for supercriticality (keff > 1) for various number of randomly
loaded absorber rods for hexagonal and square contact pitch (3.75cm)

hexagonal

arrangement

square

arrangement

Number of
randomly loaded

Cd absorbers
n

4
6
8
10
12

8
10
12
15
17
20

"experimental"
data

0,48497
0,09127
0,00534

0
0

0,75
0,35
0,062

0,0026
0
0

Probability for ke£f > 1

gaussian
tail

0,49050
0,09683
0,01224
0,00008
0,00002

/
/

0,069
0,0036
0,0011
l,3-10"s

exponential
tail

0,52001
0,09732
0,00568
0,00058
8,7-10"6

/
/

0,12
0,033
0,015
0,0045

5. Conclusions
As it was shown in [1] and confirmed in [2] subcriticality is not guaranteed in

severe accident conditions for the new spent fuel storage pool at TRIGA reactor in
Ljubljana, Slovenia, if rack disintegration with lattice compaction to square contact
pitch would occur and if, at that time, only fresh 12 wt% standard TRIGA fuel
elements alone would be stored in the pool. Later on, a study about replacing some of
fuel elements in the rack by cadmium absorber rods and a proper criticality safety
analysis was done [2]. At last these results were completed with the supplemental
study for most compact, i.e."hexagonal arrangement of the fuel elements and absorber
rods.

It was supposed that in a case of an earthquake the fuel rack disintegrates and
fuel elements and absorber rods pile together in two ways: making square contact pitch
piles or compacting hexagonaly by making triangular piles at the bottom of the pool.
Multiplication factor keff was calculated for different numbers of absorber rods for both
ways in two modes: first, for uniformly distributed absorbers among the fuel elements
in the pile, and second, for randomly distributed absorbers among the fuel elements.
Monte Carlo computer code MCNP4B with ENDF/B-VI cross section library was
used to perform the analysis.
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It is obvious that hexagonal distribution is undermoderated, so, in order to
assure the maximum possible safety of the fuel storage, the conclusions from [2]
should be considered:
• Without any absorbers only 34 fuel elements would be maximum number to be

stored in one fuel rack compartment, since any larger number would probably lead
to criticality under severe earthquake conditions.

• For absorber rods uniformly mixed with fuel in the case of postulated accident, only
8 absorber rods would assure subcriticality.

.* Since random mixing of.fiiel elements and absorber rods leading to subsequent
supercriticality during lattice disintegration can be expected, an extensive Monte
Carlo calculation was done to sample the probability for supercritical configurations
that may occur, if there are more than 34 fresh standard 12 wt% TRIGA fuel
elements stored in one fuel rack compartment.

• When there are 15 - 20 absorber rods used in a single rack compartment, the
probability for supercriticality falls reasonably low (10"6 - 10° for postulated
accident, resulting in rack disintegration and unfavorable mode of fuel compaction).
This enables the storage of up to approximately 20 fresh standard 12wt% TRIGA
fuel elements more in each fuel rack compartment.
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Abstract

Using SCALE-4 code package and MCNP4A Monte Carlo code we have analysed
burnup related reactivity credit for the NPP Krsko spent fuel pool. We have found that the
assumption of fission product absorption exclusion in criticality calculations can give a good
but still conservative estimate for the burnup related reactivity credit for the spent fuel pool.
For the 4.3 w/o enriched fuel, burned to 40 GWd/tU and cooled down for two years, reactivity
credit of 0.15 in kejf was obtained. Based on this assumption a preliminary calculations
suggest that an increase in storage capacity of approximately 50% is possible, if the total
operational space of the spent fuel pool is to be used.

1. INTRODUCTION

In the past, criticality analysis of-P\VR spent fuel stored in racks in spent fuel pool
assumed that the fuel is fresh with the maximum allowable initial enrichment. This assumption
has led to the design of widely spaced storage arrays. As utilities are confronted with the
problem of increasing storage capacity new approaches are proposed to solve this problem.
One of the approaches is to abandon the conservative assumption of the fresh fuel and to take
into account evolution of the fuel isotopic composition (burnup credit)[1>2l Due to negative
reactivity worth arising from the fuel burnup an increased storage density in spent fuel pool is
expected.

The spent fuel pool of NPP Krsko contains 12 racks for spent fuel assemblies with 12
inches center-to-center spacing of storage cells. 8 racks have configuration of 8 x 9 storage
cells and 4 racks have configuration of 7 x 9 storage cells. The cross sectional view of NPP
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Krsko spent fuel pool is depicted in Figure 1. There is a free space in the spent fuel pool which
could be used for additional spent fuel racks. The capacity of NPP Krsko spent fuel pool is 828
spent fuel assemblies. Currently about 500 spent fuel assemblies are stored in the spent fuel
pool. Apparently, the existing spent fuel capacity is not sufficient to store all fuel discharged
during the NPP Krsko lifetime.
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Fig. 1 Cross sectional view of the NPP Krsko spent fuel pool

In order to estimate a potential storage capacity increase of the NPP Krsko spent fuel
pool, we have performed an analysis of the burnup credit impact on the NPP Krsko spent fuel
pool criticality. First step in this analysis is to establish a methodology for the spent fuel pool
burnup credit criticality calculations. The negative reactivity effect of the burned fuel for the
current NPP Krsko spent fuel pool design was then approximately determined.

Calculational tools and methodology used to determine the impact of burnup credit on
the NPP Krsko spent fuel pool criticality are described in Section 2. Results of analysis are
presented in Section 3. Conclusions are given in Section 4.

2. CALCULATIONAL TOOLS AND METHODOLOGY

The analysis of burnup credit impact on the NPP Krsko spent fuel pool criticality is
performed using the SCALE-4 code system and MCNP4A code.

The SCALE-4 code system[3J developed at Oak Ridge National Laboratory has been
used as the computational tool to investigate the impact of burnup credit on NPP Krsko spent
fuel pool criticality. This code package, the primary computational tool used by the U.S.
Department of Energy to investigate technical issues related to burnup credit, is a well
established code system for away from reactor applications. Criticahty safety analyses are
performed via the criticality safety analyses sequences(CSAS) and ORIGEN module is used for
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the depletion calculations. The SCALE 27-group burnup library containing ENDF/B-IV
(actinides) and ENDF/B-V (fission products) data has been used for all calculations.

MCNP4A[4] is widely used Monte Carlo code for the simulation of transport of
neutrons, photons and/or electrons. With its "repeated structure capability" it is very easy to
realistically describe geometry of fuel assembly or reactor core and perform criticality
calculations. In our MCNP4A calculations we have used DLC105C/MCNPDAT cross section
library.

The American National Standards Institute/American Nuclear Society (ANSI/ANS)-
8.1 criticality safety standard[5] requires validation and benchmarking of the calculational
methods used in evaluating criticality safety limits for away from reactor applications. The
standard requires validation by correlating the calculational method against critical experiments
that are applicable to the actual system. According to the standard it is necessary that:

kc + 2a + Akb + Akm < 0.95 (1)

where

ko + 2a = calculated keff value plus any statistical uncertainty in the
numerical technique;

Akb = bias established by correlating the results of criticality
experiments with results obtained using the analysis method;

Akm = additional margin including allowances for the uncertainty in
the bias and for uncertainties because of any extensions of the
area of applicability.

Therefore, licensing criticality analysis of the spent fuel pool with burnup credit taken
into account should include comparisons against critical experiments that are applicable to
spent fuel pool problem. These analyses are beyond the scope of our article.

Two different geometries depicted in Fig. 2 were used for MCNP4A criticality
calculations. Spent fuel pool racks were modelled using infinite lattice concept in x-y plane,
and realistic fuel assembly length in the axial direction, with 1 meter of water above and below
the fuel. Both geometries have reflecting surfaces on all outer planes in x-y plane. Geometry
depicted in Fig. 2b, i.e. pool - 3/4 loading, allows forming and modelling spent fuel pool
loadings lower than the full loading, which is otherwise more efficiently modelled using full
loading lattice from Fig 2a. Full loading lattice and pool 3/4 geometry were used for the
benchmarking calculations, as we compared our results with the reference results16-1, to see the
impact of the use of different calculational methods and cross section evaluations on the
results. For fresh fuel analyses in this contribution we have used both, full loading lattice and
3/4 pool loading, but for the burned fuel analysis we have used only full loading geometry.

Fuel assembly is 16x16 VANTAGE-5, Westinghouse design, with 20 control rod guide
tubes and one instrumentation guide tube. Axial burnup and enrichment variation (V-5 fuel has
6 inch natural uranium blankets at the top and bottom of fuel rod) were disregarded, which is
considered as an approximation of smaller importance.
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Fuel depletion was modelled using ORIGEN code. We used isotopic content of 4.3 w/o
U-235 enriched fuel burned to 40 GWd/tU, and cooled down for two years. Two different
isotopic compositions were used for burned fuel: one assuming only U and Pu isotopes and
disregarding fission products, which is conservative with respect to criticality, and the second
one which takes into account all relevant fission products131, for which cross sections libraries
were available in the SCALE 27-group burnup library.

3. RESULTS

To prove correctness of defined geometry and physical model, as well as to see the
effect of different cross section libraries, we have performed several benchmarking
calculations. These calculations included modelling of fresh NPP Krsko fuel at 4.2 w/o U-235
in both full loading and pool 3/4 loading geometry, using MCNP4A code and KENO code.
The comparison in Table 1. shows that agreement with reference data is satisfactory.

Table 1. Comparison of MCNP4A (DLC105C/MCNPDAT) and KENO
(27BURNUPLIB) values with the reference results from [6],
for NPP Krsko spent fuel pool.

Case
Full loading

geometry
Pool 3/4
loading

0.

0.

Reference [6]

ki n f

91370

88600

0.00660

0.00500

0.

0.

MCNP4A

kinf

92056

87430

a
0.00330

0.01200

KENO

kinf

0.90890

0.88130

0.

0.

a
00390

00440
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Standard spent fuel pool criticality safety calculations include estimates of keff for
different water densities, in order to find optimum moderation with respect to criticality[7l We
therefore performed calculations for fresh and burned fuel for different water densities in the
range of 0.9983 g/cm3 to 0 g/cm3. For the fresh fuel we have performed calculations using
both MCNP4A and KENO codes. Again, full loading and pool 3/4 loading were analysed.
These two sets of calculations are summarised in Fig 3. for fresh 4.3 w/o U235 enriched fuel.

MCNPtull
KENOftJll

- MCNP3/4 _
KENO 3/4

Water density (g/cm )

Fig. 3 Keff vs. water density in spent fuel pool, full loading and
3/4 geometry, fresh fuel 4.3 w/o U235.

The agreement between KENO code and MCNP4A code is very good for higher water
densities. For lower water densities the difference raises up to 0.04 in keff for full loading and
even higher in optimum moderation region, for pool 3/4 loading. We must emphasise that
MCNP results for 3/4 loading are of lower reliability which might cause higher discrepancies
for this case.

To approximately determine reactivity credit of the burned fuel, we have used fuel of
the same enrichment (4.3 w/o U235), burned to 40 GWd/tU and cooled down for two years.
We have calculated two substantially different isotopic compositions in our analysis of the
burned fuel: one using only the major actinides (U-Pu isotopes) from the ORIGEN output, and
the second one including all relevant fission products as well. We estimate that the fission
products included in the analysis using KENO code are those that account for about 90% of
the total fission product neutron absorption in 2-year-cooled fuel. MCNP4A calculations were
performed only for the first case (actinides only), due to the lack of adequate cross section
libraries for fission products. Values of calculated effective multiplication factors for different
water densities are shown in Fig. 4. Again, there is a good agreement between MCNP4A
results and KENO results for higher water densities, and approximately the same discrepancies
as for the fresh fuel are observed at lower water densities.

It is emphasised earlier that analysis presented in this contribution is not of a licensing
merit, which would require a thorough comparison and analysis of calculational methodology

against existing experiments applicable to the problem. However, comparison of MCNP4A
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Fig. 4 vs. water density in spent fuel pool, full loading , 4.3 w/o U-235,
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and KENO results using different cross section sets, gives us at least an estimate for the part of
the biases and uncertainties related to the codes and cross section libraries, which should be
included into the relation (1) for this particular problem. SCALE-4 package has been validated
for burnup credit applications131, and some of the biases and uncertainties could be derived
from that work, but with further calculations applicable to the particular problem. We have
done some comparisons of the evolution of isotopic composition of the fuel obtained with
different codes and compared results with those obtained using ORIGEN code. Our
preliminary estimate of the bias related to the isotopic composition calculations shows that it
can be as large as 0.05 in keff for the burnup of 40 GWd/tU. Besides these two contributors
there is a number of other effects (e.g. axial burnup/enrichment profile, operating history)
which are of lesser importance.

Based on these analyses and literature survey on the burnup credit analyses in storage
and transportation, our estimation of the biases and uncertainties involved in burnup credit
analysis for the spent fuel pool suggests assuming composition of burned fuel without fission
product absorption as a good approach (still conservative) for the estimation of the burnup
related reactivity credit. Assuming this we can deduce mat burnup related reactivity credit for
the fuel we have treated would be about 0.15 in keff.

We have used this approach for the preliminary evaluation of the potential densification
of storage cells in the spent fuel pool. We plan to study this problem in future in greater detail,
together with the associated problem of more accurate estimation of the biases and
uncertainties involved. Preliminary calculations with the assumption of excluding fission
product absorption, suggest the capacity increase of about 50%, if total pool space is to be
redesigned. This estimate is based solely on the criticality analysis of the burnup credit
described in this contribution.
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4. CONCLUSIONS

Using SCALE-4 code package and MCNP4A Monte Carlo code we have analysed
bumup related reactivity credit for the NPP Krsko spent fuel pool. A licensing evaluation of the
effects related to the burnup credit analyses requires extensive validation of the calculational
methodology against critical experiments, as well as estimation of biases and uncertainties
through analyses of the problem specific physical phenomena. This contribution gives only a
preliminary estimate for the burnup related reactivity credit for the NPP Krsko spent fuel pool.
We have found that the assumption of fission product absorption exclusion in criticality
calculations can give a good but still conservative estimate for the burnup related "reactivity
credit for the spent fuel pool. For the 4.3 w/o enriched fuel, burned to 40 GWd/tU and cooled
down for two years, reactivity credit of 0.15 in keff was obtained. Based on this assumption a
preliminary calculations suggest that an increase in storage capacity of approximately 50% is
possible, if the total operational space of the spent fuel pool is to be redesigned. This result is
still of rather limited value, due to the approximations involved in the analyses, but also
because no other conditions and limitations were not considered.
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ABSTRACT - The results of critical calculations with the MCU-RFFI/A code and it's DLC/MCUDAT-1.0
neutron cross-section data library applying to fast highly enriched uranium metal systems are described in the
paper. A variety of models approved by the International Criticality Safety Benchmark Evaluation Working
Group as safety benchmark experiments were used. Applicability of different options of DLCJMClJDAT-1.0
in fast energetic region is discussed. Calculated effective neutron multiplication factor values are compared
with ones received by different Monte Carlo codes and neutron cross-section sets.

1. Introduction

At present time computing resources are developing promptly. So, the main deficiency of
Monte Carlo codes - high calculating time - is gradually coming into the past. Since the
Monte Carlo method provides the most exact modeling of particles transport in systems of
any complexity, it has the promising future. The MCU-RFFI/A continuous-energy general
geometry Monte Carlo code has been developed in Russian Research Center "Kurchatov
Institute" as a part of the MCU project. The main differences of the MCU-RFFI/A [1] code
from it's preceding version MCU-RFFI [2] are:

B new geometrical module NCG in addition to SCG which provides more convenient data
input for reactor supercells and full scale reactor cores modeling;

HI new submodule of physical module FARION which uses neutron cross-sections, energy
and angle distributions from continuous-energy, continuous-angle tables;

• essential expansion of isotopes nomenclature with transuranium isotopes and fission
products.

The aim of this paper is to verify algorithms of physical module and to validate neutron
data from the DLC/MCUDAT-1.0 library applying to fast highly enriched uranium systems.
For this purpose several benchmark experiment models approved by the International
Criticality Safety Benchmark Evaluation Working Group for validation of calculating
techniques [3] were selected.
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Short description of benchmark configurations, calculating methods, neutron data, and
the results obtained is given below.

2. Description of Benchmark Models

HEU-MET-FAST-001 is a bare sphere of highly enriched uranium termed "Lady
Godiva". Two models of this experiment, the bare Godiva sphere, and the 6-shell model,
referred to as the "Shell Model", were accepted as criticality safety benchmarks.

HEU-MET-FAST-003 is a spherical highly enriched uranium assembly reflected by
natural uranium.

HEU-MET-FAST-004 is a sphere of highly enriched uranium with an effectively infinite
water reflector. The sphere was placed on top of a Plexiglas stand inside an aluminum tank
containing water. Two idealizations of the experiment were used: one-dimensional and three-
dimensional. Experimental benchmark model values of keffwere 1.0020 for three-dimensional
idealization and 0.9985 for one-dimensional idealization [3].

Figure 1. Sphere of Highly Enriched Uranium Reflected by Boron+Beryllium
(HEU-MET-FAST-010)

1 - Beryllium Reflector
2 - Boron Reflector
3 - Polar Cylindrical Hole
4 - Highly Enriched Uranium Core

5 - Central Source Cavity
6 - Copper Cup
7 - Steel Shaft
8 - Steel Diaphragm
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HEU-MET-FAST-010 is a sphere of highly enriched uranium reflected by boron and
beryllium. The assembly is a spherical unit divided into two parts separated by a gap. The
main components are pairs of matching hemispheric shells that can form complete spherical
shells. The calculating model is presented in Figure 1. The image was obtained by the
browser from the MCU package.

HEU-MET-FAST-016 are highly enriched uranium cylinders reflected by beryllium or
beryllium oxide on their ends.

HEU-MET-FAST-019 is a graphite-reflected spherical assembly of 235U(90 wt.%). The
critical assembly was represented by a sphere with central cavity, a core, and a graphite
reflector. Values of keff for two cases - detailed and simplified - were calculated.

• • - •

HEU-MET-FAST-020 have configuration similar to HEU-MET-FAST-019 but
polyethylene is used as reflector material.

HEU-MET-FAST-023 is a set of detailed criticality experiments utilizing highly enriched
uranium cylinders. These experiments were conducted at the Oak Ridge Critical
Experimental Facility. Enriched uranium cylinders were supported vertically on stainless steel
rods passing through the holes in the cylinders. Critical arrays of uranium metal cylinders
were constructed on a split table apparatus located in a concrete room. The experiments
concerned were surrounded by a paraffin reflector.

HEU-MET-FAST-028 is the Flattop critical assembly, which has a core of highly
enriched uranium metal, enclosed in a thick normal uranium reflector.

Description of all benchmark configurations and all evaluated safety benchmark data
concerned were taken from International Criticality Safety Benchmark Evaluation Working
Group materials. Experimental benchmark model keff values for all cases except HEU-MET-
FAST-004isl.000[3].

3. Calculating Methods

Effective neutron multiplication factor calculations for these benchmarks were performed
using the Monte Carlo code MCU-RFFI/A. Cross-sections data for all isotopes were taken
from the DLCMCUDAT-1.0 library.

This neutron data set includes:

• the ACE continuous-energy library of neutron cross-sections obtained by the NJOY code
from ENDF/B-V and ENDF/B-VI files,

• the ABBN/MCU 26-group library,

• the LIPAR library of nuclear resonance parameters for the resolved resonance region,

• the TEPCON 40-group library of thermal neutron cross-sections,
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• the VESTA continuous-energy library of thermal neutron cross-sections received from
scattering laws S(a,(3) data.

In all calculations the TEPCON library was used for E<1.0 eV, where E means the
neutron energy, the LIPAR library with infinite number of points for resolved resonances
region (different for each resonance nuclide). In fast energetic region three types of nuclear
data were used:

• ABBNMCU for all energies higher than stated in the IJPAR library for resonance
nuclides, and higher than 1.0 eV for others (this is almost equivalent to MCU-RFFI);

• ABBN/MCU for unresolved resonances region and the ACE library with data obtained
from ENDF/B-V files for 235U, and ENDF/B-VI files for other isotopes for E>100 keV;

• ABBN/MCU for unresolved resonances region and the ACE library with data obtained
from ENDF/B-VI files for all nuclides for E>100 keV.

Most of the calculations were run with approximately 1,000,000 neutron histories.

4. Results and Discussion

The results received are presented in Tables 1, 2, 4-10. Statistical errors are given in the
form of two last digits of keff value.

In most cases the ABBN/MCU provides sufficient calculating accuracy. Maximal
calculating error for all systems concerned besides natural uranium-reflected cases is 0.57%.

A good agreement between experimental and calculated values of keff is obtained while
using the continuous-energy ACE library. When compared with the benchmark model
effective neutron multiplication factor values it can be seen that keff calculation error in highly
enriched uranium assemblies is less than 0.52%.

Probably it is disregard of scattering anisotropy in calculations with the ABBN/MCU
library that leads to almost 1% rise in keff calculation error for natural uranium reflected fast
highly enriched uranium assemblies.

The effectiveneutron multiplication factor values calculated with the MCU-RFFI/A code
and it's DLC/MCUDAT-LO library, are compared -.-with ones received by various
combinations of Monte Carlo codes and crgss-section sets [3] in Tables 1, 2, 4-10.

5. Conclusions

The results of effective neutron multiplication factor calculations with the MCU-RFFI/A
code and it's DLC/MCUDAT-1.0 neutron cross-section data library concerning fast highly
enriched uranium systems were described in the paper. Calculated values were obtained using
different options of the library in fast energetic region (26-group ABBN/MCU and
continuous-energy ACE obtained from ENDF/B-V and ENDF/B-VI files). The results are
also compared with ones received by MCNP with neutron cross-sections data based on
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Table 1. COMPARISON OF Keff VALUES
BARE , HIGHLY ENRICHED URANIUM SPHERE (GODWA) (HEU - MET - FAST - 001)

MODEL

Godiva
Shell Model

wt.%

93.71
93.71

CORE
RADIUS,

cm
8.7407
8.7499

MCU-RFFI/A
(ABBN)

1.0035( 9)
1.0037( 9)

MCU-RFFI/A
(ACE

ENDF/B-V)
0.9975(10)
0.9973(11)

MCU-RFFI/A
(ACE

ENDF/B-VI)
0.9967(10)
0.9979(10)

MCNP
(Cont. energy
ENDF/B-V)
0.9972( 9)
0.9968( 9)

KENO
(16-group

Hansen-Roach)
0.9997(10)
0.9995(11)

KENO
(27-group

ENDF/B-IV)
1.0032( 9)
1.0042( 9)

MONK6B
Result

(UKNDL)
1.0058(10)
1.0054(10)

OS

I'

Table 2. COMPARISON OF K^ VALUES
REFLECTED ORALLOY SPHERICAL ASSEMBLIES (HEU - MET - FAST - 003)

wt.%

93.50

REFLECTOR

natural U

CORE
RADIUS,

cm
6.501

REFLECTOR
THICKNESS,

cm
20.32

MCU-RFFI/A
(ABBN)

1.0095(109)

MCU-RFFI/A
(ACE

ENDF/B-V)
1.0066(10)

MCU-RFFI/A
(ACE

ENDF/B-VI)
1.0015(11)

MCNP
(Cont. energy
ENDF/B-V)
1.0024(11)

KENO
(16-group

Hansen-Roach)
0.9953( 7)

KENO
(27-group

ENDF/B-IV)
1.0073( 9)

1"
a

I

Table 3. PARAMETERS OF THE BENCHMARK MODEL
WATER-REFLECTED, HIGHLY ENRICHED URANIUM SPHERE (HEU - MET - FAST - 004)

IDEALIZATION

One- and three-dimensional
1 _i 1

2 3 5 u ,
wt.%
97.67

REFLECTOR

H2O

CORE RADIUS,
cm

6.554

REFLECTOR THICKNESS,
cm

26.92

I
ns

Table 4. COMPARISON OF K^ VALUES
WATER-REFLECTED, HIGHLY ENRICHED URANIUM SPHERE (HEU - MET - FAST - 004)

IDEALIZATION

Three-dimensional
One-dimensional

EXPERIMENT
BENCHMARK

MODEL
1.0020
0.9985

MCU-RFFI/A
(ABBN)

0.9977(11)
1.0001(11)

MCU-RFFI/A
(ACE

ENDF/B-V)
1.0044(10)
0.9964(10)

MCU-RFFI/A
(ACE

ENDF/B-VI)
1.0026(10)
0.9985(10)

MCNP
(Cont. energy
ENDF/B-V)
0.9964(6)
1.0000(5)

KENO
(16-group

Hansen-Roach)
1.0004( 9)
1.0017( 9)

KENO
(27-group

ENDF/B-IV)
1.0039(8)
1.0056(7)

MONK6B
Result

(UKNDL)
1.0109(11)
1.0113(10)



I
I
I

I

I

Table 5. COMPARISON OF K«ff VALUES
SPHERES OF HIGHLY ENRICHED URANIUM REFLECTED BY BORON+BERYLLIUM (HEU - MET - FAST - 010)

235

u,
wt.%

90

REFLECTOR

B+Be

CORE
RADIUS,

cm
8.35

BORON
THICKNESS,

cm
0.8

BERYLLIUM
THICKNESS,

cm
1.85

MCU-RFFI/A
* (ABBN)

; 1.0003 ( 9)

MCU-RFFI/A
(ACE

ENDF/B-V)

0.9952(10)

MCU-RFFI/A
(ACE

ENDF/B-VI)

0.9948(10)

MCNP
(Cont. energy
ENDF/B-V)
0.9952( 6)

Table 6. COMPARISON OF K*, VALUES
BERYLLIUM REFLECTED AND BERYLLIUM OXIDE-REFLECTED CYLINDERS OF HIGHLY ENRICHED URANIUM (HEU - MET - FAST - 016)

2 3 iu,
wt.%

96.0
96.0

REFLECTOR

Be j
BeO

CORE
RADIUS,

cm
10.0
10.0

CORE
HEIGHT,

cm
6.9
6.9

REFLECTOR
THICKNESS,

cm
14.90 ;
14.95

MCU-RFFI/A
(ABBN)

. 1.0052(10)
, 1.0036(10)

MCU-RFFI/A
(ACE

ENDF/B-V)
0.9968(10)
0.9979(10)

MCU-RFFI/A
(ACE

ENDF/B-VI)
1.0004(10)
0.9988(11)

MCNP
(Cont. energy
ENDF/B-V)
0.9969( 6)
1.0025(6)

Table 7. COMPARISON OF K.̂  VALUES
GRAPHITE-REFLECTED SPHERICAL ASSEMBLY OF 23SU (90)% (HEU - MET - FAST - 019)

MODEL

Detailed
Simplified

wt.%

90
90

REFLECTOR

C
C

CORE
RADIUS,

cm
9.150
9.150

REFLECTOR
THICKNESS,

cm
3.45
3.45

MCU-RFFI/A
(ABBN)

1.0057( 9)
1.0037(9)

MCU-RFFI/A
(ACE

ENDF/B-V)
1.0025(10)
1.0044(10)

MCU-RFFI/A
(ACE

ENDF/B-VI)
1.0025(10)
1.0026(10)

KENO
(16-Group

Hansen-Roach)
1.0065( 9)
1.0090( 9)



Table 8. COMPARISON OF K.ff VALUES
POLYETHYLENE-REFLECTED SPHERICAL ASSEMBLY OF 23SU (90)% (HEU - MET - FAST - 020)

MODEL

Simplified

235

wt.%

90

REFLECTOR

CH2

CORE
RADIUS,

cm
8.35

REFLECTOR
THICKNESS,

cm
1.45

MCU-RFFI/A
(ABBN)

"• 1.0008(9)

MCU-RFFI/A
(ACE

ENDF/B-V)
0.9968(10)

MCU-RFFI/A
(ACE

ENDF/B-VI)
0.9976(10)

KENO
(16-Group

Hansen-Roach)
0.9998( 9)

I

Table 9. COMPARISON OF K^ VALUES
TINKERTOY:UNMODERATED URANIUM METAL (93.2) ARRAYS WITH CYLINDERS OF 10.5 KG MASS" (HEU - MET - FAST - 023)

CASE

2
3
4

5

235

wt.%

93.2
93.2
93.2
93.2

REFLECTOR
THICKNESS,

cm
1.3
3.8
7.6
15.2

MCU-RFFI/A
(ABBN)

0.9991( 9)
1,0037(9)
1.0004(10)
0.9985(10)

MCU-RFFI/A
(ACE

ENDF/B-V)
0.9923(11)
1.0017(10)
1.0022(10)
0.9976(10)

MCU-RFFI/A
(ACE

ENDF/B-VI)
0.9949(10)
1.0035(11)
1.0044(10)
0.9998(10)

MCNP
(Cont. energy
ENDF/B-V)
0.9982(14)
1.0050(10)
1.0068(27)
1.0064(16)

KENO
(16-Group

Hansen-Roach)
1.0018(9)
1.0115(9)
1.0120(9)
1.0094( 9)

KENO
(27-group

ENDF/B-IV)
0.9937(11)
1.0003(12)
1.0019(12)
0.9988(13)

I

I

P
I

Table 10. COMPARISON OF K^ VALUES
URANIUM-235 SPHERE REFLECTED BY NORMAL URANTOM USING FLATTOP (HEU - MET - FAST - 028)

2 3 5 u,
wt.%

93.22

REFLECTOR

natural U

CORE
RADIUS,

cm
6.1156

REFLECTOR
THICKNESS,

cm
18.0086

MCU-RFFI/A
(ABBN)

1.0082(10)

MCU-RFFI/A
(ACE

ENDF/B-V)
1.0007(11)

MCU-RFFI/A
(ACE

ENDF/B-VI)
0.9973(10)

MCNP
(Cont. energy
ENDF/B-V)
1.0006(11)

KENO
(16-Gj;oup

Hansen-Roach)
0.9904(16)

KENO
(27-Group

ENDF/B-IV)
1.0057(14)

O
NO



continuous-energy ENDF/B-V library and KENO with 16-group Hansen-Roach library and
27-group ENDF/B-IV library from the SCALE system and M0NK6B with constants from
UKNDL [3].

The results obtained show that:

• in most fast highly enriched uranium metal systems concerned the ABBN/MCU 26-group
library provides good calculating accuracy.

• insufficiently accurate account of scattering anisotropy in the ABBN/MCU library in
natural uranium-reflected cases may result in 1% rise in calculating error, and continuous-
energy ACE data set, based on ENDF/B-VI library have to be used for such systems;

• Keff calculation error doesn't exceed 0.52% for fast highly enriched uranium metal systems
using MCU-RFFI/A with ACE neutron library based on ENDF/B-VI files;

• the combining of different options of DLC/MCUDAT-1.0 allows to reduce calculating
error to 0.26%.

In 1996 the MCU-RFFI/A code was certified by Russian regulatory authority
(GOSATOMNADZOR OF RUSSIA) for conducting the criticality calculations of different
types of neutron multiplying systems [1]: RBMK, WER, VTGR, research, space, transport,
production, fast reactors, wide range of critical assemblies, storage facilities, fuel
transportation casks, etc.
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NPP Paks,Hungary

Abstract

HELIOS code is used for different kind of VVER calculations at NPP Paks, Hungary since
1994. In this paper the results of a few-group cross section development is described. Different
parts of WER-440 were modelled by HELIOS, the cross sections were generated,
parametrized for coarse-mesh and pinwise codes and the results were tested.

1. Introduction

NPP Paks in Hungary has four units of WER-440-type reactors. The WER-440 core has
349 hexagonal assemblies surrounded by Zr-shroud containing 126 pins in triangular lattice.
The core contains 37 control-type assemblies with double length - the upper part is hexagonal
absorber and the lower is fuel with regular geometry.

In the NPP Paks core analysis practice we started to use HELIOS [ 1 ] code at the end of 94.
HELIOS is a 2-dimensional transport-theory code for neutronic and gamma-dose calculation in
fuel assemblies and similar structures. The main advantage of this code is the geometric
flexibility combined with high-speed computerized algorithm. The basic elements in the code
are the so called structures. The structures are any kind of polygons and may contain circular
cylindrical systems inside. The structures can be assembled into subsystems, subsystems and
structures into system. Inside structures ( or as it is defined in the input ) the transport equation
is solved by collision probability method, between the structures current coupling is calculated
with various spatial and angular representation. On the borders of the system mirror and albedo
reflection as well as periodic and rotational boundary conditions are allowed.

In this paper we present some results of NPP Paks HELIOS application. In frame of this
works :

• Different parts of WER-440 core were modelled by HELIOS

• Few-group cross section libraries were generated for global ( C-PORCA [ 2 ]) and pinwise
(MICROBI [ 3 ] ) neutronic calculation models. The cross section library structure of C-
PORCA and MICROBI codes are nearly identical

• The method of few-group cross section parametrisation was developed for C-PORCA and
MICROBI model

• The kirf values and cross section determined by coarse-mesh code were tested by direct
HELIOS calculations

346 Proceedings of4lh Regional Meeting Nuclear Energy in Central Europe, 1997



2. The fuel part

2.1. Evaluation of the 2-group library

The WER-440 fuel assembly is a hexagonal shroud with 145 mm diameter, containing 126
pins plus the central, instrumentation tube in triangular lattice with the pitch of 12.2 mm. In
the HELIOS model using it's symmetry the 1/12 of assembly was calculated as it is shown on
Fig.l. In this model the very detailed description of assembly was used, each fuel pin, six
separate neighbouring moderator regions and the assembly shroud parts were distinguished.

The burnup of the assembly was calculated up to 60 MWd/kgU in 4 different moderator
temperature (265, 280, 295, 310 C). In 17 different burnup level ( 0, 3, 6, 9, 12, 15, 18, 21,
24, 27, 30, 35, 40, 45, 50, 55, 60 MWd/kgU) branches were calculated varying the

• boron ( 0, 1.5, 3, 4.5, 6, 7.5 g/kgboric acid )
• power ( 0, 4.5, 12.5, 30, 60 MW/kgU ) including equihbrium Xe concentration
• fuel temperature (300, 600, 900 C)
• Xe, Sm and Pu concentration.

In such way the 2-group cross section data for C-PORCA and MICROBI codes were
determined in every gridpoint in a 5-dimensional ( burnup, mod. temperature, boron, power,
fuel temperature ) space. This problem has been solved in each dimension of the five-
dimensional space by linear Lagrange interpolation over the five-dimensional volume element
defined by two adjacent grid points. The interpolation described above ensures the continuous
change of group; C«ast&its over the whole volume considered. It's application is simple, because
the group constants evaluated in parameter grid points become the coefficients for the linear
interpolation.

Using this interpolation a parameter can be described by two independent basic functions along
the linear region between two parameter grid points. The final interpolation formula will consist
of the base functions above summed up with the group constants in parameter grid points as
their coefficients in this sum.

That is, provided we know that

Tuit <Tii*< T\ +1; Tmh <Tm*< TmJi+1; wk^ <w*< wk] +l;

Cbmi<Cb*<Cbmi+1;Bni<B*<Bni+1

the value of group constant T& for any Tu*, Tmt, w*, Cb* and B*values can be obtained as
follows: ••*

j , "

/ ,M,M,B)- L, (7K>Z, /7IH> £*O>Lm(Cb'y Ln{B')
j , "
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where Zx is the cross section value, L is the interpolation polinom in the nearest calculated
points of 5D space. N& ,N^ mean the real Pu and Sm isotope concentration inside the node,
followed by few-group codes, J V ^ A ^ t h e equilibrium concentrations taken into account in
HELIOS calculation. As it can be seen the effect of Pu and Sm are taken into account as
additional factors. Transient Xe is calculated only in special cases, otherwise it's equilibrium
value is used.

2.2. Testing the 2-group library

As it is described, during the evaluation of few-group library a burnup chain are calculated at
fixed power, boron, temperature and equilibrium isotope concentration and at different burnup
values variations are calculated according to the mentioned parameters. Naturally, the real
burnup history of different nodes are different from others and from the supposed burnup
chain. In the followings we tested the error of cross sections, isotopic concentrations and
criticality values, caused by different burnup history and the interpolation method.

We performed a HELIOS calculation for a node supposing a characteristic but conservative
burnup history imitating the "real life" of a node ( see. Fig 2-3.). The calculated geometry was
identical with those, which was used in XS calculations (1/12 assembly). Three cycle was
imitated in the life of node and between cycle 30 days break for the testing of Pm and
transuranic isotopes. During the supposed history using direct HELIOS calculation there were
determined the 2-group cross section, Sm-149 and Pu-239 concentrations and the kinf values.
For the determination of kirf 2-group cross section were calculated by HELIOS and the k^ was
calculated as follows:

/CoO

f 12

The same parameters were determined by appropriate modules of C-PORCA using the
prehminarly developed cross section library, the parametrization and interpolation method
described above. The comparison of results can be seen on Fig. 4-8.

3. The absorber part

The VVER-440 reactor has 37 control type assemblies, 7 from these used for regulation, 30
for fast shutdown of reactor. The control type assembly has double length related to normal
one, the upper half part is hexagonal absorber and the lower is fuel with regular geometry. The
absorber part has borated steel hexagonal ring inside and further cylindrical stainless steel
structural elements.

In the HELIOS modell the area of absorber and 6 neighbouring fuel assembly is calculated (
see. Fig. 9.). The borated steel is divided into four radial regions, the space-mesh in the vicinity
of this is finer, then in the rest of regions. By calculating the burnup of this 7-assembly structure
we determined the depletion of B-10 in the boron steel and the effect of this depletion on the
different 2-group parameters.

The results of this calculation can be seen on Fig. 11. Because the boron in the steel is quickly
burning out, there are significant changes in capture cross section data during the depletion
process (Fig. 10). The cross sections also depend on boron concentration in moderator
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because there is moderator medium inside the absorber assembly as welL Consequently the
parametrization of the cross sections of absorber elements we applied in C-PORCA model as
follows:

o c b

Here Cb is the boron concentration, <I> is the fluence of absorber region during burnup, /
function and the boron derivatives are determined by HELIOS calculation.

The boron depletion may cause 15 % reduction in the efficiency of control rod elements.
Nevertheless the effect on total rod efficiency is fewer because normally only 2-3/10 of
regulating rods are in the core, the rest are withdrawn. This effect is demonstrated on Fig 12.
The rods used for shutdown only are free from the depletion because they are completely
withdrawn during all their life.

4. The reflector

For the determination of boundary conditions for a coarse or fine-mesh diffusion calculation
usually very simplified models are used. Testing the capability of HELIOS code in such
direction we chose a different solution : the whole periphery region of WER-440 was
modelled and calculated by HELIOS. The calculated geometry contains 6 and half fuel
assemblies from the core periphery plus 5 and 2 half "reflector assemblies" representing the
1/12 of WER-440 reflector region ( see Fig:" 13.) In the "reflector assemblies" the belting steel
plate, the water and steel cylindrical parts are modelled in detail and the mesh-size is fine
enough. For this geometry the cross section data of reflector assemblies were determined for
C-PORCA and MICROBI codes but HELIOS is able to calculate any other type of boundary
conditions as well.

5. Conclusions

During the present WER-440 application the HELIOS was successfully used for the
determination of the few-group capture cross section data for coarse and fine-mesh calculation
codes. The different part of reactor core was handled with the same kind of HELIOS model
which more correct than it is used to be in similar works. This promise a developed and wide-
range accuracy of computer code system.
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Fig. 1.
Geometry for cross section calculation of fuel
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Fig. 4-5.
Tests of Pu-239 and Sm-149 concentration
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Geometry for calculation of absorber elements

Fig. 10.
B-10 concentration (10e24 1/cm3) in different regions of boron steel
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Fig. 13.
Geometry for calculation of reflector boundary
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HELIOS tests on hexagonal lattices

Sandor Patai Szabo
Nuclear Power Plant Paks
P.O.Box 71 Paks, Hungary

ABSTRACT - In 1994 the lattice code HELIOS was introduced in NPP Paks for
generation of few group cross section libraries. Introduction of a new program demands
reactorspecific validation of that program. This validational procedure of HELIOS is
based on WWER specific criticality experiments. These experiments were carried out on
the critical assembly ZR-6 by the Temporary International Collective (TIC) between
1974 and 1984. In this paper some results of the validational procedure are presented.

1. INTRODUCTION

In Hungary,'* the in core fuet* management calculations for Nuclear Power Plant Paks
are carried out by the Reactorphysical Section of the NPP. These include global calculations
of reactor core and assembly-wise determination of power distribution. For such calculations,
one needs pin-cell and assembly-node few group cross sections. In NPP Paks, the HELIOS
code [1] has been used for this purpose since 1994. Later the HELIOS was introduced for
other reactorphysical calculations, for example subcriticality estimation of spent fuel storage
pools or interpretations of Self Power Neutron Detectors signals. HELIOS is developed by
Scandpower Inc. It is a two-dimensional transport code based on CCCP method (Current
Coupling & Collision Probability). Its most notable feature is the very flexible handling of
geometry. The concept of a regular, square or hexagonal, pin-cell lattice is not used, the pins
can be positioned in arbitrary configurations. Scandpower provided numerous benchmark
results with the HELIOS, but the introduction of HELIOS in NPP Paks for reactorphysical
calculations required WWER specific tests. This paper presents some results of these tests.
One part of tests includes comparison o£ eigenvalues and material bucklings with critical
experiments' results on asymptotic lattices, an other one includes comparisons of two-
dimensional radial power distributions on critical assemblies.

2. ASYMPTOTIC PIN-CELLS

The experimental data consist of measured material bucklings for critical experiments
over different lattices characterised by different lattice pitch, enrichment, moderator
temperature and density, and dissolved boron concentration. The detailed material and
geometrical description of experiments come from [2], the total bucklings come from [3],
Volume 4.5.4., Table 4.5.18. . The calculated results are single pin-cell keff values as obtained
directly by HELIOS, using the measured total buckling as input in each case, as well as
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material bucklmgs calculated by Bl method under the assumption that pin-cells are critical.
(Reflectiv boundary condition was used.) Because the calculated geometry is only a single
pin-cell, the current coupling method was not used in calculations.

The results are summarised in next table, the main parameters of lattices are indicated
in the second column, as in [3]: lattice pitch [cm]/U235 enrichment [%]/boric acid
concentration in moderator [g/1]/ moderator temperature [°C]

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

26

1.27/1.6/0.0/20

1.27/1.6/1.85/20

1.27/3.6/0.0/20

1.27/3.6/0.0/80

1.27/3.6/0.0/130

1.27/3.6/4.0/20

1.27/3.6/4.0/80

1.27/3.6/4.0/130

1.27/3.6/5.8/20

1.27/3.6/5.8/80

1.27/3.6/5.8/130

1.27/3.6/7.2/20

1.27/4.4/0.0/20

1.27/4.4/0.0/80

1.27/4.4/0.0/130

1.27/4.4/0.64/20

1.27/4.4/7.2/20

1.5/3.6/0.0/20

1.5/3.6/4.0/20

1.5/4.4/0.0/20
1.5/1.6/0.0/20

1.1/3.6/0.0/20

1.1/3.6/0.0/80

1.1/3.6/0.0/130

1.1/3.6/0.96/20

1.1/3.6/1.41/20

measured
buckling

50.57

33.32

98.26

96.55

90.27

76.03

72.07

67.63

64.95

61.69

59.02

56.54

112.58

105.11

96.61

106.60

69.03

120.36

70.25

136.80
48.90

65.27
64.02

59.76 -•' »

62.14

61.70

calculated

keff
0.9906

0.9882

1.0085

0.9975

0.9951

1.0008

1.0025

1.0016

1.0039
1.0057

1.0022

1.0071

0.9962

1.0015

1.0039

1.0024

1.0133

1.0041

1.0123

0.9976
0.9994

0.9924

0.9809

0.9773

0.9947

0.9920

error of
keff%
-0.94

-1.18
0.85

-0.25

-0.49

0.08

0.25

0.16

0.39

0.57

0.22

0.71

-0.38

0.15

0.39

0.24

1.33

0.411

1.23

-0.24
0.061

-0.76
-1.92

-2.27

-0.53

-0.80

calculated
bukling

47.95

30.13

100.97

95.79
88.84

76.78

72.80

68.09

66.15

63.35

59.63

58.67

111.32

105.58

97.77

107.39

73.13

121.87

74.45

135.87

48.71
63.34

59.28

54.39

60.79
59.68

The absolute reactivity level, based on average of 26 critical experiment comparison, is:
keff = 0.9989±0.0084

The same value from Scandpower Inc. , based on average of 158 critical experiment
comparison, is :

keff = 1.0022±0.0076
As we can see the final result of this investigation is not worse than the result of

Scandpower. Both keff are very close to 1.0 , and standard deviations are low enough. (The
Scandpower's comparison does not include Zr-6 experiments.)
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3. ASYMPTOTIC MACROCELLS

Several results of radial power distribution measurements are included in TIC reports
[2-4]. One part of them includes evaluated measurements which uses the concept of
asymptotic macrocells . These cores of type Xn contain regular lattices in which every nth fuel
road is substituted by a pointwise lattice perturbation of type X. Such cores may be considered
as consisting of macrocells with the perturbation in the centre surrounded by fuel rods. The
cores contain integer number of complete macrocells. Sufficiently far from the reflector, the
evalueted intra-macrocell radial power distributions are suitable for comparison with
asymptotic macrocell calculations and such a way for validation of methods for homogenizing
few-group constants. This concept is also used for cores of type K91 which are built up from
fuel assembly imitators containing 91 pins. Assemblies K91 are near in size to the assemblies
of WWER-440 type reactors. The assembly walls were imitated by water gaps obtained by
removing a row of fuel elements.

Below 10 investigations of lattices are presented which were selected by experts of
CRIF in their report [5] for same test of KARATE-440 system. The detailed description of
experiments came from [2]. Together with the lattice identifier the boric acid concentration of
moderator in g/1 is indicated after a slash. In the first table the measured material buckling,
the calculated buckling and the calculated keff with the measured buckling as input are
presented. In the second one, the measured and the calculated radial pin power distributions
are showed together with the pin positions and the differences between them. The moderator
temperature 20°C and the lattice pitch is 1.27 mm for all of the experiments.

3.1 C5/0
measured buckling

70.56±0.31
calculated buckling

69.91
calculated keff

0.9979

pin positions

2
3
4
5

measured

0.9322±0.0031
0.9919±0.0030
0.9851 ±0.0040
1.0000+0.0041

calculated

0.9359
0.9895
0.9845
0.9995

measured-
calculated
-0.0037
0.0024
0.0006
0.0005

3.2 G5/0
measured buckling

40.62±0.6
calculated buckling

44.71
calculated keff

1.0140

pin positions

2
3
4
5

measured

0.9077±0.0023
0.9848±0.0025
0.9846±0.0029
1.0000±0.0031

calculated

0.9091
0.9860
0.9797
1.0023

measured-
calculated
-0.0014
-0.0012
0.0049
-0.0023
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3.3 G7/0
measured buckling

73.11±0.21

calculated buckling
71.78

calculated kgfp
0.9957

pin positions

2
3
4
5
6
7
8

measured

0.8828±0.0025
0.9666±0.0029
0.9978±0.0028
0.9531±0.0036
0.9846±0.0044
0.9983±0.0034
1.0000±0.0034

calculated

0.8803
0.9658
0.9935
0.9541
0.9890
0.9986
1.0016

measured-
calculated

0.0025
0.0008
0.0043
-0.0010
-0.0044
-0.0003

*'* -0.0016

3.4D7/0

measured buckling
70.93±0.20

calculated buckling
69.34

calculated keff
0.9949

pin positions

2

3

5
6
7
8

measured

0.8795±0.0046
0.9704±0.0072
O.9895±O.OO81
0.9605±0.0067
0.9968±0.0138
1.0081+0.0072
1.0000+0.0069

calculated

0.8700
0.9683
1.0000
0.9550
0.9949
1.0058
1.0092

measured-
calculated

0.0095
0.0021
-0.0105
0.0055
0.0019
0.0023
-0.0092

3.5 N7/0

measured buckling
84.25±0.33

calculated buckling
85.79

calculated keff
1.0049

pin positions

2

' :;.- «3
4

5
6
7
8

measured

0.9056±0.0016
0.9715±0.0019
1.0015±0.0018
0.9726+0.0018
0.9960±0.0027
1.0029±0.0023
1.0000+0.0020

calculated

0.9146
0.9794
0.9959
0.9709
0.9927
0.9978
0.9996

measured-
calculated

-0.0090
-0.0079
0.0056
0.0017
0.0033
0.0051
0.0004

3.6 E7/0
measured buckling

101.26+0.28
calculated buckling

101.70
calculated keff

1.0014
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pin positions

2
3
4
5
7

8

measured

1.1149+0.0045
1.0323±0.0050
1.006211.0042
1.0339±0.0052
1.0150±0.0045
1.0000+0.0051

calculated

1.1103
1.0300
1.0110
1.0373
1.0070
1.0071-

measured-
calculated

0.0046
0.0023
-0.0048
-0.0034
0.0080
-0.0071

3.7E7/1.8
measured buckling

89.54±0.32
calculated buckling

89.34
calculated keff

0.9994

pin positions

2

3
4
5
6
7 .
8

measured

1.116110.0030
1.031710.0037
1.015810.0043
1.0366+0.0051
1.025610.0054
1.012710.0030
1.000010.0047

calculated

1.1109
1.0333
1.0151
1.0401
1.0170
1.0112
1.0114 *

measured-
calculated

0.0052
-0.0016
0.0007
-0.0035
0.0086
0.0015
-0.0114

3.8 K91/0
measured buckling

106.13±0.37
calculated buckling

110.48

pin positions

1
2
3
4

5
6 '.....„-
8
9
11
13
14

measured

1.000010.0065
1.008110.0078
1.034910.0133
1.116510.0085
1.279110.0094

. 1.6397+0.0123
1.042O+.0.0128
1.095710.0076
1.4984+0.0128
1.196510.0066
1.459510.0080

calculated

1.0135
1.0188
1.0495
1.1224
1.2810
1.6299
1.0364
1.0903
1.4932
1.1943
1.4521

calculated keff
1.0127

measured-
calculated
-0.0135
-0.0107
-0.0146
-0.0059
-0.0019
0.0098
0.0056
0.0054
0.0052
0.0022
0.0074

3.9K91/4
measured buckling

69.63+0.20
calculated buckling

71.67
calculated keff

1.0063
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pin positions measured calculated measured-
calculated

1.000010.0080 1.0095 -0.0095
1.017110.0077 1.0134 0.0037
1.046710.0082 1.0387 0.0080
1.096510.0086 1.0999 -0.0034

1.230610.0090 1.2354 -0.0048
1.539810.0079 1.5396 -0.0002

1.034610.0067 1.0277 0.0069
1.080410.0075 1.0729 0.0075

10 1.171710.0080 1.1763 -0.0046
11 1.4154+0.0068- 1.4213 -0.0059
13 1.166810.0082 1.1616 0.0052
14 1.386610.0065 1.3869 -0.0003

3.10K91DQQ/0
measured buckling

93.73±0.27
calculated buckling

96.83
calculated keff

1.0092

pin positions

2
3
4
5
6
8
9
10
11
13

14

measured

1.000010.0044
1.153910.0067
1.305110.0129
1.521910.0099
1.967110.0091
1.139310.0063
1.249810.0094
1.451110.0136
1.822210.0112
1.399810.0065
1.735210.0083

calculated

"• 1.0260

1.1811
1.3141
1.5240
1.9506
1.1506
1.2661
1.4358
1.7842
1.4128
1.7330

measured-
calculated

-0.0260
-0.0272
-0.0090
0.0021
0.0165
-0.0113
-0.0163
0.0153
0.0380
-0.0130
0.0022

4. FULL CORE RADIAL PIN POWER DISTRIBUTIONS

An other part of TIC reports contains measured radial power distributions for entire
cores. Because of symmetry reasons the 1/12th of the core and the reflector is modelled in
HELIOS calculations. The defined reflector layer is so wide that the boundary condition does
not influence the result. Six experiments were selected on the base of CRIF report [5]. The
description of experiments was taken from [2]. Comparisons for these experiments are
presented below.

4.1. Lattice configuration no. 47
The critical assembly has 720 pins with 3.6% enrichment, the lattice pitch is 12.7mm.

Temperature is 20°C, boric acid concentration is 0. Configuration number is 47/3. Using the
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measured axial buckling as input, the calculated keff= 0.99908. The average of absolute value
of errors is 0.61%, the maximal error is 1.23%.

4.2. Lattice configuration no. 57 (D7)
This assembly has 1488 fuel pins with 3.6% enrichment and in every 7th position

boron-carbide absorber pins. The lattice pitch is 12.7mm., temperature is 20°C, boric acid
concentration is 0. Configuration number is 57/57. Using the measured axial buckling as
input, the calculated keffO.99733. The average of absolute value of errors is 1.36%, the
maximal error is 4.16%. • .

4.3. Lattice configuration no. 58 (E7)
This assembly has 1488 fuel pins with 3.6% enrichment and in every 7th position

water holes. The lattice pitch is 12.7mm., temperature is 20°C, boric acid concentration is 0.
* Configuration number is 58/57. Using the measured axial buckling as input, the calculated
keffH).99932 . The average of absolute value of errors is 1.16%, the maximal error is 3.67%.
Lattices of type K91 imitate cores built up from 19 fuel assemblies. The assembly walls were
formed by removing fuel rods.

4.4. Lattice configuration no. 101 (K91)
This assembly has 1729 fuel pins with 3.6% enrichment. The lattice pitch is 12.7mm.,

temperature is 20°C, boric acid concentration is 0. Configuration number is 101/100. Using
the measured axial buckling as input, the calculated keff= 1.00195 . The average of absolute
value of errors is 1.40%, the maximal error is 4.50%.

4.5. Lattice configuration no. 103 (K91)
This assembly has 1596 fuel pins with 3.6% enrichment. The 7 central batches have

D3 type perturbations, the 12 peripheral batches have E3 type perturbations. The lattice pitch
is 12.7mm., temperature is 20°C, boric acid concentration is 0. Configuration number is
103/103. Using the measured axial buckling as input, the calculated keff=0.99927 . The
average of absolute value of errors is 1.06%, the maximal error is 4.48%.

4.6.Lattice configuration no. 113 (K91)
This assembly has 546 fuel pins with 1.6% enrichment, 546 fuel pins with 3.6%

enrichment and 637 fuel pins with 4.4% enrichment . The lattice pitch is 12.7mm.,
temperature is 20°C, boric acid concentration is 5.5g/l Configuration number is 113/113.
Using the measured axial buckling as input, the calculated keff=l.00133 . The average of
absolute value of pin power errors is 0.90%, the maximal error is 3.17%.

5. CONCLUSION

The performed comparisons demonstrate the suitability of HELIOS code for modelling
of WWER type lattices. The calculated eigenvalues of asymptotic lattices meet the
requirements of international practice. The average keff is near to 1.0 enough, the standard
deviation less than 1%. This parameter would be better omitting some cases where the error
over 1% presumably come from bad measurements. For example, the underestimation in cases
no. 1,2,23,24 coincidences with results of other codes presented in [2] , Table 4.5.18.

The comparisons of radial pin power distributions are excellent, the concept of
asymptotic macrocells is very suitable for validation of lattice codes, because reflective
boundary condition is usable for calculation of these geometrical arrangements as it used to be
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in generation of few group cross section libraries. The main part of differences between
measured and calculated pin power values is within the error of measurements or very near to
it. Similarly, the comparisons of full core pin power distributions are excellent as well,
especially the lattice configuration no. 113 is very important, because it imitates a core
arranged from 19 assemblies with 3 different enrichments.
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Recent Improvements to the GNOMER Code for Reactor Calculations

A.Trkov, M.Kromar
"Jozef Stefan" Institute, Ljubljana, Slovenia

ABSTRACT: The GNOMER was used for many years within the CORD-2 package for design
calculations of Pressurised Water Reactors. Recently, many enhancements to the code were made which
increase the accuracy of the results with thermohydraulic feedbacks, allow burnup gradients across fuel
assemblies, pin power reconstruction and Xenon transients. The improvements were tested against real
operation data of the Krsko Nuclear Power Plant. A few examples are presented.

1. Introduction

The GNOMER code III is one of the two main reactor physics codes for design calculations of PWR-
type reactors with the CORD-2 package 111, which includes WIMSD-5A 131 for lattice transport
calculations, while GNOMER is used for homogenisation of fuel assembly cross sections, as well as for
the whole core multiplication factor and power distribution calculations. It contains a thermal hydraulics
module so that temperature and moderator density distributions can also be calculated.

The GNOMER code was developed at the Institute "Jozef Stefan" (IJS) and is distributed by
the NEA-Data Bank in Paris under the label IAEA1271.03 and also by RSICC at Oak Ridge under the
label CCC-625/GNOMER. Validation of the neutron diffusion module with respect to accuracy and
computational efficiency is evident from the test cases, supplied with the code. The test cases include
many of the internationally defined benchmarks 141, accumulated over the years for code validation
purposes.

The main algorithm for solving the neutron diffusion equation is based on the Green's function
nodal method 161, which proved to be robust with respect to numerical stability, accurate and highly
efficient. The thermal hydraulics module is relatively simple, based on the assumption of an average
channel within a fuel assembly, allowing for a certain degree of coolant mixing between fuel assemblies.
Effective fuel temperature is defined through an empirical correlation between the power and the
surrounding coolant properties.

The source code on which the current set of updates is made was frozen in 1995. Code
maintenance is done strictly by Update commands and the UPD code 151, which is an emulator of the
CDC Update system. Code maintenance through Update commands allows to keep a concise, clear and
exact record of all changes in the source code, which is important for Quality Assurance (QA)
purposes. The updates are available over the Internet at "http://www2. i j s . s i / ~ t r k o v / " and
include the following:
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• Fine mesh flux and power distribution reconstruction so that fuel pin power and peaking
factors can be calculated.

• Linearly varying cross sections across otherwise homogeneous nodes can be defined. This is
adequate for treating effects such as burnup gradients across fuel assemblies.

• Improved cross section adjustment methods to account for thermohydraulic feedbacks.
• New criticality search options are available. Apart from the critical buckling, albedo and

Boron concentration, the criticality search was extended to the search for a critical control
rod position.

• Axial power offset can be defined from input. Control rod position search is performed to
match the requested axial offset at critical Boron concentration.

• A new module is added to calculate the relative Xenon and Iodine concentration variation
with time, so^jiat Xenon transients can be modelled in full three-dimensional geometry.

In addition, several minor improvements and new options were added to edit and format the output
parameters.

The new features are described in internal notes, before complete new documentation for the
code is released. However, the user instructions are included as comments in the Fortran source and are
maintained in parallel with any upgrades of the code, so they are always up to date.

Improvements in the reactivity coefficient method for fine tuning of the cross sections to
account for thermohydraulic feedbacks is presented separately 111. In the present paper a few examples
are shown to demonstrate the use of the new calculational features for design calculations and transient
analysis of the Krsko NPP.

2. Fine mesh flux and power reconstruction

Generally, nodal methods calculate the average power and neutron flux over relatively large
homogenised nodes, for which average cross sections are required. A special feature, which is available
through GNOMER in CORD-2 is the ability to account for pin-by-pin burnup. In principle, every pin in
an assembly has a different burnup. This would require a large number of cell calculations with the
lattice code. GNOMER allows that only cross sections at the assembly average burnup, the minimum
and the maximum burnup are specified. Giving the relative burnup of different pins, the cross sections
corresponding to different pin burnups are obtained by interpolation. In an assembly, more than one
type of cell can be burnup dependent.

With the pin burnups being accounted for, GNOMER can also homogenise cross sections to
produce node average cross sections with PI components. In this way, burnup gradients can be treated
at least approximately in the whole core calculation while retaining the advantage of the "one node per
assembly" coarse spatial discretization. Further accuracy is gained by the explicit treatment of the radial
leakage in the fuel assembly calculation and by the EDH method /8/ for homogenising the cross
sections, which guarantees the conservation of the partial currents on the node boundary at least on
average.

To reconstruct the fine mesh (pin-by-pin) power distribution within the large, homogenised
nodes, the heterogeneous solution is obtained as a superposition of the homogenised solution and the
heterogeneous form factors, which are a by-product when homogenising the cross sections. The
homogenised solution is reconstructed from the results of the nodal calculation by employing the
principle of the flux and current continuity and a polynomial approximation for the intra-node neutron
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flux distribution 191. Although many authors argue, that polynomial approximation is inadequate, the
use of polynomial coefficients which are obtained directly from the nodal solution provide additional
accuracy, so that pin-wise power can be reconstructed accurately to within a few percent. An example
of the pin power distribution in the Krsko NPP core at Hot-Full-Power conditions at the beginning of is
shown in Figure 1.
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Figure 1. Pin power distribution in the Krsko NPP core at BOC, HFP conditions.

3. Xenon transient analysis

Xenon is an important fission product which seriously affects many operating aspects of a power
reactor. For this reason it is important to have a tool for analysing the build-up and decay of Xenon and
its precursor Iodine as a function of time and position within the core.

A set of equations was derived which gives the time-evolution of the Xenon and Iodine
concentration at a certain time dependent power level, relative to the equilibrium concentration at the
average nominal power. Knowing the Xenon reactivity worth, fine tuning of the cross sections can be
•dpnetfo account for the presence of Xenon.

The Xenon module was checked to reproduce correctly the asymptotic behaviour. Its capability
to model the transients was checked by simulating a real situation in which a scram occurred and the
reactor was taken back to power after a few hours. In the calculations the control rods were positioned
such that the axial offset matched the measured one. The Boron concentration was adjusted for
criticality. The calculated and measured relative power level, Boron concentration and control rod
position are shown in Figure 2. On the abscissa the time after the scram (hours) is shown. For the
simulation, the operation parameters were available only as one-hour-average values, so exact
simulation of the transient was not possible. Considering the uncertainties in the measured values we
believe the agreement between the measurements and calculations is excellent.
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Figure 2 : Comparison between the calculated and measured core operation parameters.
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4. Conclusions

Recent improvements in the GNOMER code extend its capabilities to satisfy all the requirements with
regard to the options that were envisaged within the CORD-2 package. In this respect, code
development work is complete and shortly, new documentation for the code will be released. Future
work will be focused on improving further the computational efficiency and on more refined input error
trapping, to make the code even more user friendly.

In combination with other modules of the CORD-2 package the accuracy of the GNOMER
results is sufficient for the design calculations of pressurised water type reactors. This has been
demonstrated in the case of the Krsko nuclear power plant, for which fourteen reload cores have been
analysed already.
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ABSTRACT - Reactivity coefficient method, used in the CORD-2
package to cover the Xenon and power feedback effects has been
refined and incorporated into the GNOMER diffusion code. Reactivity
coefficient library was generated for the NPP Krsko and tested on a
typical fuel cycle. Results show that the method is very fast and
accurate, suitable even for the most demanding design calculations.

1. Introduction

The CORD-2 package/1/ developed at our institute has been verified
for design calculations of PWR cores. It consists mainly of two basic
reactor physics codes WIMS/2/ and GNOMER/3/. The first one is used
for lattice cell calculations and the second one for the multigroup
multidimensional diffusion calculations.

Since the system was designed to be flexible and as accurate as
possible, it does not rely on macroscopic cross sections library.
Instead, the concept of an isotopic composition library was adopted.
For each problem to be solved, only cell isotopic composition is
retrieved from a precomputed library. Everything else (cell cross
sections determination, assembly cross section homogenization, global
diffusion calculation) is performed on a case by case basis. In this
standard sequence of calculation, Xenon and power feedback effects
are mainly calculated by the WIMS code. Only small local perturbations
to accurately account for thermohydraulic and neutronic coupling are
covered by the reactivity coefficient method, applied in the diffusion
code GNOMER.
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The concept proved to be successful for typical design calculations of
reload cores, where only a relatively limited number of cases need to
be examined. However, for some specific problems, such as loading
pattern determination, 3-D dynamic and kinetic problems, efficiency of
the system is not sufficient to be practical. In such cases, the power
feedback effects are modeled entirely within GNIOMER on a nodal
basis. To achieve the required accuracy, the reactivity coefficient
method was refined and incorporated into GNOMER and the reactivity
coefficient library.

2. Reactivity model

Reactivity coefficient library consists of data which describe reactivity
changes due to the following effects:

• Moderator temperature (TM)
• Fuel temperature (TF)
• Boron concentration
• Xenon (Xe)

All coefficients are also tabulated as a function of burnup (Bu). For the
moment only one type of the fuel (with average characteristics) is
considered, but the' expansion to the multiregion concept is
straightforward.

Reactivity changes are approximated by:

Cj,

M

Xe2 _ _ „ _ 0 „ . Xe1
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3. Spectral corrections

Preliminary calculations have shown that correct accounting of reactivity
(Kc) is not sufficient for the desired accuracy. If sufficiently large
differences in the core conditions are present, the change in the infinite
neutron spectrum and in the leakage have to be considered. For that
purpose in the two energy group approximation, selected cross
sections are corrected with the following factors:

Spectral factor

C12

Mrac

Affected cross sections

After spectral corrections (Cspect. Cdif, C12), the absorption cross
sections are modified to reproduce correctly the Koo in such manner
that the fast to thermal absorption increment ratio equals to Cfrac. Ail
spectral correction factors C are fitting parameters generated to match
the observed differences in cross sections when core conditions
change.

4. Results

Reactivity coefficient method was tested on a typical cycle of the Krsko
NPP. The coefficient library was prepared for the average fuel (average
enrichment, average initial mass of U, average fresh IFBA rods number
etc.) with no control rods. Cross sections were generated for the hot
zero power (HZP) and hot full power (HFP) conditions with the
standard CORD-2 sequence of calculations. HFP conditions are
simulated with the reactivity coefficient method from HZP cross sections
and compared with the reference explicit HFP calculation. Results for
beginning of cycle (BOC), middle of cycle (MOC) and end of cycle
(EOC) are shown In Table 1 and Figures 1-3. Calculations were
performed for all rods out (ARO) and D-bank fully inserted
configurations.
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Table 1: Simulation of the HFP conditions from HZP cross sections
with the reactivity coefficient method.

Condition

BOC ARO
D-IN

MOC ARO
D-IN

EOC ARO
D-IN

AC B
c r i t i c a l

(ppm)
-6
-2
-2
+2
-12
-9

A D w o r t h

(ppm)

-4

-4

-3

s D w o r t h

(%)

3.2

3.3

2.5

max A r a g s e r n b i v

(%)

0.32
1.37
0.36
1.43
0.35
1.49

Results show excellent agreement for the ARO configuration. Errors are
within the accuracy of the GNOMER diffusion code and are well bellow
the accuracy of the CORD package itself. Even for such extreme cases
as total insertion of control bank at HFP conditions, reactivity
agreement is good. However, relatively large discrepancies in the local
power distribution near the control rods position (Figure 3) indicate that
a modified coefficient library would be necessary in the case when
strong absorbers (control rods, large number of IFBA rods in an
assembly) are present if ..full accuracy is to be attained. We believe
that such sophistication is not necessary for the moment.

5 0.30

30.20

10.00
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0.20

-0.30

" -0.40

Figure 1: Power distribution errors (in % with maximum 0.32%) of the
reactivity coefficient method for the BOL, ARO conditions.
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Figure 2: Power distribution errors (in % with maximum 0.35%) of the
reactivity coefficient method for the EOL, ARO conditions.
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Figure 3: Power distribution errors (in % with maximum 1.37%) of the
reactivity coefficient method for the BOL, D-in conditions.
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5. Conclusion

Refined reactivity coefficient method incorporated into the CORD-2
package was found to be a powerful tool in the simulation of
thermohydraulic and Xenon feedback effects. The method is very fast
and its accuracy is sufficient even for the design calculations. Library
of coefficients can be prepared in advance and needs to be changed
only when substantial differences in fuel characteristics are introduced.
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ABSTRACT: A criticality safety study of various forms of multiplying medium based on RBMK-1000 fuel
elements is presented in this work. The calculations were performed with LANL Monte Carlo MCNP4B code.
A detailed three dimensional model of the RBMK fuel element has been developed. A set of parametric
calculations was performed for some hypothetical fuel conditions with the infinite model of storage lattice.
Multiplying properties of homogenised mixture of fuel and moderator were also analysed. MCNP calculations
were performed for fresh fuel conditions. The reduction of the multiplication factor due to burn-up up to 20
GWd/TU was estimated using WIMS/D-5 code for lattice-cell conditions.

1 Introduction

The stimulation for pursuing the research presented in this paper was the news^ released through the
NucNet by the European Nuclear Society. In the contribution entitled "Ukraine Experts Split Over
Sarcophagus Future", it was pointed out that intact fuel assemblies have been unexpectedly discovered
in an area inside the Sarcophagus, close to where the increases in neutron flux were recently observed.
Criticality would be possible under certain conditions and at certain humidity levels.

An extensive Monte Carlo criticality safety study was performed with the scope of evaluating
conditions potentially leading to criticality in the Sarcophagus. Undamaged fuel elements were
considered, as well as other combinations of homogenised multiplying material produced from the fuel
elements and moderator found in the remainders of the reactor core. A number of loading patterns of
intact fuel elements were modelled to estimate the critical number for each particular scheme. The
coolant density was varied in the range from 0 to 1 g/cm3 in order to simulate the core or fuel storage
accidentally flooded by water. An investigation of multiplying properties of homogeneous mixture of
molten core materials was also performed.

All calculations were performed for the fresh fuel composition. A detailed three dimensional model
of the RBMK fuel element has been developed for the multipurpose Monte Carlo MCNP4B code[6l
utilising continuos energy cross-section data from ENDF/B-VI library (with exception of the natFe.
which was taken from ENDF/B-JV library). The S(a,P) scattering functions for hydrogen in a water
molecule and for graphite were taken from the ENDF/B-IV library. Finally, using deterministic lattice-
cell code WIMS/D-5[4] the burnup dependence of k^ was estimated up to 20000 MWd/TU.

2 MCNP Modelling aspects

2.1 Geometry model of the intact fuel assembly within a periodic lattice

The geometrical model of Chernobyl RBMK-1000 intact fresh fuel assembly applied in MCNP
(Fig. 1), was precisely prepared on the basis of the detailed description and design performances as well
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as the main characteristics of the reactor core as can be found in Refs. [2], [3] and [5]. In order to check
the influence of the geometrical representation, we developed two models of the fuel element.

> fuel clad (fuel element can)

•fuel

> spacer grid

• channel tube

Fig. 1: The MCNP model of the RBMK-1000 reactor fuel element (top view, 10 cm height)

In the first, 3-D model, all the details such as plugs at the fuel pin ends, the spring, realistic shapes
of tail and nose as well as void region (20 mm high) in the mid-height of the core, representing two
axially separated fuel sub-assemblies, are considered. The height of the whole assembly from
supporting rod to the nut was 10015 mm. The fuel assembly is surrounded with a square graphite block
with dimensions of the formal reactor pitch (250 x 250 mm) and height 7280 mm. Non-reentrant axial
boundary condition was assumed for the kefr calculations. Reflective boundary conditions were specified
at the graphite block side ends.

~*"'v?§£ sec'end*, 2-D fnodel, differs in specification of the model in the z-axis. All the axial details
described before were omitted here. The top, bottom and side boundaries were designated as reflecting
planes in order to simulate an infinite reactor core. From the criticality safety calculations point of view,
this kind of model represents the most conservative case, giving the multiplication factor of infinite
lattice kinf. The 2-D model was used in MCNP and WIMS calculations whereas the 3-D model was used
only in MCNP calculations.

2.2 Calculation of neutron leakage

Due to practical reasons main calculations the were performed using the 2-D model. In order to
estimate the conservatism of the 2-D model with respect to the 3-D model due to axial leakage, a set of
2-D and 3-D calculations of the reactor core lattice unit cell consisting of fuel channel and graphite
block of actual fuel-to-fuel spacing was performed. Different water densities were assumed: 0, 0.5 and 1
g/cm3. The results of MCNP calculations and comparison to WIMS infinite geometry model
calculations are presented in Table 1 and in Fig. 2, respectively.

Table 1: Estimation of neutron leakage for different fuel element geometry models and various water densities
Water
density
[g/cm3]

0
0.5
1

Infinite geometry model
(no axial, no radial leakage)

kinf ± &
1.34223 ±0.00069
1.31350 ±0.00072
1.28524 ±0.00064

Real geometry model
(finite axial, no radial leakage)

kelT+O-

1.32716 ±6.00077
1.30206 ±0.00080
1.27521 ±0.00071

Estimated leakage
(kjnf - keff)

[pern]
1507
1144
1003
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Fig. 2: Comparison of MCNP and WIMS results, 2-D reactor lattice pitch 25 cm

In the case of the infinite MCNP geometry model (bounded with reflecting planes) the multiplication
factors were sampled by simulating 250 generations with 2000 test neutrons and 30 non-contributing
settle cycles. Those parameters were sufficient to obtain the result with the confidence interval of
approximately 150 pcm in about 105 CPU minutes (HP 715/75 workstation).

Nevertheless, in the case of the real 3-D model, convergence of the fission source distribution was
ensured according to the recommendations given in Refs. [6] and [7]: the first 250 generations were
processed starting with a point neutron source. The second run was a MCNP "continue run" with the
same number of generations but better sampled axial fission source distribution in the fissionable
material. Therefore, to obtain the result with the comparable statistical accuracy, almost 260 CPU
minutes on the same workstation were required.

It can be observed from Table 1 that neglecting of axial leakage increases the multiplication factor
for about 1.5 % Ak/k. The estimate is made for the fresh reactor core conditions and zero density of
water moderator thus presenting maximum axial leakage. When nominal water density (1 g/cm3) is
considered, the axial leakage is substantially reduced (~1 %). However, due to large axial dimensions of
RBMK fuel and, consequently, small axial leakage, this axial leakage negligence will be assumed also
in other fuel element configurations that are treated further on.

It may also be noted from Fig.2 that results of MCNP and WIMS calculations agree within ±2 % A
k/k for operating water density conditions (-0.7 g/cm3). Both codes also yield positive water density
reactivity coefficient (derived from the negative slope of kefr in Fig. 2).

When considering the overall error of the input data with respect to dimensions of RBMK-1000 fuel
.assembly (~0.3 %), the error due .to geometry simplification in MCNP 2-D model (~1 %) and the
inaccuracy of ENDF/B-VI cross-section data (-0.2 %), the relative systematic error of the
multiplication factor calculated with MCNP was estimated to be less than 1.1 %.

3 Results of criticality safety calculations

3.1 Simulation of various moderating conditions for undamaged fresh fuel

It was decided to perform a set of parametric calculations with the main objective to search for the
fuel arrangement and moderation conditions that might lead to criticality. Two scenarios were
simulated: in the first one the fuel elements remain undamaged and are embedded in the graphite, but the
distance between the fuel assemblies is varied. It was assumed that coolant water inside the channel tube
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and graphite remain separated. Water density was varied from 0 to 1 g/cmJ and the pitch of the elements
from 8.8 (contact pitch) up to 40 cm, thus simulating different moderating conditions of intact fresh fuel
elements. The k ^ was sampled by following 250 generations with 750 neutrons each and 30 non-
contributing settle cycles, thus providing the statistical error less than 150 pcm.

Results are presented in Fig. 3. It can be observed that at low water density (e.g. 0.01 g/cm3) the
multiplying properties of the system significantly depend on the pitch between the fuel elements, as the
system is strongly undermoderated at short pitch distances. kinf increases with increased distance
between the fuel assemblies and reaches the maximum value at approximately 30 cm pitch. This value
is approx. 0.9 higher than kjnf when the fuel elements are in contact. It can be concluded that if no water
is present, any combination of fuel elements and graphite other than the core conditions can not
significantly increase k^, provided the fuel elements are intact.

Rho= 0.04

Rho= 0.08

Rho=0.2

Rho = 0.6

Rho =

15 25

Pitch [cm]

Fig. 3: Dependence of the k f̂ on the lattice pitch for various values of water density

If water is present in the fuel channels, the situation is different. As water takes the main part of
moderation at short pitch the multiplication factor does not depend significantly on the lattice pitch. In
the whole interval of pitch variation, the kinf is only slightly smaller than for reactor core lattice
configuration without water. It may be concluded that fuel elements flooded with water at normal
density will have similar multiplying properties as graphite moderated core with reactor lattice pitch of
25 cm.

In the second scenario it was assumed that otherwise intact fuel elements are embedded in a
homogeneous mixture of water and graphite inside as well as outside of the channel tube. As in the first
scenario, the integrity and the geometry composition of the fuel channels remained unperturbed. The
pitch of the elements was varied between 8.8 (contact pitch) and 40 cm and the material composition of
the moderator mixture from pure water to pure graphite with the nominal densities of 1.0 and 1.67
g/cm3 respectively. Results are presented in Fig. 4.

It can be observed that at short distances (e.g. 8.8 cm) between the assemblies maximal
multiplication factor occurs when the moderator is water since it is well known that in tight lattices
water is a better moderator than graphite. If the pitch is large (e.g. 40 cm) the situation is opposite. The
maximum multiplication factor is obtained when the moderator is pure graphite. Multiplication factor
will be significantly reduced if the portion of water in graphite/water mixture is increased as the fuel
assemblies become neutronically decoupled due to much shorter diffusion length of fast neutrons in
water than in graphite.

It is interesting to note that approximately equal multiplication properties are obtained in both
extreme cases: short distances between the assemblies and water moderator and large distance between
the assemblies and graphite moderator. For the intermediate distances and other compositions of the
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moderator region the multiplication properties and kinf depend on the particular combination of both
effects, as can be seen in Fig. 4.
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Fig. 4: Dependence of k f̂ on the lattice pitch for various homogeneous mixtures of water and graphite
moderator

3.2 Estimation of the critical number of fuel elements

Calculation of the critical number of the fresh fuel elements in the storage presents the next step of
our cnticality safety analysis. The geometry of the channel tubes was assumed unperturbed i.e. the fuel
elements remained intact. Two hypothetical alternative modes of fuel compaction at various values of
cooling water density were assumed:
- the fuel elements are filled in a square lattice of nominal reactor pitch (25 cm), graphite is between

the fuel elements (see Fig. 5).
- square lattice of fuel assemblies in contact with the pitch of 8.8 cm, water between the fuel

elements, no graphite present.

> void

fuel assembly

graphite

Fig. 5: The critical arrangement of the fuel elements for square lattice with 25 cm pitch with graphite

In both cases water is assumed inside the fuel channel. The critical number of fuel elements for each
particular arrangement was estimated for different values of cooling water density: 0.04, 0.5 and 1
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g/cm3. The fuel elements were modelled as axially infinite (reflecting boundaries). The radial boundaries
of each particular lattice arrangement were defined as vacuum, thus specifying finite neutron leakage in
radial plane and kg^ calculation.

The statistical error of the estimated keff values was less than 200 pcm. The sensitivity of the
multiplication factor on the geometry of the lattice arrangement was not tested. In the first case, i.e.
graphite moderated lattice with 25 cm pitch, the critical number of fuel assemblies is about 40 and does
not depend significantly on water density in the fuel channel. Results are presented on Fig. 6.

Rho = 0.04

Rho = 0.5

Rho = 1

50 100 150 200

Number of fuel elements in a lattice
250

Fig. 6: Dependence of the keff on the number of fuel elements for various values of water density - compact
fuel elements with graphite and nominal reactor pitch 25 cm

In the second case, where the water is the only moderator but the fuel elements are in contact, the
critical number is about 60 at water density 1 g/cm3 and rapidly increases with decreasing water
density. If effective water density is 0.8 g/cm3, the critical number is already over 100 fuel assemblies.
It is estimated that for the water density below 0.6 g/cm3, fresh fuel elements in contact can not become
critical regardless of their number.

3.3 Calculation of multiplying properties of homogeneous mixture of fuel and graphite

To investigate all possible conditions of multiplying material, calculations for infinite medium
consisting of homogenised mixture of graphite and all additional solid materials inside the fuel channel
(fuel, central tube, fuel cladding, spacer grids and channel tube) were performed. Fresh fuel was
considered. The homogenised mixture of fuel channel and fuel element is called "fuel mixture" further in
the text. The weight fractions of isotopes in the "fuel mixture" remained the same as in intact fuel
element. Other core components, such as control rods, were not considered.

We performed a set of calculations varying the volume fraction of "fuel mixture" vs. "fuel
mixture"+ graphite from approx. zero to one. The MCNP calculation results were reproduced also with
the WIMS/D-5 code for the following volume fractions of graphite and "fuel mixture": 0.000623,
0.00623, 0.0623 and 0.6234. The results presented in Fig. 7 show good agreement between the two
codes. The values agree within the confidence intervals of the MCNP results having standard deviation
less than 160 pcm.

Results in Fig. 7 show that the mixture of graphite and "fuel mixture" in volume proportion typical
for reactor core (0.06) is subcritical, even when considering fresh fuel elements. However if graphite is
added to the "fuel mixture" in the range between 0.003 and 0.02, such mixture can become
supercritical. The critical radius of a sphere filled with the mixture with volume fraction of graphite and
"fuel mixture" 0.01 was estimated to 241 cm corresponding to the critical mass of the mixture of about
100 tons, containing approximately 3200 kg of uranium.
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Fig. 7: Dependence of the k f̂ on the "fuel mixture" vs. ("fuel mixture"+graphite) volume ratio in the
homogenised mixture of graphite and solid materials from the fuel element. No water present.

4 Calculations of RBMK-1000 fuel elements burnup

It is important to note that all results described above apply to fresh fuel at room temperature.
Results can be.directly used for criticality safety assessment of locations containing intact or damaged
fresh fuel elements, if they exist. However, the results may "be usable also for the partly burned fuel
originating from the core, if the correction for the fuel bum-up is introduced in k values.

In order to estimate the effect of bum-up on k the fuel element bum-up calculation for Chernobyl
RBMK-1000 reactor core lattice at operating conditions was performed. WIMS/D-5 code was used in
2-D approximation (PIJ option). The fuel element pressure channel and graphite block were explicitly
treated. White boundary condition was assumed on the radial boundary. Bum-up was calculated in the
unit-cell approximation, taking into account the leakage spectrum corrections by effective buckling.

Table 2: The results of burnup calculation of RBMK-1000 reactor core
T

(MWd/ TU)
0

0, Eq. Xe
2000
4000
6000
8000
10000
12000
14000
16000
18000
20000

Pwater = 0.5 g/cm3

1.3187
1.2802
1.2433
1.2123
1.1799
1.1469
1.1136
1.0799
1.0464
1.0127
0.9796
0.9476

kinf

Pwatcr = 0.7 g/cm3

1.3140
1.2761
1.2392
1.2081
1.1753
1.1416
1.1073
1.0724
1.0374
1.0024
0.9680
0.9347

Pwatcr = 1 . 0 g/cm
1.3039
1.2669
1.2299
1.1985 - •
1.1651
1.1304
1.0947
1.0583
1.0215
0.9847
0.9485
0.9135

The results of bumup calculations for three different water densities: 0.5, 0.7 (operating water
density as found in the operating characteristics specified in [4] and [6]) and 1 g/cm3 are summarised in
Table 2.
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Results of the burn-up calculations show that kinf is reduced for ~0.25 if average burn-up of approx.
13000 MWd/TU is assumed[8]. Taking into account this correction, one may observe that kjnf and k^
values derived in previous analysis never exceed ~0.95. It can be concluded that the remainders of the
core can not become supercritical under conditions specified, provided that their average burn-up
exceeds approx. 13000 MWd/TU. However, this can not be stated for larger groups of intact or
disintegrated fresh fuel elements or elements with lower burn-up.

5 Conclusions

Results of the Monte Carlo calculations presented m the paper apply to various conditions,
geometrical arrangement and moderating conditions of the fuel that may be expected in the remainders
of the Chernobyl NPP. Two basic fuel conditions were treated: intact fuel elements and homogenised
mixture of fuel element materials and graphite. The following general conclusions may be drawn:
1. In case of intact fresh fuel elements optimal moderation occurs for conditions similar to regular

core conditions provided that no water is present. Presence of water either inside of the fuel
channel or in mixture with graphite reduces multiplication factor, if the distance between the fuel
elements is large compared to the neutron diffusion length (> 30 cm). If the distance between the
fuel assemblies is comparable to the diffusion length (10 - 30 cm), the intrusion of water may
increase the kinf up to 1.2.

2. In case of homogenised mixture of fresh fuel and graphite, optimal moderation is found at fuel-to-
graphite volume ratio which is approximately 10 times smaller than for typical core conditions. kinf

may reach 1.2.
3. The effect of burn-up reduces kjnf for more than 0.25, if average burn-up of more than 13000

MWd/TU is assumed.
Other important effects that need to be considered if this armlysjrs:is to be applied for realistic conditions
in the Sarcophagus are finite mass of the multiplying material (leakage) and presence of other core
internals (e.g. control rods) and construction materials in the multiplying media. These effects are not
treated in this paper, since they depend on geometry and material composition for which only scarce and
unreliable data are available.
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Abstract

A description of the determination of fast neutron fluences in the range from approximately
104 cm"2 to 10!0 cm"2 for calibration of a neutron sensitive compound consisting of a polythene
foil (PE) in close contact with a solid state nuclear track detector of allyldiglycol carbonate
(CR-39) is given. The fast neutron source in the exposure room is a fission plate which is
enriched with 235U.

To obtain the correspondence between the count rate of the proportional detectors and the real
fast neutron flux at the position of exposure, these systems were supplemented with a Ge(Li)
-/-spectrometer utilizing the I97Au(n,7) reaction with bare diluted gold, i97Au(n,y) with diluted
gold under a cadmium cover, the threshold reaction U5In(n,n'), and the threshold reaction
27Al(n,a).

Introduction

To measure fluences in this range in one step is in practice virtually impossible. The
sensitivity of the neutron proportional detectors used is much greater than the sensitivity of
the PE/CR-39 passive detector, and on the other hand, the counting rates must be strongly
in the linear region. For this reason the whole region was divided into several partially
overlapping subreg'ions [1]. To each of these one counting system was assigned. The systems
were all located outside the reactor; however their degree of shielding against reactor neutrons
differed substantially.

Experimental set-up

A simplified section through the reactor at the height of the horizontal channels is shown in
Fig.l. Letters A, B, C denote the detectors of the counting systems. Detector A is placed
normal to the lengthened axis of the tangential channel. The detector B is positioned under
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the vacuum guide in the extended biological shielding of the cold neutron facility, and
detector C is located in the hole of a paraffin cube in the rear of the alkene wall. Irradiation
of a sample begins by letting it down into the irradiation position V in the exposure room
from the top of the reactor, and finishes by lifting it back. The distance between position V
and the fission plate FP is 11,0 cm.

Counting rate and fast neutron fluence

Let NA, NBi Nc be true events due to neutrons emerging from the reactor, i.e. all counts
minus counts from background of the systems A, B, C within the same time of measurement.
With simple measurements at appropriate power levels the following relations between the
counting rates were found :

NA = 1497,7 -Nc and NB = 29,542 -Nc

To obtain the correspondence between the counting of the proportional detectors and the real
fast neutron flux at the position of the exposure, the irradiation of activation materials
described in the abstract was performed at full reactor power. During this irradiation the true
average counting rate of system C was 69,78 s"1. From the measured saturation activities we
determined the neutron flux spectrum (see Fig.2) by use of the computer collection SAND
II [2]. Under these circumstances the conventional fast neutron flux at the position of
exposure is

<j)(E)dE= 1,036-107 cm~2 s^ , P = 25QKW

This flux spectrum above epithermal region is nearly a fission one (a comparison with results
of similar irradiations in the absence of the fission plate showed that reactor neutrons
contribute less than 20% to $F). So we obtain for fiuence FF at an arbitrary constant fast
neutron flux $F :

FF = 0,1485-106 cm~2 N^ = O,1OO3-1O3 cm'2 NAt = 0,5026-104 cm'2 N^

This relation.helps us to consider the reactor power .w-Fth respect to the desired fluence and
acceptable irradiation time t.

Irradiations and ancillary measurements

Irradiations were performed in four groups in which the reactor power was kept constant at
nominal levels of 2W, 2KW, 200W, and again 2KW . In each step the counting rate of the
most suitable counting system was measured repeatedly. Later the samples were etched [3],
and finally track densities were evaluated [4].
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Results

The characteristic values for particular irradiations and the evaluated track densities are given
in TABLE. The final result, track density versus fast neutron fluence, is shown in Fig.3. This
curve is a linear fit of Q = Q0 + KFF for unknown constants Qo, K over the last two columns.
It reads

Q - (lOdi) cm-2 + (1,59+0,03)-lO"6 FF , FF [cm "2]

This result showed that a fast neutron flux as small as 1 cm"2 s"1 could be detected with
PE/CR-39 at an exposure time of some months.

TABLE: Measured values of neutron fluence FF and track density Q.
The symbols X and Nx denote detector and counting rate, respectively.

Irradiation

1

2

3

4

5

6

7

8

9

10

X

A

H

t!

II

B

M

B
«

B

it

ti

23,64 sl

n

it

538,0 sl

53,28 s"1

*

534,7 s-1

n

n

Irrad. time [s]

6,0

45,9

447

4470

39,0

382,8

215,2

122,8

687,2

3865

FF [cm"2]

O,I413-1O5

0,1074-106

0,1052-107

0,1052-10s

0,1054-109

0,1035-10'°

0,5762-108

0.3301-109

0,1874-I0io

0,1039-10"

Q [cm"2]

12,49
12,49
8,33

20,82
8,JJ

8,33

16,66
41,64
24,98

16,66
20,82
12,49

216,52
195,70
208,20

1461,5
1565,6
1748,9

112,43
99,93

124,92

516,33
532,98
483,02

2261,0
2560,8
2789,8

16647
16727
18384
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Fig.l Simplified section through the reactor at the height of the horizontal channels. Letters
A,B,C denote the proportional detectors. V denotes the irradiation position, FP the fission
plate, BZ the extended biological shielding of the cold neutron facility, and F collirnators with
a filter belonging to the device for prompt (n,-y) reactions
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ABSTRACT — A general technique to evaluate component state is proposed. It is a combination of
existing PSA data and fuzzy logic. The proposed method exists of two main parts: qualitative and semi-
quantitative analysis. During the qualitative analysis are gathered 'classical' reliability data and data of operating
environment of the component during normal operation and initiating events, where available. Component state
is analysed with semi-quantitative analysis and its failure rate is estimated.

The main advantages are explicitly included data of operating environment to the component availability
estimation. With this method a more integral component state can be determined and a more comprehensive
analysis can be performed at least in the following research fields: plant-specific PSA, life extension programme,
failure data trending programme and TSs optimisation. As an extension of the method a fuzzy logic controller
could be build and used, for example for maintenance optimisation.

1. Introduction

Probabilistic safety assessment (PSA) proved itself as a valuable tool to estimate the
safety of systems. It is robust and able to address the identified problems.1 However, results
of assessments are useful in relative terms, because of many uncertainties, associated with
modelling of systems, physical phenomena involved, and reliability data of components. The
input numerical values in PSA models are very small probabilities, thus usually not treated
according to their impact to the total result.

Back in 1981 Parry and Winter2 wrote about uncertainties in PSA, which are not
satisfactorily overcomed even today, 16 years later. One of their concerns was, that a
component in a fault tree could only have two positions: working/not working. Today, it is
possible to include different failure modes, such as failed open, failed closed, failure to run,
but the basic logics has binary assumption: the component is working or is not working. A
decade later Bley, Kaplan and Johnson1 wrote about uncertainties in PSA in the same manner,
for example: uncertainty in determining equipment state, while working in different
environments, the effects of fire and floods, and the impact of room heatup. The same authors
wrote two years later again about credibility of PSA studies.3 They referred to issues that had
not been treated properly, such as ageing degradation of active and passive components,
common cause failures in multiple systems, design and construction errors.

With evolution of PSA to the living PSA and its usage to represent actual plant safety
status the already existing models were not sufficient. Carlsson, Johanson and Holmberg4

mentioned some limitations in PSA models and methods, as for example: incompleteness,
conservatism, common cause failures, testing and test effectiveness of standby components.

In the last five years, numerous publications suggest that the Technical Specifications
improvements could be made by PSA optimisation methods. They found out, that one of the
main limitations are uncertain parameters' data, for example uncertain failure rates.5

Augutis6 states, that existing data bases for nuclear power plants are relatively good for
nuclear power plants of the western type. But if one would try to use the probabilistic
methods for risk estimation of non-standard technologies, then 'the lack of data and
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limitations of the computer code caused rather large uncertainty of the components reliability
and modelling results compared with the uncertainty of Western plants PSA results'.

Besides unavailability and limited use of non-specific databases, there is another source
of uncertainty, that of subjective treatment of the input data. Often, the analysts do not study
assumptions, which were made when estimating failure rates in databases or the assumptions
are not known.

To overcome these problems, some authors ' suggest a more exact evaluation of
component unavailability and propose a general technique using fuzzy sets to describe the
component states. Two main ways of improvement are:
• supplement the data base with parameters, which will compel the analyst to gain a deeper

knowledge of a component,
• new mathematical models of component unavailability, which will address not only

quantitative but also qualitative input data.

2. Methods for component state assessment

The need to precisely define the component state leads to extensive research in this field.
Besides classical probabilistic approach a component can be analysed by the state-space
analyses (by Markov models) or by using fuzzy logic. The classical probabilistic calculus
including Bayes theorem, Monte Carlo and fuzzy logic methods, proportional hazards
modelling and non-parametric methods are the most common methods for estimating the
parameters.

In the literature, one can find several applications of component state assessment with
classical probabilistic approach. The wear is studied as a jump (shock models) or continuous
process.1

There are attempts not to use classical time scale, but so called damage counters (DC:
flight time, number of flights). The best monitoring scale (BMS) is constructed with linear
combination of several observable time scales, under assumption that the operational
conditions are stationary (location-free time scale).11

In the proportional hazards model (PHM) the hazard rate is a function of time and the
covariates (operating environment and history, type of design) under which the component
operate. The assumption is, that the covariates have multiplicative effect on the total hazard
rate with reference to standard regression analysis, where the effects are assumed to be
additive.

The best-known state-space analysis technique is Markov analysis. One of its applications
are performability models, which are build using hierarchical modelling with two levels. The
lower-level model is a performability model and the top-level model is a failure/repair
model.13 The method was developed for analysis of multiprocessor systems with several
identical components. For electronic components also synergetic approach for reliability
prediction is used.14 The failure rate at the end of the.jnanufacturing process is estimated first,
then it is modified regarding component's operating environment.

The two-stage method for systems modelling is Dynamic Master Plant Logic Diagram
(DMLD) Model. In the first stage functions and connections in the system are analysed on the
basis of Boolean algebra and the Master Plant Logic Diagram (MPLD) is build. In the second
stage the system behaviour is analysed with time dependent fuzzy logic. With the use of fuzzy
logic, the MPLD has been improved, so that it can model partial failures, transition failures
and uncertainty.15

The qualitative methods are often used for so-called condition monitoring. The component
is carefully monitored and some parameters are evaluated to determine component's technical
health. These methods are specific and can not be used as generalised methods. For example,
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in the NRC approach for analysis of diesel generators the true condition of the component is
determined by evaluating about 30 parameters.16

A new approach to analyse system reliability is a so-called analogical reasoning. The
system of interest is compared with generic system. The paper has some interesting
conclusions:17

• "The process of mixing data into one generic sample is absolutely not regulated by any
mathematically established rules".

• "Quantitative reliability indicators elicited from generic data ... in some cases ... do not
carry any useful information concerning the reliability of the system of interest".
It is clear, that one point estimate from a generic database does not give enough

information about a component. It is our suggestion, that some suitable information should be
added, for example parameters of operational environment. With the fuzzy set logic the
component state should be more accurately determined.

3. Fuzzy logic in reliability assessment

There is a large expansion of reliability applications with fuzzy logic methods. Fuzzy sets
are used to analyse event trees18 and human behaviour19, and to evaluate system and
component availability. Since fuzzy logic allows the use of verbal statements, it was applied
to estimate the performance of a unit by expert judgement using linguistic variables.20

A synthesis of the fault trees, fuzzy logic and evidential reasoning was made for
hierarchical evaluation of failure mode-component unavailability-system unavailability.8 The
fuzzy safety score is defined as fuzzy set manipulation between consequence severity and

,< failure consequence probability of a failure mode, and failure likelihood. The safety score is
expressed in teems of linguistic variables, so called safety expressions, such as poor, average,
good, excellent (safety).

A combination of thermal-hydraulic analysis and probability-possibility modelling with
the Dynamic Master Logic Diagram (DMLD) leads to a more realistic evaluation of partial
failures.21 The assumption is, that a partial failure is a sub-set of all types of failures. DMLD
is used to decompose binary logic tree into more detailed fuzzy states of the components.

Fuzzy logic was used to analyse ageing of passive components in reliability calculations
because of qualitative and semi-quantitative nature of the information. In the literature the
following steps in translating the engineering information into data for reliability calculations
were suggested:22 gathering of engineering information on the component, translating of
information into qualitative implications on the performance and reliability of the component,
categorising of ageing impact (semi-quantitative information), defining the general range of
possible values in each category and the use of fuzzy set theory for unavailability evaluation.

Fuzzy logic is used also for instrument fault detection. Regarding traditional methods with
crisp data the fuzzy logic method gives better results by introducing intermediate state
»suspect« between states »failed« and »valid«.23

The comparison of Monte Carlo and fuzzy set method shows two main advantages of the
latter method: it allows an object to have partial membership of a set and computation is
greatly reduced. 9 Also fuzzy logic 'appears to be more appropriate for the subjective inputs
applicable to vaguely defined environments, particularly if probability distributions are
unknown and must be assumed.'7

The advantages of classical probabilistic calculus (crisp set) and fuzzy mathematics (fuzzy
sets) are combined in a new hybrid technique.24
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4. The evaluation of component state with fuzzy sets

The basic ideas of fuzzy logic are multiple states with overlapped boundaries and degrees
of truth. It allows the use of verbal statements and linguistic variables. The uncertainty of non-
probabilistic methods is the effect of the complexity of a system and the vagueness of human
judgement. Since linguistic variables are closer to the human thinking, the results of fuzzy
logic methods are easier to understand.

The proposed method exists of two main parts: qualitative and semi- quantitative analysis.
In the qualitative analysis a deeper knowledge on relationship of cause and effect of a
component failure is accomplished. With semi-quantitative analysis component state is
analysed and its failure rate estimated, including its operating environment.

QUALITATIVE ANALYSIS

Besides all 'classical' reliability data, such as failure modes, failure rates, operating time,
also the data of operating environment should be collected. Operating environment during
normal operation or during miscellaneous initiating events could substantially differ. Thus
parameters of operating environment (pressure, temperature,...) should be determined
separate by each environment of component operation. Because the numerical values are hard
to provide, we suggest using linguistic variable, such as 'normal', 'higher' and 'lower'. The
general form of these data is shown in the Table 1. An analyst may analyse the operating
environment even deeper then shown in the Table 1. The optional fields are, for example:

• radiation: alpha, beta, gamma, thermal neutron,
• pressure: cyclic, pressure shock,
• temperature: cyclic, thermal shock,

Component: component i

operating
environment
radiation
pressure
temperature
corrosion
biological
humidity
vibration

normal
operation

initiating
event 1

initiating
event 2

initiating
event k

source
of data

linguistic variables:
higher: parameter of component operating environment higher then the allowed value
lower: parameter of component operating environment below the allowed value
normal: parameter of component operating environment within limits

Table 1
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SEMI- QUANTITATIVE ANALYSIS

The Figure 1 shows the block diagram of the proposed semi-quantitative analysis for a
component. The first step involves fuzzification of the parameters of the operating
environment. In the second step, the 'classical' failure rates are modified, regarding
component operating environment. The operating environment could influence:
• normal component operation and its correct function,
• non critical degradation or slow gradual degradation and partial loss of function,
• critical degradation or fast gradual degradation and total loss of function or erroneous

function.
The 'classical' failure rates are failure rates, which are used in standard PSA for modelling

of stochastic failures. They may be found in generic or specific databases.25'26 With the
combination of component degradation and its failure rates, component state is more
thoroughly determined.
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Linguistic variables are close to the human mind, so people, not specialised in the
reliability and possibility calculations can directly use the results of this method. If the rules
for corrective action follow the analysis of component state, maintenance people may use the
fuzzy logic controller for maintenance optimisation.

5. Conclusions

An improved general technique to evaluate a component state is proposed. It combines the
existing PSA data and fuzzy logic. The main additions are explicit data about the operating
environment to the component availability estimation.

The proposed method has two main parts: qualitative and semi- quantitative analysis.
In the qualitative analysis a deeper knowledge on relationship of cause and effect of

component failure is gained. Besides all 'classical' reliability data, such as failure modes,
failure rates, operating time,...., also the data of operating environment of the component
during normal operation and initiating events, where available, should be collected. Because
the numerical values are hard to provide, we suggest using linguistic variables, such as
'normal', 'higher' and 'lower'.

With semi-quantitative analysis component state is analysed and its failure rate is
estimated. The operating environment may influence: 'non critical degradation' of
component, 'critical degradation' of component and 'normal' component operation.

With this method, the integral component state may be determined and a
comprehensive analysis can be performed at least in the following research fields:

• plant-specific PSA,
• life extension programme,
• failure data trending programme (ageing programme),
• TSs optimisation.
With the extension of the method a fuzzy logic controller could be introduced and

used, for example, for maintenance optimisation.
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Abstract: The paper describes NPP KrSko (NEK) PSA data collection and analysis process which is
needed to support the NEK PSA Program. NEK plant specific data are collected and analyzed by PSA
Data Analyst. The PSA Data Analyst uses NEK plant specific data along with generic data as
necessary to estimate probabilities and other statistical information required for the quantification of
the NEK PSA Model.The data are also valuable in the other programs in the process of the execution
or planned at the NEK, like "Station Blackout Rule", "MOV Program", "Maintenance Rule" and the
future "Data Ruie" that is under consideration by the U.S.NRC.
Updated "NEK PSA Plant Specific Data Base" document at the moment include the period of the 13
years of NEK operating experience, and was developed in order to support the NEK Living PSA
Program. According to that, the document ensure the valid and acceptable data base for the intended
purpose of the future update of the.JMEK PSA Model, and the other PSA related programs.
The••prfrnery purpose of this paper is to define the basis and the scope, and then to specify the steps
of NEK plant specific data collection and analysis process.
According to established-procedure, the process collect and analyze different types of NEK plant
specific data sources (operating records, various types of documents, procedures, etc.) which
contribute to one or more types of "raw data" that are used to derive the parameter estimates needed
for the quantification of the NEK PSA Model. Consistent data collection and processing are necessary.
The eleven basic types of tables plus data calculations parts and final "NEK Data Processing Table"
provides a systematic and organized means for development of the "NEK PSA Plant Specific Data
Base". The processed data which appeared in the "NEK Data Processing Table" came from the four
different processes (or sources):
- generic data;
- plant specific data;
- bayesian data update process;
- calculated data.
The final products of data collection and analysis effort are demand based failure probabilities,
operating time based failure rate and T&M unavailabilities as applicable to NEK plant specific
components or systems of concern.

1. Introduction

NEK plant specific data are collected and analyzed by PSA Data Analyst. PSA
Engineer (PSA Data Analyst) further calculates NEK plant specific data along with
generic data as necessary to estimate probabilities and other statistical
information required to quantify NEK PSA Model. The main steps in performing
NEK plant specific data collection and analysis task were:

collecting the data (information) from NEK history, operating experience records and also from
various types of documents;
interpreting the information to count the various parameters of concern (e.g., failures,
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demands, operating hours, instances of test or maintenance (T&M) and its duration);
estimating failure rates and T&M frequencies and average duration from the data;
calculating probabilities from these failure rates and T&M probabilities.

The final products of data collection and analysis effort are demand based failure
probabilities, operating time based failure rate and T&M unavailabilities as
applicable to NEK plant specific components or systems of concern.

2. Methods - background information

The NEK PSA Model data which are used to quantify the fault tree and event tree
models comes from two basic sources: generic data bases and "NEK PSA Plant
Specific Data Base".

Generic data which are used in the NEK PSA Model for data analysis (for data
processing) and fault tree analysis are obtained for the following generic data
bases:

• NUREG/CR 4550 {as primary generic data source);
• WASH 1400 (NUREG 75/014);
• IREP Procedure Guide (NUREG/CR-2728);
• IDCOR Technical Report 86.3A1 (IPEG);
• IEEE Standard 500 Reliability Data (E5OO);
• NUREG/CR-2815;
• WCAP-10271 and WCAP-11992;
• MIL-HDBK 217D;
• IAEA-TECDOC-508;
• Statistic of Pressure Vessel and Piping Failures.

The processed data which appeared in the "NEK Data Processing Table" (as the
final table in the "NEK PSA Plant Specific Data Base") came from four different
processes (or sources):

• generic data (no plant specific data exists);

• plant specific data (no generic data exists);

• bayesian update data (updating of generic data by plant specific data);

• calculated data (data is calculated by another analysts).

Method for performing updates - Bayes Methodology is usually utilized when
limited plant specific information is available and consists of updating generic
prior with the plant specific operating experience.
As far as possible, the NEK plant specific operating experience with respect to a
component, i.e.-Its' failures and maintenance outages, are taken into account. This
are done with the aid of the Bayes theorem which superimposes the plant specific
operating experience on the prior probability distribution to derive a distribution
that is biased by the specific experience at the NEK. This is called the posterior
distribution and represents the data which are used in the NEK PSA Model.
The Bayesian update calculations are done using the Bayes3 Code (Bayesian
Updating Routine, Version 1.7) of the Grafter Code System.

3. Scope of the NEK PSA data collection effort and components boundaries
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The scope of the NEK plant specific data effort included a sampling of active
components in key fluid and electric systems (e.g., pumps, diesel generators,
valves that must change position, etc.) and some passive components (e.g.
batteries). Failure probabilities estimates for instrumentation and control
components, although often important are not derived from plant data, because
failures of these components are not consistently reported in piant records unless
they lead to the failure of another component in a fluid or electric supply system.
At the moment NEK PSA data collection scope included next components:

motor and air operated valves;
component cooling pumps;
service water pumps;
residual heat removal pumps;
safety injection pumps;
MD and TD auxiliary feedwater pumps;
main feedwater pumps;
condensate pumps;
containment spray pumps;
charging pumps;
circulating water pumps;
fire protection electric driven and diesel driven pumps;
chilled water pumps;
diesel generators;
main steam stop (isolation) valves and main steam safety valves;
turbine steam inlet control, reheat stop and interceptor valves;
DC batteries;
traveling screen motors;
screen wash strainers, sctqen wash pump and screen wash pump discharge valves;
strainers backwash valves and check valves.

It should be emphasized that the given list of components must be considered as
the basis and some kind of initial selection that can be modified, and some new
components (for which plant specific data will be gathered) could be added as
needed to best suit the needs required by NEK PSA Group for future updating
NEK PSA Living Model.
The specification of boundaries is quite simple for most components because very
clear distinctions can be made between the component and the rest of the
system (e.g., batteries, battery chargers, tanks, transformers, manual valves,
pipes, filters, etc). For some components however, the interface between the
component and the rest of the system is not clear and a detailed specification of
the boundary are needed. These components include for example: diesel
generators, pumps, compressors, strainers, air or motor operated valves, etc.
When a detailed specification is required, usually three major interfaces are
considered. First, the mechanical interface, which includes interfaces with
lubricating or cooling system where applicable; second, the power supply
interface and third, the control/command interface.

4. NEK PSA plant specific data sources

Various type of documents are available at NEK. Each of these documents
contributes to one or more type of collected raw data, that may be used to derive
the parameter estimates needed for quantification of the NEK PSA Model.
Main sources (documents) from which NEK plant specific raw data comes were:
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Procedures (e.g., surveillance, preventive maintenance);
Operators Log Books (e.g., shift supervisor, shift foreman, etc.);
Work Order Form and Work Request Initiation Form;
Deviation Report Form;
Pre (Post) Trip Review;
On Site Event Report;
Performance Indicator Report;
Annual Report;
Trip/Shutdown Data for the NPP KrSko;
NEK Plant Specific Demands and Operating Hours Assessment (Estimation) Guideline;

• NEK Pumps Operating Hours Data Base (PSA Group int. doc) .

Also, for the success of NEK plant specific data collection and analysis scope, it
is necessary to have a contact with plant operating experienced persons (e.g.,
shift supervisor), and as much as possible follow the information obtained from
plant "expert opinion" (this term defines judgement of the individual familiar with
operation and design of the systems/components in the plant), specially in case
of inadequacy or incompleteness of existing documentation.

5. Data analysis

Data analysis provides the needed event probabilities and other required statistical
information. This includes demand based failure probabilities, operating time
based failure rate, testing and maintenance unavailabilities. Values obtained for
the demand based failure probabilities and operating time based failure rates are
intended to represent maximum likelihood estimates.
Demand based failure probabilities are pertinent for situations in which a
component is required to perform some function on demand (e.g., pump fails to
start, valve fails to open or close). The demand failure probability model assumes
component failures occur with a constant probability at each demand of the
component, regardless of the time between demands; the probability of failure of
demand is independent of whether or not the component failed at any previous
demand. The basic formula which is used to calculate demand based failure
probabilities, is number of failures per number of demands for the given time
frame for which data are collected.
The constant time failure rate model assumes failures occur at a constant rate in
time; the probability of failure in an interval is independent of the time of previous
failures, if any. The model parameter to be estimated from data is the hourly rate
of component failure. The basic formula which is used to calculate operating time
based failure rates, is number of failures per number of operating hours for the
time frame for which data are collected.
Testing and maintenance addresses those test and maintenance actions that
cause a component/system to be unavailable when required. Testing actions refer
to periodic operations or inspections of components/systems to verify that they
are operable. These acts (e.g., NEK Surveillance Test) are performed to satisfy
requirements contained in the NEK Technical Specification. Also two general
categories of maintenance actions (preventive and corrective) must be considered.
It should be emphasized that to account for a component being unavailable due
to test or maintenance, the action must take place during NEK operation, thus the
PSA data analyst may eliminate from consideration those test and maintenance
actions which are performed when the NEK is in shutdown.
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The unavailability of NEK components due to testing, preventive maintenance and
corrective maintenance are determined by calculating the frequency of the
maintenance activity and the average unavailability duration per maintenance
activity. The average unavailability associated with each activity is approximated
by the product of the frequency that the activity occurs and the average duration
of the activity.

6. Structure and brief description of the "NEK PSA Plant Specific Data Base"

Updated "NEK Plant Specific Data Base" which includes period of the 13 years
of the NEK history is done in "spreadsheet" (Lotus 123 for Windows).
The eleven basic types of tables plus data calculation parts {also in tabular form)
as well as the final table (NEK Data Processing Table) provide a systematic and
organized means for developing and updating "NEK Plant Specific Data Base".
All tables which are included in the "NEK Plant Specific Data Base" are linked one
to another and have to assure (satisfy) QA aspects in a way that various changes
could be done relatively simply and efficiently with possibility of easy check and
verification.
The following tables are created and included in the "NEK Plant Specific Data
Base":

1. "Data from NEK Work Orders/Requests"
(corrective maintenance unavailability data and failure data)

2. "Data from NEK "Significant Event Report""
(failure data)

3. "NEK Component Failure Incidents"
(as final failure data base which encompassed tables 1 and 2}

4. "Data from NEK Surveillance Test and Preventive Maintenance Procedure"
(T&PM unavailability data, demands and operating hours data)

5. "NEK Components Demands"
(as final demands data base which included demands from ST (tab.4) and demands
from NEK operating experience)

6. "Data from NEK Records of Component Time"
7. "NEK Components Operating Hours"

(as final operating hours data base)
8. "Instances of NEK Surveillance Test and Preventive Maintenance Unavailability"

(as final surveillance testing and PM unavailability data base)
9. "Instances of NEK Corrective Maintenance Unavailability"

(as final corrective maintenance unavailability data base!
10. "NEK Surveillance Test, Preventive and Corrective Maintenance Unavailability"

(as final components unavailability data base which encompassed tab. 8 and 9)
11. "NEK Components Failure Rate and Demands Failure Probability"

Also, the following data calculations are done and included in the "NEK Plant
Specific Data Base":

1. "NEK MOV Demand Calculation"
2. "NEK AOV Demand Calculation"
3. "NEK MOV Demand Calculation Summary"
4. "NEK AOV Demand Calculation Summary"
5. "NEK Components Failure Calculation"
6. "NEK Components Test and Maintenance Calculation"

"NEK Data Processing Table" represents the final form in the "NEK Plant Specific
Data Base". Data from this form are used as valid and final "input" to the NEK
PSA Model.
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"NEK Data Processing Table" containing 12 columns with the following data:

1) No. (Integer, must be less than 1000 and need not be consecutive)
2) Sy./Com. (System and Component Code Identifier)
3) Description (Description of failure mode)
4) Un. (Units of data: 2 (D) = per demand; 1(H) = per hour)
5) Gen. P (Probability (rate) from generic data base; must be mean value)
6) Gen. P (Variance from generic data base)
7) N (Total number of failures from plant specific data analysis)
8) M (Total number of demands for demand failures or total number of operating hours for hourly

failures from plant specific data analysis)
9) -Calc. P (Final probability (rate) calculated according to the rules which are given below; this

data represent final input value which are used to quantify the fault tree and event tree
models in the NEK PSA Model)

10) Calc. V (Final variance (rate) calculated according to the rules which are given below; this
data represent final input value which are used to quantify the fault tree and event tree
models in the NEK PSA Model)

11) Comment (Rules or some other comments which are used to make the calculations in columns
Calc. P and Calc V.)

12) Ref. (Reference the source of the data or were calculated)

7. Data processing

Data processing are done in the following steps:

Step 1. Enter generic data in columns 1,3,4,5 and 6 of "NEK Data
Processing Table".

Step 2. Enter plant specific data in columns 7 an 8 of "NEK Data Processing

Table".

Step 3. Calculate T&M probabilities and enter data in columns 9 and 10.

Step 4. Use rules given below to calculate final entries for columns 9 and
10. Indicate rule used or other appropriate comment in column 11.

Rule 1 No plant specific data exists.
Use generic data or surrogate data (data for another component judged to be similar
in failure to the component in question).

Rule 2 No generic data exist, but plant specific data is available.
Use plant specific data. If no other variance is available, assign an error factor of 3
and calculate variance accordingly.

Rule 3 Data is calculated by another analyst.
Enter calculated numbers in columns 9 and 10. Indicate source of calculation by a
comment in column 11 .

Rule 4 Data is for special purposes and does not reflect actual failure modes (e.g., dummy
values for subtrees, logical zero or one).
Enter value in columns 5 and 6.

Rule 5 Both plant specific and generic data exist.
N/M is less than Gen. P (from column 5); calculate K = 1/Gen.P.

5.1 If M is in the range 0.1 < = M/K < 2, then use Bayesian update to combine generic
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and plant specific data. Enter results in columns 9 and 10.
5.2 If M is 2K or greater, and N is not equal to 0 then use plant specific data (if N = 0,

then go to rule 7). Enter plant specific data in columns 9 and 10. If no other variance
is available, assign an error factor of 3 and calculate variance accordingly.

5.3 If M is less than 0.1 K, then use generic data.

Rule 6 Both plant specific and generic data exist.
N/M is greater than Gen. P (from column 5); calculate K = 1/Gen.P.

6.1 If M is within range 0.01 < M/K < 2, then use Bayesian update to combine generic
and plant specific data. Enter results in columns 9 and 10.

6.2 If M is 2K or greater, use plant specific data. Enter plant specific data in columns 9
and 10. If no other variance is available, assign an error factor of 3 and calculate
variance accordingly.

6.3 If M is less than 0.01 K, then use generic data.

Rule 7 Both plant specific and generic data exists, M is 2K or greater, and N = 0.
Use Bayesian update to combine generic and plant specific data.
Enter results in columns 9 and 10.

8. QA aspects of the NEK PSA data collection and analysis process

Due to very large number of data it is not possible or practical or necessary for
the PSA Lead Engineer to repeat the data collection and analysis process done by
PSA Data Analyst. It will be sufficient to review and to perform spot checks in
any part of the "NEK PSA Plant Specific Data Base". Also, it will be useful to
review data calculations parts and of course, "NEK Data Processing Table" as
"-finafform in the "NEK PSA Plant Specify? Data Base".
Finally, PSA Lead Engineer verifies completed and finalized "NEK PSA Plant
Specific Data Base", which is then approved by ESD Licensing & Analysis
Department Superintendent.

9. Conclusion

The paper briefly and generally described the NEK PSA data collection and
analysis process which is needed to support the NEK PSA Program.
Consistent data collection and processing, as well as documenting of the overall
process and reporting are necessary.
Finally a complete, verifiable and defendable "NEK PSA Plant Specific Data Base"
is important to provide the valid and acceptable data for purpose of the future
updating and support of the NEK Living PSA Model.
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ABSTRACT

GRS is developing an expert system, named RELADS, for applications of
living Probability Safety Assessment (PSA) and risk monitoring of Nuclear Power
Plants (NPP). Presently, only a part of the specific PSA of the Biblis plant has been
implemented in RELADS. This base case is related to the event tree starting with a
small break loss of coolant accident in the primary circuit.

The paper discusses the last developments applied to RELADS by:
• the implementation of a model which allows the evaluation of the plant risk impact

versus operating time, as a consequence of personnel interventions for test or
maintenance of plant components or systems;

• the setting-up of a procedure in order to optimize (minimize) the risk when varying
the repair sequence of the components found out of order.

Relevant application results outline the new achievements.

1-THE HEART OF THE RELIABILITY ADVISER SYSTEM

In recent years, the PSA technology has made a big step forward, maturing
from a static to a dynamic model, defined as "Living PSA" and "Risk Monitor" [1].
This new models allow real time evaluation of the risk trend. By the use of an expert
system shell (Rtworks from Talarian corp., USA [2]), GRS has developed a prototype
of living PSA, named "Reliability Adviser System" ("RELADS") for Nuclear Power
Plants off-line risk monitoring. RELADS is based on the PSA model of Biblis NPP, a
1300 Mwe pressurized-water reactor constructed by Kraftwerk Union AG, in
operation since 1976 and managed by the Rheinisch Westfalisches Elektrizitatswerk
AG (RWE). All the data"of the model, the event tree, the fault trees and the basic
events are available from "Deutsche Risikostudie Kernkraftwerke Phase B (GRS)".

RELADS is focused on the evaluation of the Core Damage Frequency (CDF)
conditioned by the initiating event of a small break in one of the primary coolant
loops {Kleines Leek 2- see Fig.1).The contributions to CDF are evaluated off-line at
level of:
1) system functions as a consequence of the initiating event;
2) occurrences (e.g. operator interventions or component failures).
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: Kleines Leek 2 in einer HKL

Fig. 1- Event Tree of the Small Break LOCA.

The evaluation of the risk functions by RELADS is based on the minimal cut sets
(MCSs) of the System Functions (SF) [3], available from the specific plant PSA. The
unavailability of a system is calculated as the sum of the related MCSs. RELADS
also calculates some importance measures, e.g. risk achievement worth, risk
reduction worth and Birnbaum's importance[4].

RELADS consists of the following modules :
1"Fehlerbaum", where the fault tree is visualised and is represented with the related
MCSs, together with the considered system functions;
2"Ereignisablauf", where the small break LOCA event tree is visualized with the
safety system functions. The event scenario is shown by coloured lines which give
an easy understanding of possible accident paths.
3"Schaltplan", which altows the visualization of the connections and the locations of
the components. By clicking on a component, a window shows the related data
which can then be changed on-line.
4"lmportanzen", where the relative importance of the safety system functions on
CDF is visualized, as well as the relative importance of the components arranged in
a top-ten type classification of a given system.
5"Daten-Spezifikationen", which gives access to detailed data, e.g. sets of
systems, system functions, component lists, etc.
6"lnformationssystem" , which permits to retrieve additional information, in order to
have a detailed view of specific components or their specifications.
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2-APPLICATION OF A TIME DEPENDENT UNAVAILABILITY MODEL IN RELADS

A new module, named "Testmanagement" has been implemented in
RELADS. It permits the modelling of the time dependent unavailability of the
components, taking into account interventions for testing or maintaining a safety
system.

The time dependent model of unavailability given in NUREG 0193 [5] has been
implemented in RELADS. The average unavailability is calculated by integration of
three instantaneous unavailability functions in the considered time interval (Fig.2):
1) q(t)=M 0 < t < T 2

2) q(t;=qi = Pf+(1-pf)QN T 2 <t<T 2 +t
3) q(t;=q2=Pf+(1-Pf)Q T2 + x< t < T2+T+TR

Relationship 1) expresses the instantaneous unavailability before the test.

Relationship 2) expresses the fact that during the test period the component can be
unavailable, due to a test caused failure (with probability pf ) or the test can be
overridden, with probability

Relationship 3) takes into account the contribution to the component unavailability of
the repair period, due to either of two causes: a test caused failure has occurred,
requiring repair, or the component has failed during the operation period.
When performing the integration, one obtains:

q = - X T2 + q, — + •
T,

(2.1)

Fig. 2 - Qualitative Evaluation of the Instantaneous Unavailability of a Tested
Component.
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After definition of the time dependent unavailability model, the design of the
graphical objects was performed to manage the input/output data. The integration of
the new module in RELADS was executed with the attachment of the variables at the
graphical objects used. The rules in the knowledge base of the expert system were
also defined.

The system chosen for the application of the new module is the High
Pressure Injection System (HPIS). The main components that assure the HPIS
system functions C1, C2 are identified (Fig.1). The components which are tested
together within one test procedure are grouped together in 6 groups of components.
The " Testmanagement" view of one of the 6 groups of HPIS components is shown
in Fig.3. In this view, it is possible to introduce new data for the evaluation of the
component unavailability.

!u 'tin i f ? r i h ; ?r "- r - f —•- >.*f.*tAA.£fr.5-^.J,«t\t-^"-^~ I-#-k'*...ir..f......y.../.^....^ - V ^% .\+>..*\-£ ***.+> ***.}:*!**

Fig. 3 - View with the Components Locations and the Box-Objects to Introduce the
Test Data ('Testmanagement Werteeditor').

The new module was applied simulating one cycle of testing the HPIS components
(24' of computer time, equivalent at 16 hours of real time on the plant). The aim of
the application was to estimate the test contributions to the unavailability of the
components and consequently to the CDF of the plant (Fig.4).
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Fig. 4 - Risk Monitoring during the Test Time with RELADS .

3. REPAIR OPTIMIZATION IN RELADS.
Normalfy, in the plant there are different repair teams for the various types of

work (mechanics, electricians , etc.). The teams can operate simultaneously. For this
reason, a problem of repair sequence appears when a number of components of the
same type need attention or fail. Given this situation, the time sequence for the
repairs must be decided.

Assuming to have n failed components, the value of the base line (CDF of
the plant) will be increased as a consequence of the components unavailability [6].
The total risk-area depends on the repair sequence and the number of all possible
sequences is n !. The risk-area is obtained as a product of the actual CDF value
multiplied by the time interval for which the system configuration remains the same.
This time is defined as a repair time equivalent, that is the sum of the time in which
to take a decision for repair sequence and the true repair time of the component. In
formula:

Mai=CDFai*ti+i (3 .1 )

(3 .2 )

Having defined the calculation strategy, the following step was to implement
the procedure for the repair optimization. This procedure permits the selection of
failed components among all components and in all flow-sheets of the plant. Two
possibilities are considered:
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-the failed state, placing the component unavailability equal to one;
-the repaired state of the component, placing it in the operational state.

Figure 5 shows the different impacts on the risk of various repair sequences,
in the case of three failed components (A,B,C), with the given repair times tA , tB , tc .

u 1

Max

Nom

[•-
A

i

H
i

B

C

V C

I

A

0 ta tb tc 0 tc tb ta
time

hours

1° Repair sequence.(A,B,C) 2° Repair sequence.(C,B>A)

Fig.5 Example of Repair Sequence Optimization .

For a numerical application, the procedure was applied to Low Pressure
Injection System (LPIS) repair, It was supposed to start from a hypothetical
configuration with three components failed: one low pressure injection pump
(component A), a check valve (component B) and the inlet valve in "cold leg"
(component C); data are given in Table 1.

Table 1: - Data on the Components of LPIS System Supposed Fault

Component A (Main Pump P_22TH_20D001)
A,i=1,21 E-02h"1

qSTN=2,86 E-02
TR=40.h

A,2=6,50E-05
qFN=1,79 E-02

Component B (Check Valve V_22TH_22S~001)
Xi=1,4E-02fr1

qEON=7,68 E-05
TR=40.h

Component C ("Cold Leg" Inlet Valve V_20TH_21S002)
X,=-\ ,4 E-07 b-1 A,2=3,70 E-07 h"1
qEON=1,00 E-03 qsN=2,28 E-03

TR=40.h
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All possible combinations of 3 components are 3! = 6 repair sequences. These are:
ABC, CBA, BCA, BAC, CAB, ACB
The calculation strategy is developed as: ao=ABC (first repair sequence).
1° component to repair is A; then ai =(ABC -A)=BC;
2° component to repair is B; a2 =(ABC -AB)=C;
3° component repair is C; a3=(ABC -ABC)=0 (go back to CDF initial value ).

The full simulation by RELADS with the data shown in Table 1, gave the following
results, also shown in Fig.6 :

MKABC=15,1E-01MKACB=17,4E-01 MKBAC=18,2E-01 MKCAB=22,8E-01 M K BCA=23,6E-01 MKCBA=26,0E-01

rtjwSMcSSWiAJYSrftsrjw,,^ v% 0"-' S* s^.ff?%^^V.^X^v-^-V^^v>?H.

Fig. 6 - Risk Areas of the Various Repair Sequences.

For this case, the sequence ABC minimizes the total risk-area.
RELADS allows also the management of cases where the failed components

are located in different systems and therefore the situation is more complex.

4-CONCLUSIONS

Due to its expert system basis, trie big potentialities of RELADS needs to be
emphasized. The graphical interface of Rtworks facilitates the connection of the
calculation routines with the variables, the design of new views, etc. These tasks
would need years of work with a conventional programming language.

The simulation with RELADS of a real test procedure gives the area of risk
increase during the test situation; this was not known before. In this domain,
RELADS can help the operator to define the best sequence of tests and where
attention needs to be focused during the test.
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The data of the numerical applications presented here must be considered
with precaution, in absolute value, as they are affected by the uncertainty typical of
all PSA models. Nevertheless, the relative changes of the risk evaluated by RELADS
are significant and can be used to take decisions, particularly in those cases where the
experience of the operating personnel is not sufficient to understand the effect on the
plant risk. This is particularly the case when a very high number of components are
located in complex and intermixed systems, as in nuclear power plants.

A further positive point is that repair optmization can have important returns
in economic terms; RELADS may be used as a tool to reduce the number or the
duration of unplanned shutdowns.

SYMBOLS

ai = actual configuration of the plant during the repair time ti+i
CDFai = CDF of the a-, configuration of the plant;
Mai = risk-area corresponding to repair of component i;
Ma = total risk-area or sum of the risk-areas for the specified repair sequence a
N = number of tests =T /T 2 .
pf = probability of a test-caused failure.
qE0N = unavailability of a valve which fails to open
qFN = unavailability of a pump which fails during mission time
qSN = unavailability of a valve which fails to close
qsTN = unavailability of a pump which fails to start
Q = X T2 unavailability accumulated before the test.
Q N =..,."«'74kie test override unavailability
T = operating time of the plant (time interval between two plant shutdowns

for refuelling).
t i+1 = repair time equivalent for repairing the component i;
T2 = time between the tests.
TR = time to repair the component
a = repair sequence (0 < a<n!)
X = failure rate of component,
x = time to test the component
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Abstract

The PSA model of NPP KrSko ([1 ]) has originally been developed by the traditional PSA code
package which primary purpose was to be used for the development of basic PSA models, such as
"IPE" PSA models, which are design based. The code did not employ any logical switches, such as
house events, in order to enable the changes of existing event tree/fault tree structure so that it
may fit into various boundary conditions {[2], [3]). The effect was that one portion of logical
structure (e.g. fault tree), instead of being changed "on line" by actuation of an appropriate logical
switch in accordance to the set of boundary conditions currently valid, had to be reproduced as
many times as there are sets of boundary conditions relevant to this structure. Each "copy" of this
structure was then physically rearranged in order to reflect particular set of boundary conditions.
This lead to the point that there was a number of models (i.e. fault trees) of one plant system with
only minor differences between them. This caused the overall PSA model to grow very large with
the implication that the modifications of the model could not be done easily and quickly. Due to this
and due to the fact that the process of minimal cutset generation was rather slow, NPP KrSko
decided to transfer the existing PSA model into the environment of the PSA software of newer
generation with a number of advanced features, among them being the employment of house
events ([4]). The paper describes the process of optimization of the original NPP KrSko PSA fault
tree/event tree structure by the use of house events.

Introduction

Nature of the risk based applications is such that they require a number of
modifications to be made to the"PSA model in order to reflect various postulated
situations such as various configurations, designs, boundary conditions, etc. This
modified (or, rather, adapted) model is then requantified and results obtained are
compared against the base case results and {or} predefined acceptance criteria. So,
whichever type a risk based application is, the PSA model is required to be flexible
enough to allow easy and quickly to be done changes to referential event tree/fault
tree structure. This depends on the features of the software tool used to build the
model.

The PSA model of NPP Krsko ([1]) has originally been developed by the
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traditional PSA code package which primary purpose was to be used for the
development of basic PSA models, such as "IPE" PSA models, which are design
based. The code did not employ any logical switches, such as house events, in
order to enable the changes of existing event tree/fault tree structure so that it fits
into various boundary conditions ([2],[3]). The effect was that the fault tree model
of one particular plant system, instead of being changed "on line" by actuation of
an appropriate logical switch in accordance to the set of boundary conditions
currently valid (i.e. valid in the ongoing analysis), had to be reproduced as many
times as there were sets of boundary conditions relevant to this plant system. Each
"copy" of this structure was then physically rearranged in order to reflect particular
set of boundary conditions. This lead to the point that there was a number of fault
tree models of one plant system with only minor differences between them ([5]).
This consequentially caused the overall PSA model to grow very large with the
implication that the modifications of the model could not be done easily and
quickly. To illustrate this, one can imagine a situation where the model of particular
system needs to be changed to reflect, for example, a design change. Now, if fault
tree model of this system appears at, say, 10 different spots in the overall event
tree/fault tree structure due to the reasons discussed above, then special care must
be taken that neither of them 10 is omitted during the implementation of changes.
Being such, the process is very time consuming and the probability of making a
mistake much higher than it would be if the fault tree model of system of concern
appeared at only one spot in the overall model.

Due to this and due to the fact that the process of minimal cutset generation
was rather slow, NPP Krsko decided to transfer the existing PSA model into the
environment of the PSA software of newer generation with a number of advanced
features, among them being the employment of house events ([4]). House events
were then used to optimize and to reduce the original NPP Kr§ko PSA fault tree
structure in a way that each plant system is represented by only one fault tree
structure in the overall PSA model. The process is described below by the means
of simple example.

Step 1: Identify the Fault Trees

As a first step, all the fault tree models of the plant system of concern are
identified and listed. In this example plant system X is in the PSA model originally
represented by the three fault trees described in the Table 1 below. Top logic of the
three fault trees is outlined on the Figure 1.

Step 2: Identify Relevant Event Sequences

In the second step the event tree sequences to which the fault trees from
Table 1 are linked should be identified and sorted out. In this example the fault
trees X1 , X2 and X3 appear in the event tree sequences as listed in the Table 2
below.
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Table 1: Fault Tree Models of System X

Fault Tree Description/Success Criteria

X1 1 out of 2 trains succeeds to deliver flow for 24 hours
' ' ' " —,
X2 1 out of 2 trains succeeds to deliver flow for 24 hours following Loss of Offsite

Power (LOSP)

X3 Train A succeeds to deliver flow for 24 hrs following the occurrence of initiator
- Loss of Support System Y. Train B is unavailable by the nature of the
initiator.

Table 2: Event Tree Sequences in Which Fault Tree Models of System X Appear

Fault Tree

X1

X2

X3

Event Tree Sequences

Event Tree/Initiator

General Transient (Code: TRAN)

LOCA (Code: LOCA)

Loss of Offsite Power (Code: LOSP)

Loss of Support System Y (Code: LSSY)

Sequence

#2, #4

#3, #5

#4, #6

#3

Step 3: Define the Baseline Fault Tree Structure

Next, the structures of the fault trees should be compared in order to choose
the fault tree which structure would be declared as a baseline structure. This
should normally be a fault tree with a bounding structure (an "umbrella" fault tree),
i.e. the fault tree which structure bounds (encompasses) the structures of all other
fault trees. For example: fault tree X1 includes model of both system's trains (i.e.
Train A and Train B), whilst fault tree X3 has a model of only Train A included. So,
fault tree X1 , in a way, bounds (i.e. encompasses) fault tree X3.

In this simple example we may declare the structure of fault tree X1 (or,
shortly, the structure X1) a baseline structure.

Step 4: Evaluate the Differences of Each FT Structure with Respect to Baseline FT
Structure

In the fourth step each of the fault tree structures needs to be analyzed in
detail and compared against the baseline fault tree structure. For each fault tree
structure it is then described in detail in which aspects it differs from the baseline
structure. The results of this evaluation may be given in the table form similar to
Table 3 below which summarizes the differences of fault tree structures X2 and X3
with respect to the baseline fault tree structure.
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unavailable

f
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| | TRB

y v A
FT structure: - 100 gates

i
Support systems
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SSBS

Original X2 fault tme

FT structure: - 1 0 0 gates FT stiuotur*: - 100 gatea

SSBL

Train A
unavailable

Failures of
Train A

TZTST

Original X3 fault tree

Support systems
Train A failures

SSAO

FT structure: -100 gates

Figure 1: Original System X Fault Trees

Step 5: Define the Transitions

From now on, in this simple example there will be only one fault tree
structure representing system X - baseline or former X1 fault tree structure. Former
X2 and X3 fault tree structures will be referred to as cases.
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Table 3: Differences of Other FT Structures with Respect to the Baseline Structure

FT Structure Differences with Respect to the Baseline FT Structure (i.e. X1 Structure)

XI -

X2 X2 structure is identical to the baseline structure with single exception:
the models of support systems which are "called for" are different from
those which are "called for" in the X1 structure. Transfers are made to
the different sub-tree models of relevant support systems than it is case
with X1. Specifically: SSAL/SSBL instead of SSAO/SSBO, with respect to
Figure 1.

X3 Train B is not credited for in this fault tree structure.

In the fifth step of this optimization process it should be in an exact manner
defined how transitions are made from the baseline fault tree structure to each
particular case. For the system X example the transitions are defined in the Table
4 below. Refer also to the Figure 1.

Table 4: Transitions from the Base Case to Other Cases

Case Transition from the Base Case (Former XI Structure)

X2 Replace the transfers to the base case support systems sub-trees with the
transfers to the corresponding support systems sub-trees reflecting LOSP
boundary conditions, (i.e. replace transfers to gates SSAO/SSBO with
transfers to the gates SSAL/SSBL, with respect to Figure 1.

,« X3 Declare the top gate representing failures of Train B a logical 1.

Step 6: Define Appropriate House Events

Transitions from the base case structure to other specific cases will be made
by actuation of appropriately defined house events which represent adequate
boundary conditions. In the case of Krsko PSA an actuation of a house event
means setting it to logical 1. If not "actuated", a house event in the fault tree
structure assumes logical zero.

As for our example, it's now time to turn back toward the Table 2. As it
could be seen there, the model of system X appears in its base case structure (i.e.
former X1 fault tree structure) in the General Transient and LOCA event tree
sequences. For this there is, normally, no need of any house events.

Case X2 structure is called for in two LOSP sequences. So, we need to
define a house event, which would reflect LOSP boundary conditions and would be
actuated in LOSP event tree sequences. Actually, the best place to actuate it would
be in the specification of the initiator, so that it (i.e. actuation) applies to all LOSP
event tree sequences.

There, probably, is a number of house events which have been defined and
created up to now, during the progress of the work on optimization of other
systems. (Here it should be noted that the overall process of optimization goes in
the "bottom to top" fashion, i.e. starting with terminal support systems and ending
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with frontline systems.) Their list should be examined in order to determine is there
one that would be applicable to this situation. And in this case there almost surely
would be one, for LOSP initiator affects models of practically all systems of
concern, the first being models of electric power distribution systems. In any case,
if adequate house event already exists, it should simply be overtaken. If applicable
one does not exist, it should be created and defined. Definition of a house event
must include:

• description of boundary conditions represented by this house event, and
• description of where and/or when it is to be actuated.

Similarly, for the case X3 structure an adequate house event need to be
either overtaken from the list of existing house events, or newly defined and added
to this list.

In this simple example (i.e. optimization of system X models) two house
events described in Table 5 below are needed to make necessary modifications to
base case fault tree structure in order to make it suitable to two different boundary
conditions (i.e. LOSP and Loss of Support System Y).

Table 5: House Events Relevant to System X Model

House Event Definition

LOSP Represents Loss of Offsite Power boundary conditions. Activated in the
LOSP event tree initiator specification.

LSSY Represents Loss of Support System Y boundary conditions. Activated in the
LSSY event tree initiator specification.

With respect to system X fault trees, house events LOSP and LSSY must
have the effect as described by Table 6 below.

Step 7: Incorporate House Events into Fault Tree Structure

At this point base case fault tree structure is edited and house events
defined in the previous step are incorporated into it according to the desirable
impact they need to have on it. The impact which house events LOSP and LSSY
must have on the system X fault tree structure is defined by the tables 4 and 6
above. In order to achieve this, they need to be incorporated into the base case
structure in«a way shown in Figure 2. What this figure outlines actually is a top
logic of optimized fault tree structure of system X.

In Figure 1 it is, just for the matter of illustration, stated that fault tree
models of Trains A and B consist of roughly 100 gates each. If so, we may
calculate how much the size of the model has reduced by this type of optimization:
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Number of Gates

Originally:
Fault Tree X1:
Fault Tree X2:
Fault Tree X3:

2 x100 = 200
2 x 100 = 200
1 x 100 = 100

Optimized Model:
Fault Tree Structure X: - 2 x 100 = 200

Total « 200

Total 500

In an example like this the fault tree structure would be "compressed"
approximately by factor of 500/200 = 2.5 .

Table 6: Impact of House Events

House Events Actuated

None of LOSP, LSSY

LOSP only

LSSY only

LOSP and LSSY on

System X Fault Tree

Base case structure

Case X2 structure

Case X3 structure

System X

Structure

(former X1

Fault Tree Structure

Assumed

)

Both LOSP and LSSY Not relevant. Note that house events LOSP and LSSY are
actuated in different event trees, which makes them mutually
exclusive for all relevant cases (i.e. if LOSP is actuated then
LSSY is not, and vice versa).

Step 8: Document the Correlation between Original and Optimized System Models

While in the original model there generally were n different fault tree
structures, in the optimized model there is one fault tree structure with n analytical
cases. For our example correlation is given by Table 7 below. For the gates
identification refer to figures 1 and 2.

n _J TRB
/ 1 \

y \
FT Structure:
- 100 gate

7\
SSAO LOSP SSAL LOSP SSB8

Figure 2: Top Logic of Optimized System X Fault Tree Structure

LOSP SSBL LOSP
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Table 7: Correlation between Original and Optimized Fault Tree Structure

ORIGINAL STRUCTURE

Gate

X1

X2

X3

OPTIMIZED STRUCTURE

Gate House Events Actuated

X

X

X

None

LOSP

LSSY

Step 9: Verification

-The last step of the optimization process is verification of the new fault treo
structure. The best way to make it is to generate minimal cutsets on original as
well as on new cases and compare them.

Conclusion

Employment of the optimization procedure presented above, with use of
house events as a key feature, reduces the size of the PSA fault tree structure.
This is enabled by representing each plant system by single fault tree structure
while having no need for duplicatingwthe fault trees. Each time this structure is
"called".fp,r the analysis (for example, when building an event tree sequence modol)
it is modified by actuation of appropriate set of house events in order to correspond
to boundary conditions specific for the analysis of concern. In this manner it was
possible to reduce the Krsko Internal Initiating Events PSA model structure from
more than 8000 gates down to less than 3000 gates.
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1.0 Abstract

Safe operation of a nuclear installation such as nuclear power plant is, means that the risk for public around the plant is almost
negligible (comparable to other risks). Nuclear safety is assured by maintaining the integrity of fission products barriers (fuel
integrity, integrity of the primary coolant system as well as integrity of the containment) of which purpose is to prevents fission
products releases to the environment. Nuclear safety is high if the probability for failure of one or more fission products barrier is
low. Probability of failure of one or more fission product barriers as well as probability of negative unwanted effects of released
radioactive materials to the environment, can be determined with probabilistic safety analysis in tree steps:

• Level 1 (probability for failure of first barrier)
• Level 2 (probability of failure of second and third barrier)
• Level 3 (probability of negative unwanted effects of released radioactive materials to the environment)

Probabilistic safety analysis are basic tools by which we can, based on the model of the nuclear installation measure nuclear
safety. All tree levels of probabilistic analysis do also include deterministic analysis.
New standards and requirements for safer operation of nuclear installations impose plant design changes. They should be
implemented based on their contribution to enhancement of nuclear safety - decrease of measurable influence of the nuclear
installation to the environment.
After Three Mile Island accident in US (1979) there was a lot of discussions among the industry and regulators what are
necessary enhancements to avoid such accidents in future. Research and development of applicable methods for plant design
change prioritization was initiated, mainly in US. All known methods are using just partially plant specific models and analysis,
and as such do not cover plant specifics.
In this paper we will present approach for plant design change prioritization based on plant specific models and analysis which
includes:

• probabilistic approach in evaluation of results of deterministic analysis of severe accidents
• partial Level 3 analysis which include MAAP 4.03 and MAAP-DOSE analysis of consequence of

severe accidents based on plant specific models.
Suggested optimization method will also be tested on upcoming large plant modifications.

2.0 Short description of the method
2.1 Evaluation and analyses of proposed plant changes to PSA Level 1 and

Level 2

As a first step an evaluation shall be performed which would show whether or not
the proposed plant change is nuclear safety important. For this first step we should
use the screening criteria as listed in 10 CFR 50.59. This screening process was
implemented in NEK several years ago through a special procedure and is now well
established as one of the key steps in the preparation of plant system (Conceptual
Design Package and Design Package for implementation) or document change
(Updated Safety Analyses Report, Technical specifications, plant procedures,..). In
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fact, the purpose of this screening is licensing based - to see which plant change,
test or experiment is changing Technical Specifications or generate Unreviewed
Safety Question. Only those plant system and/or document changes that would
need further Safety Evaluation (if it changes the plant system(s), procedures as
described in USAR or modeled in any other licensing basis document - analysis),
would be processed further. For each selected plant change, further evaluation by
PSA engineer and engineer from the deterministic analysis group should be done.
During this evaluation, it has to be checked whether the PSA Level 1 Models are
affected. In parallel, the deterministic portion of the PSA (MAAP analyses) could be
evaluated to see whether the modification is changing the MAAP nodalization or any
of the inputs (assumed conditions and characteristics) to MAAP analyses performed
either in the scope of PSA level 1 analyses (success criteria, best estimate
determination of different times) or PSA level 2 analyses (phenomenological
evaluations, source term analyses, etc.). Figure 1 shows the most important steps to
be performed in such an evaluation.
We can distinguish several levels of influence on PSA Level 1 and 2 analyses
(see Figure 1):

NO INFLUENCE
If the proposed plant change influences the PSA model Level 1 but the
change of the CMF is less than 2% (looking just at internal events this would
mean an absolute change by more tharv-U1E-5/ry) and if there is no
influence on Level 2 analyses then the plant change is risk insignificant.

SMALL INFLUENCE
Plant change influences PSA Level 1 results (new CDF) but there is no new
Plant Damage States (PDS) AND the modification has no influence on Level
2 analyses. In this case only requantification of the Level 2 and calculation of
the difference in the risk (toward the original) shall be done.

LARGE INFLUENCE
Plant change influences PSA Level 1 results and new Plant Damage State(s)
appear(s), AND/OR the modification has influence on Level 2 analyses. In
case that there is no influence on MAAP nodalization, we have to check if the
new PDS is adequately presented by the existing representative Source
Term analysis. If this is not the case, then affected deterministic analysis
shall be repeated and new representative Source Term defined. Level 2
requantification and calculation of the difference in the risk (compared to the
original) shall be done at the end. If the inputs to the deterministic analysis
are changed (assumptions,..) then the affected MAAP analyses shall be
repeated and results processed through Level 1 model.

VERY LARGE INFLUENCE
Plant change influences PSA Level 1 AND/OR Level 2 analyses in the
sense that certain phenomenological evaluation shall be repeated. In this
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case we have to assess the affected Containment Event Trees, repeat all the
affected deterministic analyses and assign new probabilities to the affected
phenomenological questions. After, Level 2 requantification and calculation
of the difference in the risk (compared to original) shall be done.

2.2 Partial Level 3

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

where
Ri is the risk for a particular release category (12);
Pi probability of a particular release category;
Dri cumulative dose after 48 hours from the transient start on the border of the
plant exclusion zone (500m from the reactor) due to released source term;

and

Dj, = Acji (H/Q) DKFJI

where
jj overall activity of the released radionuclide (or a group) after 48 hours

from the start of the transient;
H/Q dispersion factor - yearly average ;

ji dose conversion factor for a particular radionuclide or group;

The overall so defined nearby risk is the sum of the risks due to all release
categories.

12

R =

For the cost benefit analysis we need to estimate the dose to the public to be able to
convert thfat dose to the associated costs. Instead of dping this, which means in fact
Level 3 analysis, we will use the risk defined above at the boundary of the exclusion
area and use the scaled dose price. Instead of using standard 1000 USD/man-Rem
we will calculate the scaled price from NUREG-0933 based on the following:

cumulative dose to the public in the radius of 50 miles from NUREG-
0933 (19527420 man-Rem, whole body population dose, evacuation
no considered, all exposure pathways were included except ingestion,
meteorological data used from Braidwood,..);
Reactor Power Ratio (assumed in NUREG-0933 and NPP Krsko
reactor thermal power-1.5).

Based on the above the scaled cumulative damage expressed in US dollars would
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be for NEK: 19.5E10 USD (NUREG-0933 estimated public dose in 50/miles radius
time 1000 USD/man/Rem) x 1/1.5 (ratio between both thermal reactor power) which
is equal to 11,53 E9 USD. Whatever the cumulative dose calculated on the
boundary of NEK exclusion zone per equation 2 will be the so scaled value
expressed in USD would be 11,53 E9 USD. Due to this reason the so called base
Partial Level 3 was calculated using state of the art codes for simulation of severe
accidents and dose projections MAAP 4.03 and MAAP-DOSE both developed by
Fauske & Associates, Inc. for Electric Power Research Institute (EPRI).
The final results of this Partial level 3 analysis are presented in Table 1. It has to be
noted that the calculated risk is applicable for the individual living at the distance of
500m from NPP Krsko reactor and that the cumulative dose is calculated based on
the releases within 48 hours after the beginning of the accident(s).

Figure 1. Overview of PSA based prioritization method for plant changes
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Based on total damage scaled from NUREG-0933, we can determine the risk and
damage for each individual release category. The total damage as presented
above is 1.93E9 USD. Knowning the plant specific source term released per each
release category, and b assuming local meteorological conditions we calculated
total dose received by the individual at the distance of 500m from the reactor for
each release category. From these data we can now determine the equivalent value
(price) for one man-Sv.

11.93E9 USD / 2323,35 Sv = 5134819 USD/Sv or 51348,19 USD/Rem

Table 1. Cumulative dose, frequency of the release category, risk at the 500 m
distance form the NPP Krsko reactor and evaluated damage per release
category.

RELEASE
CATEGORY

i

RC1
RC2

RC3A
RC3B
RC4
RC5A
RC5B
RC6

RC7A
RC7B
RC8A
RC8B
SUM

CUMULATIVE
DOSE AT 500m

Di(Sv)
1,673
0,806

19,124
170,538
298,346

19,575
46,5.74

101,878
238,141

1101,693
17,370

307,637
2323,354

FREQUENCY
OF REL. CAT.

Pi (/Ry)
9.299E-07
1.363E-05
1.845E-07
1.187E-05
7.218E-06
4.486E-06
1.259E-06
1.422E-08
2.060E-06
2.949E-06
5.095E-06
1.333E-06
5,103E-05

RISK
AT 500m

(Sv/Rx year)
1.556E-06
1.099E-05
3.528E-06
2.024E-03
2.153E-03
8,781 E-05
5.864E-05
1.449E-06
4.906E-04
3.249E-03
8.850E-05
4.101E-04
8,580E-03

DAMAGE
PER REL.CAT.

(USD)
8.59E+06
4,14E+06
9.82E+07
8,76E+08
1.53E+09
1.01E+08
2,39E+08
5.23E+08
1,22E+09
5.66E+09
8.92E+07
1,58E+09

1.193E+10

3.0 Plant design change prioritisation

Plant change prioritisation can be done based on its influence on risk for an
individual at 500 m from the reactor. For cost benefit analysis this risk can be
expressed in USD/Rx year". We can distinguished two cases:

• the proposed plant design change has influence only on frequency of one
or more release categories as they are define in Level 2 analysis. In this
case one should calculate only change in total damage at the same
consequences (same amount of released radioactivity and due to that
same public dose);

• the influence of the proposed plant change is such that there is increase or
decrease of the consequences (increase or decrease in the amount of
released radioactive material; increase or decrease of the public dose at
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the 500m from the reactor).
In this case one should recalculate the total damage and recalculate the
value of one unit of public dose (man-Sv), of course at the same value of
total damage (in case of NPP Krsko 11.93E9 USD).

3.1 Example Krsko Full Scope Simulator

Good example is full scope simulator, which will assure training of the operations
crews in the same environment as in real main control room. Training on the
simulator which is able to simulate plant behavior with high degree of accuracy
can better prepare operation crews to cope with different plant transients and
accidents. Based on the experience from USA where each plant is performing
training on its plant specific simulator since 1991, it is justifiable to expect that the
operators performance during abnormal and accident conditions will be better.
Let us see what is the influence of the operators actions on core damage
frequency - PSA Level 1. The human error probability (HEP) have been
decreased for 10%. Due to that the core damage frequency decreased for 5,9%
[5],[6]. This means on Level 2 different release category frequencies (Table 3)
and due to that also lower public risk on the plant boundary. Consequences of
release categories - doses are the same as before. That is one could expect since
we did not change any of the input parameters and assumptions of the Level 2
analysis of the released source term. Frequencies of release categories and
public risk at the plant boundary for the existing conditions can be seen from
Table 2 [2].

To evaluate the influence of the 10% reduction of human error probability part of the
Level 2 analysis need to be repeated. Results are presented in Table 3.

Table 2. Risk for individuals at the 500m distance from the reactor modeling
human error probability without plant specific full scope simulator. (0%
HEP reduction)

RELEASE
CATEGORY

i

RC1
RC2
RC3A
RC3B
RC4
RC5A
RC5B
RC6
RC7A
RC7B
RC8A
RC8B
TOTAL

CUM. DOSE
Di

(Sv)
1,673
0,806

19,124
170,538
3,59754

19,575
46,574

348,150
238,141

1101,693
17,370

307,637
2274,88

FREQUENCY
Pi

9.299E-07
1.363E-05
1.845E-07
1.187E-05
7.218E-06
4.486E-06
1.259E-06
1.422E-08
2,060E-06
2.949E-06
5.095E-06
1.333E-06
5,103E-05

RISK
Ri

(Sv/Ry)
1.556E-06
1.099E-05
3.528E-06
2.024E-03
2.597E-05
8,781 E-05
5.864E-05
4,951 E-06
4.906E-04
3.249E-03
8.850E-05
4,101 E-04
6,456E-03

By comparison of Table 2 and 3 we can see that if HEP is decreased for 10%, the
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public risk at the plant boundary will be decreased from 6.456E-3 Sv/reactor-year
to 6,085E-3 Sv/reactor-year. Results of cost benefit analysis are presented in last
column of Table 4.

Table 3. Risk for individuals at the 500m distance from the reactor modeling
10% reduction in human error probability as a consequence of plant
specific simulator.

RELEASE
CATEGORY

i

RC1
RC2
RC3A
RC3B
RC4
RC5A
RC5B
RC6
RC7A
RC7B
RC8A
RC8B
TOTAL

CUM.DOSE
Di

(Sv)
1,673
0,806

19,124
170,538

3,598
19,575
46,574
348,15

238,141
1101,693

17,370
307,637
2274,88

FREQUENCY
Pi

/reactor-year
8.705E-07
1.284E-05
1.741E-07
1.122E-05
6.853E-06
4,234E-06
1.194E-06
1.344E-08
1.938E-06
2.796E-06
4.745E-06
1.183E-06
4,806E-05

RISK
Ri

(Sv/reactor-year)
1.456E-06
1.035E-05
3.329E-06
1.913E-03
2.465E-05
8.288E-05
5.561E-05
4.679E-06
4.615E-04
3.080E-03
8.242E-05
3.639E-04
6.085E-03

DAMAGE
per REL.CAT

(USD)
8.26E+06
3.98E+06
9,45E+07
8.42E+08
1.78E+07
9.67E+07
2.30E+08
1.72E+09
1.18E+09
5.44E+09
8.58E+07
1.52E+09

1.124E+10

Table 4. Change in the estimated damage as an consequence of modeling
10% reduction in HEP as a result of training on the plant specific
simulator.

RELEASE
CATEGORY

/

RC1
RC2
RC3A
RC3B
RC4
RC5A
RC5B
RC6
RC7A
RC7B
RC8A
RC8B
TOTAL

PERCENT
OF REL.CAT.

(% Pi)
WITHOUT SIM.

1,82
26,71
0,36

23,26
14,14
8,78
2,47
0,03

••'* 4 , 0 4

5,78
9,98
2,61

100% =5,103E-5

PERCENT
OF REL.CAT.

(%Pi)
WITH SIM.

1,81
26,72
0,36

23,35
14,26
8,81
2,48
0,03
4,03
5,82
9,87
2,46

100%=4,806E

DAMAGE
PER REL.CAT

(USD)

8.2600E+06
3.9800E+06
9.4500E+07
8.4200E+08
1.7800E+07
9,6700E+07
2.3000E+08
1.7200E+09
1.1800E+09
5.4400E+09
8.5800E+07
1.5200E+09
1.124E+10

ESTIMATED
DAMAGE
CHANGE

(USD)
-4.5385E+04
1.4901E+03
0.0OO0E+00
3.2580E+06
1,5106E+05
3,3041 E+05
9.3117E+05
0.0000E+00

-2.9208E+06
3.7647E+07

-9.4569E+05
-8.7356E+07
-4,8949E+07

In Table 4 the minus sign means reduction of damage as a consequence of lower
risk. As can be seen the risk and damage are decreased for release RC1, RC7A,
RC8A in RC8B. It is not surprising that in all those release categories the operator
actions are of essential importance.
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Among the most important operator actions are :
• secondary heat sink restoration (feeding SG with AFW or MFW) - RC1

and RC7A;
• actions in case of steam generator tube rupture (identification, isolation,

cooidawn, primary system depressurization and termination of safety
injection) - RC8A in RC8B;

• implementation of cold leg recirculation after all water from refueling
water storage tank (RWST) is injected into primary system -
containment;

As can be seen from Table 4 the training on plant specific simulator can decrease
the core damage frequency. By decreasing human error probability only for 10%
the core damage frequency would decrease for 5,9% which further means that the
public risk will decrease. Evaluated change - decrease of damage due to
decrease of public risk (based on 80km radius around reactor) was estimated to
be as high as 48,9 mio USD.

Based on above we can state that in the case of training of NEK operation crews
on plant specific full scope simulator the nuclear safety of the plant will be
increased. Through PSA Level 1, Levei 2, so called Partial level 3 analysis and
cost benefit analysis this increase was evaluated to be at least 2,5 higher that the
estimated investment costs (cca 20 mio USD).

4.0 Conclusion

Methodology for evaluation and prioritization of plant design changes, which
includes PSA Level 1, Level 2 and so called Partial Level 3 analysis, was
proposed. The cost benefit analysis can also be done based on the presented
approach. The presented example of plant specific simulator and its influence on
nuclear safety is proving that the proposed approach is giving favorable results.
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Abstract
This paper describes the Fire Protection Action Plan which prioritized
proposed fire protection modifications from recommendations reported in the
NPP Krsko Fire Hazards Analysis—Safe-Shutdown Separation Analysis
(SSSA) [1], the ICISA Analysis of Core Damage Frequency Due to Fire at the
Krsko Nuclear Power Plant [2], and the Operational Safety Review Team
(OSART) [3] reports using a risk-based cost/benefit methodology.

1. Introduction

Nuclear Power Plant Krsko (NPP Krsko) is a Westinghouse-designed, single-unit, 1882
Megawatt thermal (MWt), two-loop, pressurized water nuclear power plant. Construction of
the plant was started in the mid-70s and initial criticality occurred in September 1981. NPP
Krsko is located on the north bank of the Sava River about two kilometers southeast of Krsko,
Slovenia.

The purpose of the Fire Protection Action Plan was to prioritize proposed fire protection
modifications from the SSSA, ICISA, and OSART reports using a risk-based approach which
will reduce probabilistically-significant fire-induced contributors to plant core damage
frequency (CDF). In addition, a cost-benefit analysis has been performed for proposed
modifications in areas where fire-induced CDF exceeds 1.0xl0"6/ry.

'Lambright Technical Associates, 9009 Lagrima De Oro NE, Albuquerque, NM 87111, USA

2NPP Krsko, 68270 Krsko, Vrbina 12, Slovenia

3Parsons Power, 2675 Morgantown, Pennsylvania 19607, USA
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It was found that implementation of Appendix R [4] separation guidelines led to
approximately an order of magnitude reduction in fire-induced CDF for United States Light
Water Reactors (LWRs), ("Fire Risk Scoping Study...", NUREG/CR-5088, 1988 [5]). While
Appendix R implementation has been found to reduce overall plant fire risk by one order of
magnitude, for most plant areas sufficient redundant (safety equipment located in other fire
areas) shutdown methods exist. Therefore, Appendix R compliance is only required in some
plant areas if the sole goal is to accomplish a low fire risk. Hence, a prioritization scheme has
been developed to rank Appendix R compliance modifications to allow for a timely
elimination of residual plant fire risk.

Prior to issuance of the Fire Protection Action Plan, NPP Krsko had already implemented the
following recommendations from the SSSA, ICISA, and OSART reports to comply with
Appendix R:

• Installation of additional smoke detectors in the control room
• Installation of emergency lighting in some plant areas and at remote shutdown panels
• Inclusion of auxiliary operators in the fire brigade
• Training of fire brigade members in plant operations (nine-week course)

Installation of a fire annunciation panel at the on-site fire brigade station
• Development of a fire door inspection and task program

Installation of additional smoke detection in the:

— Radwaste building
— Auxiliary building safety pump rooms
— Component cooTing building pugip area, chiller area, and HVAC area
— Fuel handling building
— Essential service water building
— Intermediate building auxiliary feedwater area and compressor room

• Sealing fire barriers between areas
• Development of modification package to upgrade and correct fire door deficiencies

In particular, installation of smoke detectors in control room cabinets was found to lead to a
substantial risk reduction.

2. Prioritization Approach

The approach employed in the Fire Protection Action Plan to prioritize plant modifications is
based upon reducing fire-induced CDF and risk. This method ranks proposed modifications
for a given fire area into three categories, as follow:

• Category 1 - CDF>1.0xl0"6/ry and the potential modification(s) meets the cost-benefit
ratio criteria of <US $l,000/person-rem to implement the modification(s)

• Category 2 - CDF>1.0xl0"6/ry and the potential modification(s) exceeds the cost-
benefit ratio criteria of US $ 1,000/person-rem to implement the modification(s)

Category 3 - CDF< 1 .Ox 10"6/ry
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3. Cost/Benefit Methodology

The cost analyses utilized followed the guidelines of NUREG/CR-3568, "A Handbook for Value-
Impact Assessment," [6] and NUREG/CR-4627, Revision 1, "Generic Cost Estimates," [7]. The
computer code FORECAST 3.0 [8], which incorporates this knowledge-based information, was used
to develop cost estimates for the proposed plant modifications.

Cost analyses for the various subtasks required for each proposed plant modification were performed
according to standard engineering practices. This involved an initial design evaluation of the plant
modification, identification of equipment and materials necessary for the modification, and an
assessment of the work areas within the plant in which the proposed modification would take place.
All plant cost estimates were presented in 1995 dollars and represent implementation costs for the
specific improvements (i.e., one-time cost incurred by the nuclear power plant). There were no annual
costs (i.e., recurring costs) associated with any of the proposed modifications.

In addition to the cost of physical modifications, the cost analyses included costs for engineering and
quality assurance, radiation exposure, health physics support, and radioactive waste disposal. Nuclear
power plant costs associated with rewriting operating and testing procedures, staff training, and other
technical tasks were also considered.

The fire-induced CDF estimates were taken from the Fire IPEEE Report [9]. The methodology
employed in the Fire IPEEE Report closely followed fire probabilistic safety assessment (PSA)
methods documented in the NUREG-1150 [10] fire analyses and the Generic Issue 57 study [11]. The
fire methodology can be briefly summarized as follows:

• Consideration of credible fire-induced initiating events and sources
• Modifications to fault trees to map vital components and their associated power and control

cables to respective fire areas
• Boolean solution of credible fire-induced event trees

Screening to obtain non-negligible sequences and cutsets
• Quantification of dominant cutsets

To estimate risk, a simplified containment response model was employed. This approach closely
followed the methods documented in the GI-57 study [11] and USI A-45 studies, "Shutdown Decay
Heat Removal Requirements" [12].

All fire scenarios were found to result either in transients at power or small loss-of-coolant accidents
(LOCAs). The containment event tree for transients at power and small LOCAs is identical. Two
functions were considered: (a) containment overpressure protection (COP); and, (b) post-accident
radioactivity removal (PARR). The COP success criteria are one of four containment fan coolers
j(Eye.nt Y) or one of two containment spray injection»trains during the injection phase (Event C). The
PARR success'criterion is one of two containment spray injection trains operating during the injection
phase. The event YC is defined as Zt to show containment overpressure protection exists when one
containment fan unit operates or one of two containment spray trains is operational.

Three end states were defined:

ZtC = success of both COP and PARR

Z,C = success of COP, failure of PARR

Zt = failure of both COP and PARR
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4. Results of the Cost/Benefit Analysis

The cost/benefit analysis found no Category 1 modifications. The most significant
Category 2 modifications are as follow:

• Fire Area AB-9 (Auxiliary Building Basement) - installation of a sprinkler system and
fire wrapping cables

• Fire Area CB-1 (Main Control Room) - circuit isolation of vital equipment controls
located on the evacuation panels, and the addition of reactor coolant system wide-
range temperature indication and pressure-operated relief valve control

• Fire Area CB-3A (Emergency Switchgear Room A) - fire wrapping of power and
control cables for train B

Implementation of the foregoing modifications will reduce the plant fire-induced CDF from
l.OxlO^/ry to 1.2xlO"5/ry [9] (which is typical of fire-induced CDF levels documented in past
PSAs for United States Westinghouse-designed LWRs). Almost all other fire areas were
found to be in Category 3.

5. Follow-up Actions to the Fire Protection Action Plan

Based ofl-the Fire Protection Action Plan, engineering and design was initiated and is in progress for
fire areas CB-1, AB-9, Essential Service Water Building (SW), and CB-3A. The end products
of the engineering and design effort are detailed design modification packages which provide
the engineering, design, and installation information necessary to implement the changes
identified in the Fire Protection Action Plan. The modification packages include design
input/bases, safety evaluations, required Final Safety Analysis Report (FSAR) changes,
supporting analyses and calculations, design information and drawings, changes to plant
procedures and installation and test instructions. The general types of modifications involve
circuit isolation, cable fire wrapping or rerouting and/or addition of sprinkler systems.

The existing plant evacuation panel is located outside the control building and was designed
based on control room evacuation with no fire. As a result of the requirement to design for a
control room fire, alternate equipment controls outside the control room must be isolated from
the effects of the control room fire to enable local operation of equipment required to bring
the plant to cold shutdown. In each of the fire areas where circuit isolation is required, it is
being accomplished, by one of several methods, depending on what local controls already
exist. The designs selected minimize plant physical changes and utilize existing equipment
and spare circuits as much as possible.

• Where alternate controls already exist on the evacuation panel, new fuses and transfer
switch contacts are added, and a new circuit is added (if spare circuits are not
available) from the evacuation panel to the motor control center (MCC) or switchgear,
as applicable, to isolate the local controls and control power supply from the control
room. This enables transfer of equipment control from the remote location (control
room) to the local location (evacuation panel). It further isolates the control circuits
and power supplies from the control room, in the event of a control room fire. The
transfer/isolation is accomplished at the evacuation panel.
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• Where alternate controls do not exist outside the control room, new transfer switches,
control switches, fuses, position indication lights and circuits are added to
isolate equipment control circuits from the control room, and allow the transfer
of control from the control room to the evacuation panel or MCC/switchgear.
A new alarm is also added to indicate "switch in local" alarm during normal
operation.

• Where instruments and indicators must be added and isolated from the control room,
parallel signals and isolators are provided outside the control room to new
indicators and power supplies.

As concerns where fire wraps are required, evaluations are performed to determine the
optimum solution between fire wrapping versus cable rerouting. The evaluation includes
assessment of cost and ease of installation, allowable cable tray fill, cable derating impacts,
and long-term maintenance requirements. Fire wrapping of whole sections of cable tray are
avoided because of problems of high cost, increased installation time, additional weight, and
cable derating impacts.

Generally, most areas already have sprinkler systems. Hence, where additional sprinklers are
required, the existing system is extended to the new areas.
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Abstract

The paper discusses the use of PSA to analyse operational events at Nuclear Power Plants.
Several benefits of this PSA application are identified. Direct benefits may arise from
improved understanding of the risks and characteristics associated with operational events.
Indirect benefits may be obtained from the continuous process of maintaining and improving
the PSA model, which may subsequently be used for other PSA applications.

The International Project on PSA-based Event Analysis, which developed a method for PSA-
based event analysis and performed a number of example studies, is also described.

Introduction

This paper will discuss the application of PSA techniques to the analysis of operational events
at Nuclear Power Plants (NPPs). It builds on insights obtained during a 15-month project,
known as the International Project on PSA-based Event Analysis, which developed a method
for PSA-based event analysis using a plant-specific PSA model.

The systematic analysis of operational experience through the assessment of events and the
feedback of lessons learned is one of the most important activities in improving the
operational safety of NPPs. Traditionally, this analysis has targeted the identification of root
causes and the prevention of their re-occurrence. PSA-based event analysis focuses on how an
event could have developed adversely rather than its causes. It therefore complements the
"root cause" analysis approach and extends the range of methods available for incident
investigation.

In the past, generic or simplified PSA models were often used for PSA-based event analysis
(see, for example, ref. 1). However, a number of the benefits identified later in this paper
require the use of a PSA model which is specific to the plant in question and which accurately
represents its design and operational characteristics. Many NPPs have developed such plant-
specific PSA models during recent years. Additionally, both the hardware and the software
used for the quantification of PSA models have advanced considerably and therefore detailed
plant-specific PSA models can now be quantified in hours rather than days. Therefore,
analysts now have access to all the tools necessary for modelling and evaluating operational
events on a plant-specific basis and on an acceptable timescale.
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Several benefits can be obtained from PSA-based event analysis. These benefits can be
categorised as being either direct or indirect. Direct benefits arise from the information that a
PSA-based event analysis can provide about the risks from an event, the contributors to the
risk from an event, and the factors which could influence that risk. Indirect benefits are
obtained via the improvements that may be made to the plant-specific PSA model itself. The
improved PSA model may subsequently be used in other applications that benefit operational
safety; the term "indirect benefit" is chosen because it emphasises the nature of this process.

The next section will briefly describe the PSA-based approach to event analysis. A discussion
of the benefits of PSA-based event analysis will then be presented, and finally a brief
summary of some aspects of the International Project on PSA-based Event Analysis will be
given.

The PSA-based approach to event analysis

Figure 1 shows the relation between the real and potential effects of an event. The event itself
is shown as consisting of a sequence of occurrences. Root cause analysis (ref. 2) focuses on
the causes of the individual occurrences, which are illustrated at the bottom of the figure.
There are also potential sequences of occurrences shown in the figure; these are analysed by
PSA-based event analysis but may also be of interest to root cause analysts. The real sequence
of occurrences is of interest to both the root cause analyst and the PSA-based event analyst.

The PSA-based event analysis method uses the PSA fault tree and event tree models to
represent an operational event qualitatively and quantitatively. By using these models, it is
possible to identify and rank, according to importance, the potential accident sequences that
could have lead to core damage during the event. The probability of core damage, generated
from the probability of the individual accident sequences identified, can be used as an
indicator of the severity of the event.

The major steps of the PSA-based event analysis method are summarised below.

1) Relevant information on the event is collected and reviewed. This information may
include, for example, description of any initial failures, information on component
demands and failures during the event, operators actions performed correctly or
incorrectly, etc.

2) Based on the review of the event characteristics, the plant-specific PSA model is adjusted
so that it represents the event. Typically, adjustments may be made to the initiating event
frequency and to the probability of component failures or operator errors based on what
was observed to occur during the event. For example, if the event to be analysed was a
reactor trip, the probability of a reactor trip occurring is set equal to unity in the PSA
model and the -probability of any other initiating events occurring is set equal to zero. If a
pump failed to start during the event, the corresponding probability value in the PSA
model would be set equal to unity.

3) The modified PSA model is quantified to give an estimate of the probability of the
occurred event resulting in core damage. This estimate is referred to as the conditional
core damage probability, and is the quantitative measure of event severity which is
provided by PSA-based event analysis.

4) Conclusions can be drawn on the importance of the event, based on the numerical event
severity measure generated, and why it was important, based on the identification of the
accident sequences and cutsets that could have lead to core damage.
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Some extensions to the basic analysis steps described above are also possible. For example,
alternative scenarios may be postulated, based on the real event, and analysed to give an
indication of the potential severity of the event under other plausible circumstances. This sort
of analysis is commonly referred to as "what i f analysis.

Benefits of the PSA-based approach to event analysis

Direct benefits

Direct benefits are obtained from the information that a PSA-based event analysis can provide
about the risks from an event, the contributors to the risk from an event, and the factors and
circumstances which could change the risk from the event.

Incident investigations are performed because events which have occurred could be repeated,
and could lead to more significant' consequences in the future. The root cause analysis
approach is aimed at preventing such a re-occurrence. One role which PSA-based event
analysis can play is to bring risk-based arguments into the process of prioritising events for
further investigation.

PSA-based event analysis provides a numerical measure of event severity, this being the
conditional probability of core damage. The conditional core damage probability embodies,
on the one hand, what is known about the event and, on the other hand, what is known about
the plant's ability to respond to initiating events. The former is provided by interpretation of
the information available about the event, and the latter is provided by the PSA model; PSA-
based event analysis is the process of combining what is known about the event with the PSA
model. The PSA, generated conditional core damage probability therefore provides a sound
basis for ranking operational events by severity. This ranking may draw attention to events
that might be judged less important by other methods, or it may conclude that some events
were less important than they might otherwise have seemed. In either case, the result obtained
has the advantage of being based on quantitative, rather than qualitative, analysis.

The scope of PSA-based event analysis should not be restricted to the analysis of the event
exactly as it occurred. The severity of events which are similar to the occurred event is of
interest because if the event were to be repeated, it is unlikely that it would be identical in all
respects. Thus, it is informative to analyse the event under other plausible circumstances,
leading to the identification of the most onerous of these; this type of analysis is referred to as
"what i f analysis. Some example of the types of scenarios that might be postulated are
different components on maintenance concurrent with the event, the occurrence of a similar
event in another operational mode, different operator performance, etc. The results obtained
from the "what i f analyses help to complete the understanding of the importance of the
event.

, PSA-based event analysis can also provide'a means of communicating the potential risks of
an event by explicitly identifying credible accident sequences or combinations of component
or operator failures that could have lead to core damage. The identification of these potential
ways in which the event could have deteriorated helps to emphasise the reasons why an event
was judged important by a PSA-based analysis. Understanding of the potential risks
associated with operational events can be fostered by this qualitative information. This benefit
is also discussed in ref. 3.

As with other PSA analyses, importance measures play a useful role in PSA-based event
analysis. For example, it is possible to identify components or human actions whose failure
probability most influences the event's potential for leading to core damage.
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Indirect benefits

PSA-based event analysis has much in common with other PSA applications. Indirect benefits
are obtained when improvements to the plant-specific PSA model, which are beneficial to the
PSA's use for other applications, result from the PSA-based event analysis activity. Two sorts
of indirect benefits can be obtained: the credibility of the PSA model can be enhanced and its
useability can be improved.

The process of preparing the PSA model so that it represents an operational event requires the
analyst to study and understand the details of the PSA model. Thus, the analysis of a
considerable number of events will help an analyst to become intimately familiar with many
aspects of the PSA model and their inter-relation. The knowledge gained will enable other
applications to be performed more efficiently.

A large number of model quantifications may need to be performed within a PSA-based event
analysis programme. This is only feasible if the plant-specific PSA model can be modified to
represent the events selected for analysis, and quantified, on a reasonable timescale. However,
a PSA model originally developed to assess the plant's average risk may not be optimally
organised from the point of view of quantification. This is not a criticism of the original PSA
model, merely a product of the circumstances under which it was developed. It is likely that,
during the PSA model development, more effort would have been put into developing,
verifying, and correcting the fault tree and event tree models than into extensively optimising
a quantification process that only had to be performed a small number of times. Similarly, as
the number and frequency of model quantifications to be performed increases, strict quality
control also becomes more difficult. Some examples of the specific issues related to the
efficiency of model quantifications and to the effectiveness of quality assurance are: 1) the
ease and speed of quantification of individual event trees and also of the whole PSA model, 2)
ease of modification of model inputs and potential for erroneous input, 3) record keeping and
archiving procedures of all quantification results and inputs. Any effective improvements
made to address model organisational issues will also make the PSA model more usable and
ease the performance of other PSA applications.

If a PSA model is to be useful for PSA-based event analysis it needs to be capable of
modelling the plant in many different situations. Some examples of desirable features in this
respect are that different plant operating configurations be represented and that the model be
able to represent the plant during non-power operating modes. It is also advantageous for the
model to avoid many of the simplifications that are often present in PSAs. One example
which may cause difficulties in some event analyses is the simplification of event trees based
on arguments about the frequency of some sequences. As these desirable model
characteristics are not exclusively useful for PSA-based event analysis, if the model is
improved in these respects, it will become more useful for other applications.

Some measure of verification of the PSA model, by testing its ability to adequately model a
wide range pf real scenarios'" is also possible. For example, real events may occur that the
PSA models would predict to have a very low frequency. Simple events, such as reactor trip,
are likely to be reasonably accurately represented in the PSA model. However, the PSA
model might predict compound events, in which additional failures are observed, to be rare.
Therefore, if such compound events actually occur, this may indicate the existence of some
unanalysed dependencies or inadequacies in the PSA data. The analysis of new operational
data for use in the PSA model is a separate task from PSA-based event analysis, but the initial
identification of unanticipated events is a useful input for further consideration by data
analysis specialists.
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The International Project on PSA-based Event Analysis

As stated in the introduction to this paper, many of the insights presented are based on the
outputs from the International Project on PSA-based Event Analysis. Within this project, a
review of contemporary methods for PSA-based event analysis was performed, and based on
this and numerous trial event analyses a framework for PSA-based event analysis was
developed. This framework includes a discussion of the theoretical aspects of event analysis,
the characteristics of a PSA model that make it suitable to be used for event analysis and a
procedure for performing the analyses. The procedure provides a set of steps to guide the
analyst performing event analysis with the objective of making the analysis repeatable,
traceable, reviewable and verifiable.

Conclusions

Several benefits of the use of PSA methods to analyse operational events at Nuclear Power
Plants have been identified. These benefits may arise directly from improved understanding
of the risks and characteristics associated with operational events, or indirectly from the
continuous process of maintaining and improving the PSA model.

The International Project on PSA-based Event Analysis has developed a method for PSA-
based event analysis and shown its applicability on a number of example studies.

The situation is therefore ideal for real applications at NPPs. This PSA application can play an
important role in enhancing awareness of the risk associated with operational events, both
among NPP staff and among regulators. This enhanced awareness of risk would be a great
benefit for NPP safety culture.
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ABSTRACT - Special developed tools for research reactor maintenance are described and
their application at a 32 years old TRIGA type reactor is discussed.

1. Introduction

Most of the operating research reactors today are about 25 to 35 years old. As any complex
technical.unit also research reactors undergo ageing processes, which can however be kept
under control with an appropriate maintenance and inspection program. At the TRIGA reactor
Wien various inspection and maintenance methods have been developed and improved by
practical experience since many years. Some of these methods and inspection instruments
have also been shared with other TRIGA type reactors, although these methods can be applied
practically in any pool type research reactor.

2. Special inspection and maintenance equipment

2.1 Underwater endoscope

The most important in-service inspection equipment is a modular underwater endoscope. This
endoscope consists of an ocular and rigid optical extension pieces of 1 meter (diameter 18
mm) length each. These modules can be coupled together to the desired length (in the present
case it was 6.5 meters). The front end of the endoscope houses the objective together with an
integrated 100 W/12 V lamp powered by a transformer. Various objectives with forward-, 45°
-forward-, 90° and 45°-backward viewing are. available. Photos or videotapes can be taken
through the endoscope for permanent record.

2.2 Tank cleaning pump with integrated filters

To clean the tank bottom from small debris a conventional pump completely made of plastic
as used for cleaning swimming-pools has been found optimal. The pump found to be optimal
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is equipped with a coarse filter to collect larger objects (such as screws) and 12 units of candle
type fine filters collecting small particles. One advantage is that these fine filters are reusable
they can be even washed and reinstalled into the pump. Such aspects have to be taken into
account especially in developing countries where spare parts are difficult to financed and
hardly to be obtained. If desired an additional fine filter (25 mm, CUNO type) and a mixed-
bed ion exchange column may be installed on the pressure side of the pump, before returning
the water into the reactor tank.

2.3 Underwater jet to remove deposits

From practical experience it is known that there are many areas in a reactor tank which are not
accessible from the top and which can be viewed only through a mirror and strong underwater
lights. If particles are deposited there it is impossible to remove them even with sophisticated
tools. One tool has been found very useful to clean such areas from debris or at least to stir
these areas up and transfer the deposits to a more accessible area is a strong water jet
produced by a portable compressor. Actually, this system is also used in conventional car
wash stations to clean cars by a high pressure water jet. Various types of nozzles are available
and the pressure of the jet can be continuously varied on the pistol-type handle up to 160 bars.
The material stirred up from the tank bottom or any deposits removed from the tank wall can
then be cleaned with the tank cleaning pump - or if not available - will ultimatively be
collected in the filter of the standard water purification system.

2.4 High efficiency underwater light

Miniature strong underwater lamps are used with the aim to inspect remote areas in the core
region. This lamp in a cylindrical housing of 13 cm length and 6 cm diameter is powered
through a 220 V/24 DV transformer and has a power of 250 Watts.

Due to heat production this lamp can only be operated under water. The lamp is mounted on
modular 1 m aluminium tubes which can be coupled together to the desired length. By these
tubes the lamp can be directed to any desired position in the reactor tank.

2.5 Replica material

Once corrosion craters have been identified optically in the reactor structural surfaces the
exact dimensions especially its "depth are yet to be determined. For this purpose the replica
method using a two component silicon based material has been found useful. In fact, this
material is used by dentists to perform fast and exact replica of damaged teeth. In the present
case a plastic cap of a powder bottle (diameter approx. 3 cm) was mounted at the end of an
aluminium rod. The volume of this cap was filled with the mixed silicon paste, being soft for
about 3 minutes in the ambient air. Then the rod was lowered into the reactor tank (water
temperature about 30 °C) and immediately pressed on the corrosion crater for 4 to 5 minutes.
Within this period the silicon paste hardens completely and the system can be removed from
the reactor tank. The exact replica of the corrosion crater is now available for further
investigation.
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2.6 Rotating underwater brush

In many areas of a reactor tank small surface spots from dark brown to orange can be
observed being local surface attacks from different origin. However, these discolorization
does not proceed into the structural material, but has the thickness of the aluminium oxide
layer. If desired these spots can be brushed away using an underwater rotating brush. This
system consists basically of a standard hand drilling maschine with variable speed, an
extension shaft (6 to 8 mm) to the pool bottom and a pot brush (made either from perlon or
stainless steel) connected to this shaft. As this system obviously cannot be guided and the thin
shaft with the brush will follow its own way, an additional guide tube is necessary. This guide
tube (aluminium tube, diameter 16 to 20 mm) runs parallel to the shaft, is positioned with its
lower end near the area to be cleaned and holds the rotating shaft with three bearings (top,
center, bottom) allowing also a vertical movement of the shaft. The distance between guide
tube and the shaft may be around 5 cm. Once the spot to be cleaned has been selected the
guide tube is positioned, the brush is lowered on the corrosion spot and the speed of drilling
maschine is increased slowly.

Using radial brushes instead of pot brushes also vertical surfaces may be cleaned with this
system.

With parallel operation of the tank cleaning pump any dust or debris can immediately be
pumped away from the cleaning area into filters.

3. Practical applications in research reactors

Beside one inspection of the TRIGA reactor Kinshasa, Dem. Republic of Kongo, in 1988 and
regular inspections of the TRIGA reactor Wien, the most recent inspection was carried out
with the TRIGA reactor in Pavia, Italy, in the period from February 17 to 25, 1997.

3.1 Optical in-core inspection of the TRIGA core in Pavia

With the TRIGA fuel elements removed from the core the endoscope is small enough in
diameter ( 0 = 1 8 mm) to penetrate any of the fuel element holes in the top grid plate. Using
one of the three available integrated viewing mirrors (0°, 45° foreward, 90°) any position
inside the core volume can easily be viewed with excellent resolution (Fig. 1).

3.2 Problem with deformed central thimble

The central thimble of the TRIGA Pavia had a circumferential weld below the top grid plate.
For some reasons the weld diameter increased slightly with the result that the central thimble
could not be removed vertically through the top grid plate. In fact, it stuck firmly after a
movement of about 5 cm. This was verified optically, documented by photo and video
recording and the decision was made to remove the central thimble together with the top grid
plate. Once lifted to the pool water surface the central thimble was cut about 10 cm above the
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grid plate and then removed downwards through the central hole in the top grid plate. The
dose rate of the top grid plate was about 10 mSv/h (1 rem/h).

3.3 Problem with the regulating rod guide tube

With the top grid plate removed the three control rod guide tubes were standing freely being
fixed only to the lower grid plate. While the guide tubes for the shim and the transient rod
were firmly fixed to the lower grid plate, the reg rod guide tube appearently was very loose
and tilted into various directions. The endoscope inspection above and below the lower grid
plate showed that the connection using a locking wire system was very poor and the guide
tube was ready to break loose from the grid lock. Therefore, the guide tube was removed from
the core and transferred to the shielded position in the reactor hall. The unshielded dose rate of
the bottom and guide tube was about 0.01 Sv/h (1 rem/h). The wire locking system was
inspected and tested and then the guide tube was reinstalled onto the lower grid plate. With
the experience of the out-of-tank tests, the proper locking procedure was carried out and the
guide tube was fixed firmly to the lower grid plate.
The tasks described under 3.1 to 3.3 were carried out during 5 working days, consuming
totally 20 man-days. Without the optical support of the endoscope both tasks would have been
much more complicated and decisions would have been extremely difficult.

4. Conclusions

The practical application of the endoscope for in-core inspection in research reactors has been
successfully demonstrated during the past decade. However, the capability of this optical tool
is not limited to only TRIGA-type reactors, it can be sucessfully used for any underwater
inspection in remote areas being inside or below any reactor core, or irradiation facility,
providing at least a 20 mm inspection hole for the endoscope penetration.
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Fig. 1: In-core inspection with the underwater endoscope
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Abstract

Systematic analysis of all pulse experiments performed in 6 years of pulse
operation of Ljubljana TRIGA Mark-ll reactor is presented. Deviations from linear
adiabatic Fuchs-Hansen relations between pulse reactivity and maximum power and
energy are explained. Principles for reducing systematic experimental errors and for
increasing predictability of main safety related pulse parameters are derived.

1. Introduction

TRIGA Mark-ll reactor at J. Stefan Institute was reconstructed for pulse
mode operation in 1991. Six sets of pulse experiments have been performed since
then. In total 92 pulses were performed. All pulsings were performed with compact
homogeneous cores containing approximately 50 fuel elements '(standard type, 20%
enriched, stainless-steel cladding, 12w% uranium content). Detailed description of
the reactor and its pulsing capability is presented in references [1, 2, 3]. The
purpose of this paper is to present systematic analysis of measured parameters and
to evaluate the validity of linear adiabatic Fuchs-Hansen (abbreviated: FH) pulse
model normally applied in pulse safety analysis [1]. Statistical and systematic
discrepancies are discussed and explained. Potential sources of experimental
errors and deficiencies of analytical model are investigated.

2. Pulse parameter analysis

The most important pulse parameter is total energy produced in the pulse.
Pulse energy is in our reactor recorded in two ways: from the nvt instrumentation
channel (analog integration of the pulse signal) or using a computer program
DASFGR integrating digitized pulse signal of the nvt channel [2], The pulse energy
is proportional to prompt reactivity according to FH model. Total energy recorded by
DASFGR in dependence of reactivity is presented in Fig. 1 for all pulses. Spread of
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experimental dots around the linear fit with standard deviation of 1.6MWs can be
observed. 1.6MWs is equivalent to approx. 10% of the pulse energy for the largest
pulses. The fitted line is also shifted approx. 2MWs towards higher energy.
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Fig. 1. Pulse energy recorded by DASFGR as a function of inserted reactivity for all
pulses

2.1. Reproducibility of the pulse

The deviations from linearity can be explained by statistical and systematic
effects. Statistical deviations are mainly due to limited reproducibility of the
experimental conditions, for instance the position of the transient rod. An estimate of
these effects can be obtained if observing a set of experimental data free of
systematic errors. Since the systematic errors stem mainly from the changes in
reactor properties due to operation between subsequent sets of pulses we can get
an estimate of systematic error by observing the data within the same set. Fig. 2
shows total pulse energy as a function of reactivity for two sets of pulses performed
in November 1991 and in March 1997.

An estimate of the pulse reproducibility is obtained if the pulses performed at
(presumably) same transient rod position and reactivity in the same set are
compared. Such are, for example, four pulses performed at 2.2$ on the curve
corresponding to pulse operation in March 1997 in Fig. 2.
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Fig. 2. Total pulse energy as a function of reactivity for pulse operation in November
1991 and March 1997.

However, note that the spread of experimental values at 2.5$ on the curve
corresponding to November 1991 experiments is not due to the same effect. Taking
into account the sequence of pulsing and eliminating all sources of errors it can be
derived that in this case the reason for deviation from linearity is Xenon poisoning of
the reactor due to pulsing. The pulse corresponding to the lowest point (9MWs) at
2.5$ was performed as the last in the sequence. Approximately 90MWs energy was
produced in all previous pulses performed in the same day. The accumulated
energy corresponds to 400s of operation at 250kW. The energy and maximum
power produced in the last pulse indicate that actual pulse reactivity was not 2.5$
but approx. 2.2$. The reduction of reactivity matches the xenon effect typical for «
10min of operation at full power if it is taken into account that there is no xenon
burn-up in the periods between pulses. However it should be noted that xenon
directly influenced pulse reactivity only in the set of pulses in November 1991 as this
was the only pulsing performed from subcritical reactor. In ad other pulses Xenon
may have only indirect effect by influencing pulse rod worth through flux
redistribution due to repositioning of other control rods compensating xenon build-
up. However, this effect is probably small as it can not be clearly extracted from the
pulse data and makes part of the statistical error.
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2.2. Systematic errors

Excluding Xenon effect it can be observed from Fig. 2 that the reproducibility
error is much smaller than systematic errors. The following main sources of
systematic errors and deviations are identified:

- pulse channel calibration and sensitivity of the detector on the local flux
variations

- transient rod reactivity curve and influence of other control rods
- fuel bum-up due to long term steady state operation between pulsing
- modifications in core configuration.

The first two effects are well known also from steady state operation and can be
reduced by careful calibration of instrumentation, by measuring transient rod taking
into account interference with other rods (e.g. by rod swap method) and by
introducing correction factor for flux distribution effects. They are elaborated in ref.
[4] and will not be pursued here particularly because they are estimated to be
smaller than the effects due to burn-up and other changes in the core.
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Fig. 3. Relation between pulse energy reading of nvt channel instrumentation and
DASFGR for all pulses
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All effects listed above influence mainly the slope of the energy-versus-
reactivity curve, however, they do not explain its shift. The shift to higher energy is
always observed (see Fig. 1 and 2) even if the curve is linear and the scattering is
small. There are two reasons for the shift:

1. FH model is appropriate only for reactivity much larger than prompt
reactivity (1$). Neglecting of experimental points at low reactivity (below 2$) would
yield steeper linear fits as can be derived from Figs. 1 and 2.

2. FH model linear relation between energy and reactivity holds for the
energy released in the pulse assuming that power drops to zero immediately after
the pulse. However, there is always some energy generated after the pulse
particularly in small pulses where reactor does not automatically become subcritical
and has to be shut down. The power after the pulse is in the order of MW, time
interval between the pulse and the scram is in the order of seconds, total effect is
therefore in the order of MWs. The effect is stronger on the nvt channel reading
than on the DASFGR result where major part of the delayed energy can be
numerically subtracted. Figure 3 shows the relation between pulse energy reading
from DASFGR and nvt instrumentation. It can be observed that nvt readings exceed
DASFGR readings for approx. 1MWs in average.

However, neither the delayed energy effect can be completely compensated
nor the validity of FH model for small reactivities can be improved. For this reason
there is still some shift in linear fit curves in Figs. 1 and 2 in spite of results being
processed with DASFGR. We can see that the delayed energy is the reason for the
shift from the fact that the same effect can not be observed on maximum pulse
energy presented in Fig. 4. -

circles: March 1997
squares: Nov. 1991

(rho-beta)**2, $**2

Fig. 4. Maximum pulse power (DASFGR) in dependence of squared prompt
reactivity for two sets of pulses
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2.3. Effects of burn-up and core modifications

The effects of burn-up and core modifications can not be considered as
errors as they do not influence the reproducibility of the results in a closed set of
pulses. Rather they should be interpreted as differences due to changes in reactor
properties influencing the pulse parameters (e.g. change of effective af due to burn-
up) and can be predicted.

According to FH approximation the pulse energy E and maximum power Pmax

are inversely proportional to fuel temperature reactivity coefficient af and
proportional to prompt reactivity ppand its square, respectively:

where lp denotes prompt neutron life time. The slopes of E(pp) and Pmax(pP
 2) lines

presented in Figs. 2 and 4, respectively, may depend on pp, af and lp. However, the
ratio of the slopes of the curves, corresponding to two different sets of pulses in the
same diagram is approximately equal in case of E(pp) and Pmax(pP

 2), meaning that
there is the same parameter causing difference in the slopes of E and Pmax. It is not
probable that this is reactivity pp because it appears as linear term in energy
formula and as square in the Pmax. Since all curves in Figs. 2 and 4 are well linear
the only possibility remains that the error in pp would be in form of multiplication
factor, equal for pp and pp

2, which could be true only if this factor was 1.
The only remaining parameter appearing in both expressions for E and Pmax

is ar. It is well known [5] that effective fuel temperature reactivity coefficient depends?
on several parameters such as enrichment, temperature and burn-up. As it is core
averaged it implicitly depends also on core structure: number and type of fuel
elements, loading pattern, number of irradiation channels, position of control rods,
etc. The same fuel elements and similar core loading pattern were used in all pulse
experiments. Implicit effects are for this reason relatively small and difficult to extract
from statistical error.

The direct effect of burn-up is much stronger than its implicit consequences.
Calculations of af show [5] that its absolute value at temperatures above 30°C
decreases with burn up. For 100°C it is 7.5pcm/°C at zero burn-up and 4.5pcm/°C at
14% burn-up. The difference grows approximately proportionally with temperature. It
can be estimated that 1% of burn-up produces approx. 3% reduction of af relative to
the value at zero burn-up. E and Pmax are increased for the same amount due to this
effect as they are inversely proportional to af. The difference in core burn-up
between two sets of pulses presented in Figs. 2 and 4 is approximately 5% (1991
core was fresh) producing approximately 15% total difference in the slopes of the
lines fitting the data of the same set. The estimate is in good compliance with the
observation.

3. Conclusions

Systematic analysis of pulse experiments shows that there are several
effects influencing the accuracy of pulse parameter measurements. In addition to
the technical specifications and limitations for pulse mode operation the following
principles are to be observed to reduce the inaccuracies and systematic errors and
to increase predictability of the pulse experiment:
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- transient rod calibration taking into account influence of other control rods
- using of similar core configuration as in the previous set of pulse
experiments
- avoiding pulsing from subcritical state
- taking into account fuel burn-up in predictions and in analysis of the results
- taking use of numerically improved results of prompt energy by DASFGR in
addition to nvt readings.

Reproducibility of pulse results will also be improved by installing a new transient
rod positioning indicator.

References

[1] Pregl, G. eta\v Varnostno porocilo za reaktorTRIGA Mark II v Podgorici, IJS-DP-
5823, J. Stefan Institute Report (1992).
[2] Zefran, B., Kavsek, D., Ravnik, M., Pulse Parameter Measurements at TRIGA
Reactor in Ljubljana, 2nd Regional Meeting Nuclear Energy in Central Europe
Proceedings, 11. to 14. September 1995, Portoroz, Slovenia, p. 62-68
[3] Ravnik, M., Mete, I., Trkov, A., Rant, J., Glumac, B., Dimic, V., Reactor physics
tests of TRIGA Mark II reactor in Ljubljana, 12th European TRIGA Users
Conference, Bucuresti, 1994, Abstracts and Papers, p. 27-55.
[4] Trkov, A , Ravnik, M., Wimmer, H., Glumac, B., Boeck, /-/., Application of the rod-
insertion method for control rod worth measurements in research reactors,
Kerntechnik, 60 1995, p. 255-261.
[5] Ravnik, M., Nuclear Safety Parameters of Mixed TRIGA Cores, Reactor Physics
Calculations for Applications in Nuclear Tech'nolo'gy, Editors: D. E. Cullen, R.
Muranaka, J. Schmidt, World Scientific (1991)

456 Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997



SI0100061

Steam Generator Replacement at the Ringhals 3 NPP
The Regulatory View

Frigyes Reisch
Swedish Nuclear Power Inspectorate (SKI)

SE-10658 Stockholm, Sweden

Abstract

The Ringals 3 steam generators were replaced with new ones two years ago [1].
The original steam generators were of a new type to be operated the first time in Ringhals. In
1981 only a few months after start, a tube leakage occurred and the following investigations
found tube thinning due to flow induced tube vibrations [2]. This had far reaching
consequences for some forty steam generators all over the world. Remedy was found the year
after and power production continued [3]. However the usual cracks in the tube sheet area

-appeared here too after some years (Figures 1 and 2). To slow down the tube degradation, the
operating temperature and, consequently, power production were decreased. This together
with the sleeving and plugging causing increased radiation burden led to the decision to
replace the steam generators. The plant had previous experiences' because the Rmghals 2
steam generators were replaced in 1989 [4].

1. Principles for the licensing process

The first meeting with the utility concerning steam generator replacement at
Ringhals 3 took place in January '91. The following principles were decided for the licensing
process:
• continuous contacts between the regulatory authorities and the utility
• thorough documentation and traceability of all documents
• frequent regulatory - utility meetings
• formal"stations" for licensing
• transparency of the entire licensing process
• logging of all types of contacts between the licensee and the regulators
• stepwise test operation and power increase
• daily reports during start up
• final report after completion of the start up tests and
• formal regulatory permission to continue operation
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2. The main issues of the licensing process

The following main issues were dealt with and in detail worked out, reported
extensively and documents were issued during the licensing process:
• Steam Generator specifications
• Analytical models of anticipated transients
• Cuts in the Reactor Coolant Circuits and replacement of the Steam Generators (Fig.3)
• Containment penetrations
• Radiation dose to personnel (Figure 4)
• Reload and performance tests
• Prolonged test operation
• Routine operation

3. Safety related benefits with the new steam generator

The licensee reported the following safety related benefits with the new improved
steam generators (Figure 5):
• new tube material - less corrosion
• no preheater
• no flow induced tube vibrations
• no water hammer problems
• fewer tube inspections - lower doses
• fewer welds in the steam generator pressure vessel - less inspections
• all pressurized parts are forged
• improved attachment to the pressure plate

4. Summary of the administrative matters

Prior to test operation there were 15+ meetings with the licensee and 53+ letters
were exchanged.

5. References;

Nuclear Engineering international:
[1] SG replacement project update, Aug.'96, p.18 (US, Europe, Asia)

Nuclear Safety journal:
[2] New Type of Steam Generator Fails in First Year of Operation, May '82, (Ringhals 3)
[3] Remedy for Steam Generator Tube Failures, Sept.'83, p.705 (Ringhals 3)
[4] Ringhals steam generator replacement, Oct.'89, p.50 (Ringhals 2)
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Figure 1 Typical tube damages in old steam generators
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Abstract

The first steam generator (SG) replacement in the U.S. was completed at Surry 2 (a 3-loop Westinghouse
NSSS design) in 1980. As of September 1997, replacements have been completed at 19 plants, and there are
plans for replacements at least 12 more plants. This paper presents an overview of the U.S. experience with
SG replacements at nuclear power plants and provides a case study of the replacement at the V.C. Summer
plant (a 3-loop Westinghouse) which couples SG replacement with power uprating.

The information provided in this paper is based on a review of (1) applications for steam generator
replacement andNRC Safety Evaluations approving the applications, (2) other NRC/utility correspondence
and meeting minutes regarding the replacements, (3) NRC inspection reports on the replacement activities,
(4) discussions with utility and NRC personnel and (5) additional reports and studies for V.C. Summer.

Overview of SG Replacements

The U.S. has twenty years of experience in planning for and replacing SGs. As experience was
gained, changes have occurred, including: (1) as confidence was gained with SG replacement
activities, the NRC determined that a license amendment was not needed in all cases; (2) Utilities
no longer automatically purchase replacement SGs from their NSSS vendors. In 1996 and 1997,
Babcock & Wilcox International, BWI, provided the replacement SGs for four Westinghouse
plants -- Ginna, Catawba 1, and McGuire 1 and 2; (3) design enhancements , (4) improvements
in replacement techniques — narrow gap welding, aligning of new SGs, etc, and (5) reduction in
outage lengths and radiation exposures.

Replacements and Planned Replacements - As of September 1997, SG replacements at 19 plants
have been completed (see Table 1). In addition, St. Lucie 1, Byron 1, and Braidwood 1 have
replacements scheduled for 1998. For the other U.S. PWRs replacements are planned or under
consideration. Some plants have decided to shut down permanently when overall utility economic
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considerations, including SG replacemen, dictate that continued operation in light of pending
utility deregulation is the U.S. is not economically feasible. Commonwealth Edison has announced
that it will permanently shut down Zion 1 and 2 when replacement becomes necessary.
The cost for replacing SGs can be as low as $35 million or as high as $55 million per SG. The
lower one being Duke's purchase of 12 SGs for three units and the higher for Rochester Gas &
Lights purchase of SGs for the 2-loop Ginna plant.

Table 1 - United States Steam Generator Replacements

Plant Name

Surry2

Surry 1

Turkey Point 3

Turkey Point 4

Point Beach 1

Robinson

DC Cook 2

Indian Point 3

Palisades

Millstone 2

North Anna 1

VC Summer

North Anna 2

Ginna

Point Beach 2

Catawba I

Salem 1

McGuire 1

McGuire 2

NSSS Vendor

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Westinghouse

CE

CE

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Westinghouse

Operating
License Date

1973

1972

1972

1973

1970

1970

1977

1976

J971 s<

1975

1978

1982

1980

1969

1973

1985

1976

1981

1983 -""

Original SG
Design

Model 51

Model 51

Model 44

Model 44

Model 44

Model 44

Model 51

Model 44

CE67

CE67

Model 51

D3

Model 51

Model 44

Model 44

D5

Model 51

D2 Modified

D3

Replacement Design

W-Model 5 IF

W- Model 5 IF

W-Model 44F

W - Model 44F

W-Model 44F

W-Model 44F

W-Model 54F

W-Model 44F

CE

CE

W-Model 54F

W - Delta 75

W - Model 54F

BWI

W-Delta 57

BWI

W - Model F (unused SGs
from Seafarook 2)

BWI

BWI

Year
Completed

1980

1981

1982

1983

1984

1984

1988

1989

1990

1991

1993

1994

1995

1996

1996

1996

1996

1997

1997

The Regulatory Process - There are no regulatory requirements and only one guidance document
(NUREG/CR-1595, Radiological Assessment of Steam Generator Removal Replacement) specific
to SG replacement. The general regulatory processes for making a change to a plant is followed.
For the first SG replacements, NRC required a license amendment. Currently, there are three
regulatory processes which are used for SG replacement: (1) License amendment which requires
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NRC approval; (2) a safety evaluation, as allowed by 10 CFR 50.59 - here after referred to as
50.59, by the utility which does not require NRC approval, but is audited by NRC; and (3) a
combination of the first two. Which process is used is dependent on plant-specific
considerations. The three processes and the circumstances under which each is used are
summarized below.

(1) License Amendment - Although there was no technical reason, NRC required license
amendments for the first seven replacements based on the fact that replacement was
new and experience was needed. Subsequently, it was determined on a case-by-case
whether or not a license amendment was needed. The amendment process is described
in Table 2.

Table 2 - License Amendment Process
(10 CFR 50.90, 50.91 and 50.92)

(1) Utility submits an application for a license amendment In addition to the technical information supporting the request, the
application includes an analysis of the hazards from the change requested and makes either a finding of No Significant Hazards
Consideration (NSHC) or Significant Hazards Consideration (SHC)1. [Note: a utility is less likely to apply for a license amendment
if it involves a SHC finding.]

(1 a) Utility also submits a copy of the application to the state it is located in.

(2) NRC Review of Amendment Application

(2a) Hazards Consideration Review - This process provides notice to the public of the
license amendment application and gives the public an opportunity to comment and
request a hearing.

NSHC - If the utility submits aNSHC, NRC reviews the NSHC. If the NRC review
agrees with the utility NSHC finding, an initial NSHC is published for a 30 day comment
period which provides an opportunity for a member of the public to request a-hearing.2

If there is no request for a hearing the initial NSHC Notice is considered final.
If there is a request for a hearing, NRC reevaluates the NSHC. If NRC
reconfirms the NSHC, the hearing is held after the license amendment is
issued. If NRC agrees there is a SHC, the hearing is held before the license
amendment can be issued

If the NRC review disagrees with the utility NSHC, a SHC notice is published and the
public has the opportunity to request a hearing before the amendment is issued. (State
consultation is not required)

(3) ?Hearing - if a request for a hearing and a SHC finding.

(2b)Technical Review - carried out
in parallel with the hazards
consideration (2a).

In support of technical review - But
NOT required by regulation

NRC requests additional information
and the utility responds to the
requests

For a few license amendments:

If there is a new, complex
technical issue the ACRS
may review it.
If a policy issue is involved,
the NRC staff may request
Commission guidance.

(4) License Amendment Issued Safety Evaluation Issued

?Hearing - if a request for a hearing and a NSHC finding.

SHC - A potential change to the license is considered a Significant Hazard if it does any one of the
following: (1) increases the probability or consequence of an accident, (2) involves the potential for an unanatyzed
accident, or (3) decreases the margin of safety.

2 To date there have been no hearings regarding SG replacement.
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n) Utility 50.59 Evaluation - Under this process there are no required submittals to NRC and
NRC does not issue a license amendment. If applicable, using 10 CFR 50.59, the utility
may (1) make changes to the facility as described in the FSAR, (2) make changes to
procedures described in the FSAR, and (3) may conduct tests or experiments not
described in the FSAR without prior NRC approval if they involve no change to the
Technical Specifications and do not involve an Unreviewed Safety Question (USQ). If
the evaluation identifies the need for a Technical Specification or identifies an Unreviewed
Safety USQ, a license amendment is required. A change is a USQ if:

• the probability of occurrence or the consequences of an accident or malfunction of
equipment important to safety previously evaluated in the SAR may be increased;
or

• a possibility for an accident or malfunction of a different type than any evaluated
previously in the SAR may be created; or

• the margin of safety as defined in the basis for any technical specification is
reduced.

A utility performs its own 50.59 evaluation and may proceed with the change or test if
they determine that there is no USQ or Technical Specification change. The records of
the 50.59 evaluation are kept at the utility. They are not submitted to NRC; however, an
NRC inspector may review the records.

Indian Point 3, in 1989, was the first plant to use the 50.59 process for SG replacement.
Previously, Point Beach 1 and Cook 2 had tried to use it; however, NRC denied its use
because both replacements had new issues involved -- Point Beach was using narrow gap
welding and Cook was the first ice condenser plant (and has a relatively small
containment) to replace SGs.

(3) Combination of License Amendment and 50.59 - Utilities and NRC have found that it is
possible to perform part of the work under 50.59 and use a license amendment for limited
portions of the replacement, such as a setpoint change.

Regardless of which regulatory process is used, there are a number of things that are the same.
(1) A public hearing is never required, but can be held under any of the processes described
above. A hearing is held for a license amendment only if an intervenor submits a contention and
the hearing board accepts the contention. A hearing may be held when the 50.59 process is used
if a petition is filed with NRC challenging the utility finding that no unreviewed safety question
exists and if the NRC agrees with the petition. (2) There are extensive informal (not required)
NRC/utility interactions. During the planning stage the utility will meet with"the NRC to inform
them of their plans and schedule. Meetings will then be held periodically to keep NRC informed.
Even when a SG replacement is performed using the 50.59 regulatory process, a utility may
submit a number of documents in order to keep the NRC informed. (3) The same planning,
design reviews, and safety analysis must be performed by the utility. (4) NRC performs
inspections of the planning, documentation, and implementation of the replacement. Inspections
usually include general monitoring by the resident inspector, a special inspector on site for design
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changes (i.e, pipe cutting, etc.), the NRC NDE van on site following the welding of the RCS
nozzles, a review of startup and modification testing, and special inspections such as radiological
controls. NRC has an Inspection Procedure for steam generator replacements.

Because of the lack of requirements and guidance, in preparation for addressing the regulatory
aspects of SG replacement a utility will visit other utilities to learn from their experiences, will
review NRC Safety Evaluations of SG replacements, and review the NRC inspection procedure,
"IP 50001, Steam Generator Replacement Inspection," which provides guidance to NRC
inspectors. The IP references several guidance documents that do not specifically address SG
replacement, but are applicable. They address the control of heavy loads; the storage of low-level
radioactive waste on site; and concrete containments (this is applicable to cases where the
containment is cut in order to move the SGs in and out of the containment).

Design Improvements in Replacement Steam Generators - From the first replacement, utilities
have pursued design improvements. In the early 1990's a group of ten utilities considering
replacement and a group purchase to reduce the cost of the SGs, identified improvements that
were desirable. Although they did not proceed with the group purchase, certain design changes
are usually required by utilities. These include Inconel 600 thermally treated tubing, full tubesheet
depth hydraulically expanded tubes, stainless steel grid tube support plates, improved steam
separator design, and feedwater feedring design. In addition, each utility usually identifies its own
improvements, such as, primary head drains, increased number of handholds and inspection ports,
and the use of ASME Section XI for vessel baseline inspection.

A Case Study - V.C Summer

V.C. Summer is a 3-loop Westinghouse plant, originally licensed at 2700 MWt. Initial uprate
studies were begun in 1988 and did not consider steam generator replacement. However, due to
increasing steam generator problems, a decision was made to also replace steam generators. The
uprate was re-evaluated and a decision was made to combine replacement and uprating. It was the
first plant to request uprating at the same time as steam generator replacement.

Regulatory Process

A license amendment was needed for SG replacement because of the significant differences in the
replacement SGs (see "SG Design Changes...." below). Summer would like to have uprated at the
same time the steam generators were replaced. However, NRC said that it could not complete its
review of the Best Estimate LOCA code that was being used for the Large Break LOCA analysis
for the uprate. Consequently, the licensing process for the Summer uprate and SG replacement
was divided into a two step process.

(1) A license amendment was requested for the new steam generators which were analyzed
for the uprated power ~ The application for a license amendment was submitted to NRC
in October 1993, and NRC issued the amendment in November 1994. However, prior to
the formal submittal of the application, Summer met with NRC and provided information
on its plans and the SG design changes.
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Because there is no specific regulatory guidance for SG replacement, Summer, studied
previous replacements through site visits to and lessons learned from replacements at
Cook, Palisades, Turkey Point, Robinson, Millstone and North Anna,

(2) A second license amendment was requested for the uprate3. [Note: a license amendment
is always needed for uprate.] The application to uprate was submitted in August 1995 and
approved in April 1996. This short time for approval was due to the fact that most of the
analysis needed for the uprate was performed and approved for the SG replacement.

There is no specific regulatory guidance for an uprate license amendment applications.
Although each utility takes a different approach generally the following are reviewed in
varying depth and scope: (1) FSAR licensing and design requirements - accident analysis
for LOCA and non-LOCA events, capability of NSSS systems to meet the design basis
and maintain the structural integrity specified in the FSAR, NSSS/BOP safety-related
interfaces; (2) Technical Specifications - safety limits, limiting safety system setting,
limiting conditions for operations, surveillance requirements and bases; and (3)
Environmental Report - heat loads discharged to the environment and radiological
consequences. A Westinghouse Topical Report provides guidance for uprate reviews.

Steam Generator Replacement

Reasons for SG Replacement - Summer began operation in 1982. SG replacement was planned
due to rapid tube degradation which extended outages and increased exposures. By the end of
Refueling Outage 5 (RFO 5) in 1990, 1370 tubes were plugged and 125 sleeved equaling a total
effective plugging of 9.82%, and Summer was making plans for SG replacement in 1996. In
RFO 6, an additional 203 tubes were plugged, 612 tubes sleeved, and 671 defective tubes were
left in service based on analysis. 21.2% of the tubes were defective. As a result, SG replacement
was moved up to 1994.

Replacement Activities and Schedule - Originally the schedule for replacement from planning
through post installation testing was six years. However, as discussed above it was shortened to
four years. The major activities and the approximate time they took are provided below (note
that activities frequently occurred concurrently):

*• Planning including preliminary analysis of primary systems and of secondary/BOP systems
and a containment walkdown began in 1990 - 18 months;

*• Selection of the SG fabricator in 1991 - 5 months;
* Purchase and fabrication of the SGs - 32 months,;

' *• Detailed, engineering analysis was initiated in 1991 - 24 months;
*• Development of licencing documents was begun in 1992, \\$ aj3pl}câ jp.n for a license

amendment was submitted October 29, 1993 and NRC issued the license amendment on
November 18, 1994 - 29 months;

3In the U.S. plants arejicensed to Mwt. A change in MWe only does not require regulatory approval.
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* Outage engineering/preparation (engineer facilities, rigging, platforms, procedures,
construction package) in 1992-1993 - 15 months

• Plant preparations (building SG storage facility, warehouse, etc. and preparing work
packages) were initiated in 1993 - 13 months;

• Upgrade of Moisture Separator Reheater (replace tubes with non-copper containing tubes
and change tube configuration) - 2 months

• Reroute Feedwater and Emergency Feedwater piping; SG replacement in 1994 RFO - 3.5
months.

SG Design Changes - Three bids for the replacement SGs were evaluated: (1) Westinghouse
Delta 68 preheat SGs, (2) Westinghouse Delta 75 feed ring SGs, and (3) BWI preheat SGs. The
Westinghouse Model Delta 75 SGs were selected for the replacement. A comparison of selected
features for the old and new SGs is provided in Table 3.

Table 3 - Comparison of Old and Replacement SGs

Model

Feedwater Type

Shell Dimensions
- Length
- Lower Shell Inside Diameter
- Upper Shell Inside Diameter

Weight

Heat Transfer Area

Number of Tubes (All 3 SGs}

Tubes
- Material
- Tube Outside Diameter
- Tube Wail
- Pitch
- Pitch Arrangement

Support Plates
- Material
- Tube Hole Design

OldSG

Westinghouse D-3

Split flow preheater

812.00 inches
129.38 inches
168.5Q inches

340 tons

48,000

14,022

- Inconel600MA
- 0.75 inches
- 0.43 inches
- 1.0625 inches
- Square

- Carbon Steel
- Round

Replacement SG

Westinghouse Delta 75

Feedring

812.00 inches
129.38 inches
168.50 inches

358 tons

75,180

18,921

- Inconel690TT
- 0.688 inches
- 0.040 inches
- 0.980 inches
- Triangular

- 405 Stainless Steel
- Trifoil

Technical Specification (TS) Changes - The changes involved alterations to the "core operating
limits, changes to various reactor trip setpoints, deletion of the negative flux rate trip,
modifications to DNB parameters, changes to the steam/feedwater flow mismatch activation
specification, changes to instrument uncertainty allowances, a change to the methodology for
determination of the RCS flow, and a change to the engineered safety features actuation system
setpoints for SG water levels. Also, because the new SGs have a larger water mass and a greater
heat transfer area than the original ones, the TS references to the maximum containment pressure
following a steam line break and total RCS volume changed.
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I/prating

Basis for Uprate Decision and Amount ofUprate - The Summer uprate was from 2775 MWt to
2900 MWt. Uprate was always feasible4 and was under consideration for a number of years.
Three uprate studies were performed: (1) Uprate feasibility studies were initiated in late 1988 and
concluded uprating was feasible. (2) The uprate had to be reanalyzed when the decision was
made to replace the steam generators. (3) Following steam generator replacement, the utility
performed a third review to provide assurance that the previous evaluations bounded the expected
plant conditions. Factors which determined the amount of increased power included: (1)
replacement steam generators with greater heat transfer; (2) low pressure turbine rotor
replacement (not replaced strictly for uprate, but more so due to technological improvements and
recovery of aging losses); and (3) high pressure turbine restoration.

Modifications - Primary Side: Steam generator replacement (uprate planned before replacement).
Secondary Side: (1) low pressure turbine rotor replacement (not replaced strictly for uprate, but
more so due to technological improvements and recovery of aging losses); (2) high pressure
turbine restoration; (3) Open cycle cooling system converted to a closed system cooled with a
modular forced draft cooling tower The uprate increased the heat rejection rate to the
environment approximately 4% via the Main Condenser to the Circulating Water System. The
conversion to a closed cooling system with a modular forced draft cooling tower took a heat load
off the Circulating Water system and the discharge temperature limit for the Circulating Water
return to the lake will not change from the existing 113 degree F discharge temperature limit in
the NPDES Permit. (4) Feedwater heater drains (change valve capacity); (5) Condensate system
modification - The condensate pumps supply water to the Deaerotor through two, parallel cage
trim ball valves. The capacity of this system was determined to be marginal, so the configuration
was modified by replacing one of the valves with a higher capacity valve; (6) Generator stator
cooling system capacity increased and control features changed - administratively this was
considered part of the Low Pressure Turbine upgrade project.

Technical Specification Changes - (1) The applicability of the heatup and cooldown curves were
changed from 14 effective full power years (EFPY) to 13 EFPY due to an increase in neutron
fluence; (2) The maximum quantity of radioactivity that can be stored in each Waste Gas Storage
Decay Tank was reduced from 160,000 curies to 131,000 curies, as a result of review of offsite
doses due to a gas tank rupture; (3) A revised reference updating the version of BASH used in the
Core Operating Limits Report.

Summer reached the full uprated power of 2900 MWt on June 1, 1996.

^prat ing is a common practice in the U.S. The first units and first-of-a-design plant were licensed at power
leveis well below their design capabilities. The licensed power was increased as operating experience was gained and
as codes improved. Subsequently, plants were licensed about 5% below design capacity. Consequently, uprating is
feasible for nearly all plants without any major modifications. Today there are twenty operating Westinghouse P WRs
which have uprated at least once and two which have applied for uprating.

Proceedings of 4lh Regional Meeting Nuclear Energy in Central Europe, 1997 473



SI0100063

Refurbishment and Power uprating Costs of Spanish Nuclear
Power Plants

Carlos Rodriguez Monroy
Nuclear Directorate. Unidad Electrica, S.A. (UNESA).

Francisco Gervas, 3. Madrid 28020 (Spain)

ABSTRACT. Nuclear Power Plants have been in commercial operation in Spain since 1968
and provide at present almost one third of the electricity supply. The social and economic
significance of the Spanish Nuclear Program has led the electric utility industry to design
specific plans for the safe and reliable operation of the existing nuclear units in the coming
years.

With due consideration to nuclear safety all units have been subject to refurbishment
operations or plant modifications with the aim of ensuring not only the compliance with the
requirements of the safety authorities, but also an environmentally friendly and more socially
acceptable generating capacity based on solid economic grounds.

In this paper a brief description of the major refurbishment activities performed in the
older units is given and a summary of the recent plant life management, plant life extension
and power uprating programs is presented. Cost aspects and other economic considerations
of the programs which are being implemented in the context of the current market
liberalization policy are also shown.

1. JOSE CABRERA NPP: THE SEP PROJECT

Jose Cabrera NPP was designed and built in the 60s. At that time the design of NPPs did
not rely on a set of systematic and general acceptance criteria, as it happened later on after the
introduction in 1971 of the general design criteria of Appendix A to 10CFR50.

During the first years of commercial operation, in the 70s, some improvements were
introduced. These improvements were related to the new regulation, basically in the area of
radwaste.

In this period also some modifications of greater scope were proposed in relation to the
Emergency Core Cooling System and the Emergency Electricity Supply System.

In 1977 the U.S. Nuclear Regulatory Authority started a design review programme for
the older NPPs. This programme was called S.E.P. (Systematic Evaluation Programme) and
its objective was to identify the improvements that would need to be implemented in the first
generation NPPs in order to adapt them to the new safety criteria.

1979 was the year of the Three Mile Island accident, which caused the enforcement of
new safety criteria.
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In this context the Jose Cabrera NPP Refurbishment Programme was initiated with the
objective of updating its safety characteristics, incorporating new safety requirements
resulting from the regulations and from the TMI accident. Other specific issues were also
identified.

The Refurbishment Programme was oriented towards the fulfillment of criteria, guides
and regulations in force at the time of its implementation, without trying to achieve the literal
fulfillment of this regulation, but accepting derivations or alternatives which could be duly
justified, because of the radiological cost of the regulation or because of the scarce safety
improvements.

Deviations with respect to the regulations were considered to be justified in the
following cases:

- When they did not mean a reduction in safety levels
- When there were systems unrelated to safety which could mean a support or

enhancement of safety systems.
- When the surveillance programmes were amplified or intensified.
- When technical or administrative procedures which resulted in a greater reliability of

the existing systems were implemented.

Those criteria, guides and regulations which had a greater impact from the point of view
of safety were given priority.

The Refurbishment.Programme was developed in three phases:

Phase I evaluated the safety status of the NPP. Its conclusions were presented to the
Junta de Energia Nuclear (JEN) and to the Nuclear Safety Council (CSN).

Phase II was concerned with the design of modifications and improvements resulting
from Phase I. It established a schedule for their implementation and for the introduction of
those measures considered by the CSN as urgent.

Finally, Phase III was devoted to the implementation of modifications. It was done in
two parts. The first one (Phase HI A) took place between October 1982 and December 1983.
The NPP operated then for a full cycle in order to shutdown in January 1985, when the second
part was initiated (Phase HI B). This second part lasted until October 1985.

Phase HI A had a cost of 8.793 Million Pesetas and Phase El B of 6.551 Million Pesetas.

The main modifications were introduced in the following systems:

• Safety injection system (SIS)
• Component cooling water system (CCWS)
• Essential services water system (ESSWS)
• Component cooling water system (CCWS)
• Spent fuel pit cooling system (SFPCS)
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• Overpressure protection system (OPS)
• Alternating current electrical system
• Instrumentation and control systems
• Fire protection system
• NPP documentation update

After completing the Refurbishment Programme, it is possible to say that Jose Cabrera
NPP integrated the main design outlines and the safety philosophy of present-day NPPs, even
when it did not fulfill literally the regulations.

The evaluation of the above modifications by the Safety Authorities (CSN) brought up
some additional issues that had not been included in the established programme and which
were required later. Among these issues were the following:

- Organizational improvements.
- New Organization Manual.
- Safe Shutdown study in case of fire.
- Follow-up of intergranular stress corrosion in the Steam Generators.

All these issues have been dealt with by the NPP and most of them have been
considered closed by the CSN.

In this context ,lhe CSN did not believe that there were any safety problems which
required an immediate attention.

2. POWER UPRATING OF THE SPANISH NPPs

Increasing the electrical output of the nuclear power plants is of obvious economic
interest for the Electricity Sector. The power increases currently contemplated amount to some
600 MWe for the period 1994-2003, over the 7,400 MWe installed, and further increases are
foreseen as from that date.

It is estimated that somewhat more than half the 600 MWe foreseen may be obtained
through moderate investments, as a result of which they will be highly competitive, while the
remainder will require heavier investment, fundamentally in BOP equipment.

Furthermore, the electricity produced by such uprating of the plants will have a
relatively low cost in comparison with production by other energy sources. The investment
associated with the foreseen upratings are, in terms of pesetas/kW, lower than or comparable
to those corresponding to alternative means of generation. In addition, the variable production
costs would be lower than those of such alternative means since, on the one hand, they would
arise as a result of improved plant energy efficiency (there would be no appreciable increase in
fuel, operation or maintenance costs) and, on the other, there would be higher burnup of a fuel
whose cost is relatively low in comparison to the alternatives. As a result, uprating the
electrical output of the country's nuclear power plants would contribute to reducing the
overall cost of the electricity generated.
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As has been indicated above, two main paths are foreseen for plant uprating: increasing
the thermal power of the nuclear reactor and replacing equipment in order to improve the
performance of the non-nuclear part of the plant. The two are related, since no increase in
reactor power will provide positive results unless the other plant equipment, for example the
turbine or the alternator, is capable of handling it.

Power uprating through improved energy efficiency

Increases in electrical output may be achieved by modifying or replacing equipment,
thus improving the thermal output of the plant. The replacement of defective steam generators
with others of a more modern design serving to improve the quality of the steam, along with
that of turbines, feedwater heaters and reheater/moisture separator tube bundles for more
efficient equipment, allows higher levels of output to be achieved from the alternator for the
same nuclear power and fuel consumption.

Such upratings in electrical power require approval by the Ministry of Industry and
Energy (MIE). They may be complemented by a plan for the optimization of on-site electricity
consumption.

Other possible increases over and above those currently planned require more
significant investments, and should be scheduled depending on the opportunities existing for
such replacements (due to faults, loss of component efficiency or for other reasons).

It shtmld be remembered' that increasing rated electrical power has a special impact on
the plant cooling system, and that in some plants this will mean the need to increase their
capacity.

In designing the components (steam generators, turbines, heaters, etc.) for the
modifications and replacements that are currently being performed at different plants, or to be
performed in the near future, consideration is given to potential power upratings, the new
equipment being specified for an additional capacity of between 5 and 15% of the original
design.

Uprated reactor thermal power

Increasing power output by uprating the reactor thermal power, following evaluation of
the suitability and results of the corresponding feasibility studies, requires that a specific plan
be developed for each plant. Generally speaking, this includes the performance of engineering
and safety studies in relation to accident and transient analysis and to the analysis of fuel
behavior, as well as the performance of certain specific analyses relating to the specification
of new equipment (where applicable) and the modification of existing equipments.

All the above is subject to an authorization and licensing process which includes the
drawing up of the report required for authorization of the corresponding modifications and
revision of the Final Safety Analysis Report and Operating Technical Specifications. The
reports must be submitted to the regulatory body responsible for nuclear matters (Nuclear
Safety Council, CSN) and the MEE for approval and, where applicable, the recognition on the
new electrical power level.
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It should be pointed out that uprating the thermal power of existing reactors does not
reduce the plant safety margins established in the original license, but rather that it is possible
because of the better knowledge of nuclear reactor dynamics as a result of the continued R&D
effort. Now more precise thermal-hydraulic, neutronic and mechanical parameters are
incorporated into current calculation codes, which make more realistic (best estimate)
predictions and verify the suitability of the available margins.

Consideration should also be given, when undertaking an uprating exercise, to possible
synergies with other projects mapped out for the future or already under way at the plants.
This analysis is important since there may be complex interfaces, new analyses or tasks
common to the different projects, and their adequate scheduling may serve to avoid
subsequent problems and extra costs. Among the examples of such other projects worthy of
special mention are the reduction or elimination of plant scrams, the stretching out of
operating cycles and the review of setpoints or analytical hypotheses.

Current situation and foreseen activities

The interest of the Spanish NPPs in uprating is a fact that has been manifested for some
time and which has already led to the performance of different feasibility studies and/or to the
implementation of different progressive power increases at certain plants.

In 1988 a 2% nuclear boiling ratio (NBR) increase was licensed and implemented at
Cofrentes NPP, a BWR originally rated at 975 MWe, which has since then been operating
satisfactorily at the new power level (990 MWe). Gradual increases in electrical output have
been obtained at the Vandellos II and Trillo plants as a result of improved thermal output of
the installations and, in the latter case, also due to a redesign of the turbine. More specifically,
Vandellos H NPP uprated from 992 MWe to 996 MWe in 1991, and subsequently to 1,004
MWe in 1992, and Trillo increased in 1992 from 1,041 MWe to its current level of 1,066
MWe.

Table 1 shows the uprating schedule that the Spanish NPPs have recently initiated or
intend to implement in the near future.

It should also be taken into account that at present certain plants have not yet completed
the feasibility studies corresponding to their intention to uprate nuclear power, or having
already implemented equipment replacements or modifications, have either yet to carry out
the tests required for establishment of their new definitive power level or are awaiting
recognition of such tests by the MDB. In this respect, the forecast included in the afore-
mentioned table may undergo deviations, in magnitude or date , due both to the final results of
the studies and tests and to whatever effects might arise as a result of the future regulatory
framework established for the Spanish electricity system.

3. NPP LIFE MANAGEMENT IN SPAIN

The service life of Spanish NPPs has not been fixed and their remaining life will depend
on their totally safe operation. The license to operate the plant granted by the Regulatory Body
is open as far as its duration is concerned and can be renewed periodically.
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Even when the main components of Spanish NPPs were designed for a life cycle of 40
years, studies on aging of critical components and experience, both national and international,
show that the frequency and the severity of transients is less than those considered in the
design. On the other hand, international experience, and the Spanish pilot projects, prove the
technical feasibility of extending service life beyond 40 years.

In Spain the amortization period for NPPs has been 25 years until 1996. Starting in
January 1997 the Protocol signed in December 1996 by the Electric utilities and the Ministry
of Industry and Energy extended the amortization period for NPPs to 30 years.

After the signature of this Protocol a completely new scenario for electricity generation
activities has been created. The Protocol established a 10 year transient period (1998-2008)
before the electric utility industry is totally liberalized.

Figure 1 shows the end of the 30 year amortization period and its relation with the 10
year transient period established in the Electricity Protocol.

During this transient period, for those NPP which are not totally amortized, the Protocol
admits 67.5% of sunk costs. With respect to the previous regulatory framework this means an
important reduction in revenue. On the other hand, it guarantees the recovery of the initial
investment, even when the return on that investment decreases.

The economic viability of NPPs is guaranteed during the transient period, but the
pressure to reduce-generation costs is going to be strong and that will affect the investments to
be made during this period.

With a 25 year amortization period, at the end of the transient period established in the
Protocol (year 2008) many of the Spanish units will be totally amortized (Jose Cabrera,
Garona; Almaraz I and II, and Asco I) and two more (Cofrentes and Asco II) will be almost
amortized. This means that approximately one half of the nuclear generating capacity will be
amortized and the investment costs of these units will only be corresponding to the new
investments required to extend their service life.

In the period 2008-2013 the competitiveness will vary substantially from some units to
others. Those which are totally amortized will be very competitive and those which are not
will have some difficulties. Beyond 2013, all units will be in an excellent competitive
position. If the amortization period is extended to 30 years this advantageous position will be
postponed for the more modern units.

In spite of all the uncertainties around the future market for electricity it can be said that
at the end of the transient period NPPs will be in an advantageous position with respect to
other energy sources and very advantageous 5 years thereafter. There is an important
economic incentive to extend the service life of Spanish NPPs.

Position of the Regulatory Authority

Contrary to the United States practice, in Spain the license to operate a nuclear unit is
open as far as its duration is concerned. Therefore, there are no legal restrictions to extend
service life beyond 40 years by means of granting successive operation permits.
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The Spanish Safety Authority (CSN) has required from all NPPs an Aging Management
Plan for main components.

The current processes of continuous evaluation and periodic safety review will allow the
Operation Permit to be renewed for a given period until the 40 years of service are reached.

The periodic safety review which requests the extension of the service life beyond 40
years should include an evaluation. of those components whose life is limited to 40 years,
justifying its qualification for a longer period.

The methods of analysis to justify this life extension have not been established yet.

TABLE 1

POWER UPRATING PLANS FOR SPANISH NUCLEAR POWER PLANTS

Year

1994
1995

1996

1997

1998
1999

2000

2001

2002
2003
2010

Date NPP (-unit) Initial
power
(MWe)

Foreseen
power

increase
(Mwe)

Reason

Oct-95

Apr-96

Sep-96

Oct-96

Apr-97
Jun-97

3rdQ-97

Asco-1

Vandellos II

Almaraz-1

Asco-2

Asco-1
Almaraz-2

Cofrentes

930

1,004

930

930

947
930

990

17

5

53

38

21
53

35

LP turbine change and improved steam
quality due to new SGs.
Feedwater control valve replacement and
reduction in secondary side losses.
HP and LP turbine replacement and
improvement steam quality due to new
SGs.
HP and LP turbine replacement and
improvement steam quality due to new
SGs.
LP turbine replacement
HP and LP turbine replacement and
improvement steam quality due to new
SGs.
Reactor power increase to 105% and
MSR improvements

Apr-99

Sep-99
Mar-00
Apr-00

3rc*Q -00
Mar-01
2001

2002
2003
2010

Vandellos II

Asco-2
Asco-1
Almaraz-2
Cofrentes
Almaraz-1
Cofrentes

Cofrentes
Cofrentes
Cofrentes

1,009 .-

968
968
983

1,025
983

1,040

1,067
1,094
1,120

35
36
52
52
57
15
57
27

27
26
50

HP and LP turbine replacement
Increase in reactor power to 104,5%
Increase in reactor power to 108%
Increase in reactor power to 108%
Increase in reactor power to 108%
Increase in reactor power to 115%
Increase in reactor power to 108%
Increase in reactor power 3%/year up to
1120 MWe.
(See previous reason)
(See previous reason)
TG set change (LP turbines and
alternator)
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LICENSING APPROACH FOR NPP KRSKO SG REPLACEMENT AND
UPRATING

B. Krajnc, J.Spiler, M.Novsak
Krsko Nuclear Power Plant

Krsko, Slovenia

Abstract

NPP Krsko is one of the last plants in Europe of western design which decided to replace the existing steam generators and do
the power upgrade at the same time. The present plugging level of steam generators in the NPP Krsko is about 13% (average
of both SG). Detailed safety analysis, which are under licensing approval process, have demonstrated that plant can operate
safely atTOO% Rx thermal power up to 21 % plugging level, and up to 24% plugging level at the reduced power (power reduction
to 98% of nominal power). However maintaining the SGs plugging level below this limit or even below the current licensing limit
of 18% is very expensive and time consuming. Therefore it was decided to replace the present SGs with new SGs with better
technical performances which will allow also plant power upgrading (increasing) from 1882 MWt to 2000 MWt - 6.3% increase.
The design calculations and safety analyses will be performed to demonstrate that: .

• new steam generators are compatible with existing plant and . .
••• •• that plant can operate at higher power in safe manner and with adequate operating margins.

These analysis willalso identify-any plant modifications that are required or operating limitations that .might be imposed during
operation at higher power conditions. This includes also revision of design , licensing and operating "documentation that are
affected by the change in operating conditions. :

In this paper, the selected licensing approach and activities related to power uprating and SG replacement will be presented,
i.e. how power uprating and new SG reflects on the nuclear and thermohydraulic reactor core design and safety analysis.
Special attention will be given to NEK proposed step by step approach and involvement of the licensing authority from the
beginning (decision for the SG replacement and power upgrading) up to the end (issue of new license) of this very extensive
and comprehensive scope of work.

1.0 Introduction

The first phase of the program, aiming the feasibility of power uprating, taking
opportunity of the future SG replacement, is already finished. The Uprate Feasibility
Report [3] has shown that proposed power uprating could be achieved without
requirements for large hardware modifications of the plant systems and
components. However the new safety analyses are necessary to demonstrate plant
safety, to verify normal operation performance* (including fuel management
flexibility), and to confirm the mechanical integrity and lifetime of systems and
components.

The objective of the second phase is to demonstrate the capability of the NEK plant
to operate under new operating condition defined in the first phase. In this phase,
limiting safety analyses, mechanical designs, and functional requirements will be
identified and reanalyzed at the uprated power conditions. These analyses also will
identify any plant modifications that are required or operating limitations that might
be imposed during operation at uprated power conditions. These activities will be
included in an Engineering Report that summarizes the effort performed, results and
conclusions, and recommendations to resolve all issues at uprate conditions.
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The third, implementation phase of the program will include completion of all
remaining work as well as documentation of the work performed during the program.
This phase will include a review and analysis as necessary of any remaining safety
issue, mechanical design and systems operations that is affected by the change in
operating conditions. It will include also revision of design, licensing and operating
documentation that are affected by the change in operating conditions.

2.0 NSSS operating parameters

The plant operating parameters which are used as a basis for the evaluations in the
Uprate Feasibility Report [3] are given in Table 2.1, where they are compared to the
parameters of the original design.

Table 2.1: NSSS operating parameters related to power uprating
Parameters

NSSS Total Power [MW(t)]
Reactor Power [MW(t)j
Thermal Design Flow [m3/s]
Reactor Coolant Pressure [MPa]
Reactor Coolant Temperature [°C]

Zero Load Temperature [°C]
Core Outlet [°C]
Vessel Outlet [°C]
Core Average [°C]
Vessel Average [°C]
Vessel/Core Inlet [°C]

Steam Temperature [°C]
Steam Pressure [MPa]
Steam Flow [ton/s]
Feedwater Temperature [°C]
Gross Electrical Output [MW(e)]

Original
Design

1882
1876

12.011
15.5

291.7
325.9
324.3
307.8
305.9
287.5
279.2
6.34
1.029
221.1
664.4

Power
Uprating

2000
1994

12.011
15.5

291.7
328.2
326.7
309.2
307.2
287.8
280.6
6.48
1.103
223.9
706.8

Table 2.1 presents preliminary NSSS operating parameters. The set of best
estimate NSSS operating parameters will be finalized in the first step of the
implementation phase taking into-account final steam pressure and steam flow
calculated by the SG supplier based upon the final reactor coolant average
temperature (TAVG), the best estimate reactor coolant flow and the best estimate
SG performance data. A new best estimate reactor coolant flow will be derived
based upon pre-replacement plant measurements and best estimate pressure
loss data for the new SG at 0 percent tube plugging. A minimum measured and
thermal design primary flows with uncertainty will be deducted which will be used
in the accident analyses.

It should be also emphasized that accident evaluations consider a NSSS power of
2040 MW(t), reflecting the impact of the 2 percent uncertainty on calorimetric
power measurement.
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3.0 Description of the activities

Analysis of the nuclear, thermal-hydraulic and fuel rod design as well as the
limiting accidents with respect to these criteria has to be carried out, using
improved methodologies and computer codes compared to those used in the
original design, in order to demonstrate adequate safety and operating margins.

A prerequisite for uprating the power level to 2000 MW(t) NSSS output without
large modifications in safety systems is to use a less restrictive decay heat curve
than in the current Updated Safety Analysis Report (USAR) [4] analyses. For most
accident analyses, the more realistic decay heat curve (ANSI/ANS-5.1, version
1979 + 2s) will be used, except for those accidents where 10CFR50.46, Appendix
K, explicitly requires the use of ANSI/ANS-5.1, version 1971 plus 20%).

3.1 Fuel activities

The nuclear fuel currently used in NEK plant is Westinghouse Standard 16x16 fuel
with VANTAGE 5 characteristics: high burnup (about 45 GWD/MTU), axial blanket
and Integral Fuel Burnable Absorber (IFBA). Since one objective of fuel
management is to keep feed (fresh) batch size for each cycle at minimum, the fuel
management will have to change to accommodate the extra energy production in
the core at the uprated conditions. Increased enrichments, from the present
average 4.0 percent to about 4.9 percent U-235 and, discharge burnup (~ 50
GWD/MTU for fuel assembly and - 60 GWD/MTU for fuel rod) will be required. In
order to give priority to maximizing the corrosion resistance and operating
temperature' range, change of Zircaloy-4 cladding with ZIRLO™ or other
equivalent cladding will be required. In any case, corrosion analysis will be
performed for uprated conditions for representative power histories to determine
the maximum coolant temperature conditions allowable with respect to clad and
guide thimble corrosion criteria. Also, detailed fuel rod design analyses for the
uprated conditions will be performed to establish the feasibility of the proposed
fuel operation at the uprated core condition. Design criteria which will be
addressed include: fuel rod internal pressure, clad stress/strain, clad flattening,
corrosion/hydrogen pickup, clad fatigue, and fuel rod growth. Input data for fuel
rod design will be generated during core nuclear design.

Additional goal of power updating analysis is to keep the fuel management
flexibility at present level or to improve it. This,means that total core peaking
factor, FQ, and nuclear enthalpy rise hot channel factor, FAH, should have the
current values (FQ = 2.34, FAH = 1.53 (without uncertainty)) or higher. Preliminary
analysis has shown[3] that uprated cores can be designed to meet the current
peaking factors limits. For power distribution, moderator temperature coefficient
(MTC) control and to maintain the boron concentration in reactor coolant at
acceptable levels, IFBA burnable absorber will be utilized.

3.2 Nuclear design

For the purpose of nuclear design analyses, a detailed three-dimensional 12 and
18 month equilibrium cycle core models will be developed using the appropriate
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licensed computer codes. Using these models, a detailed shutdown margin (SDM)
calculation will be performed to determine if adequate SDM exists at the uprated
conditions. Preliminary analysis has shown [3] that this will only be possible if the
steamline break (SLB) accident is performed to lower the current SDM
requirement of 2000 pern. For operational modes 3 (hot standby), 4 (hot
shutdown), and 5 (cold shutdown), the variable shutdown margin in Technical
Specification^] will be verified by analysis of uncontrolled boron dilution accident
to specify the amount of boron required to ensure that there is 15 minutes
available for the operator actions before a loss of shutdown margin occurs. In
addition, all reload safety analysis checklist (RSAC) parameters will be evaluated
to determine if limits can be met at the uprated conditions.

The following is a list of RSAC calculations which will be performed for the power
uprating and SG replacement program:

- MTC calculations
- Kinetic calculations
- Rod ejection calculations
- Dynamic dropped rod calculations
- Rod control cluster assembly (RCCA) misalignment calculations
- SLB calculations
- Shutdown margin
- FAH calculations

As already mentioned, two equilibrium cycles (12 and 18 months) and low leakage
fuel management strategy will be used. In order to keep the reactor vessel neutron
fluence at acceptable level, the radial neutron leakage will be minimized by
locating as many low reactivity fuel assemblies (one or two cycies depleted) in
peripheral locations as possible while still satisfying peaking factor limits.

The current NEK operating strategy, constant axial offset control (CAOC) with a ±
5% delta flux band width, will be also used at the power uprate conditions.
Therefore, representative axial power shapes will be generated for the equilibrium
cycle and the LOCA FQ envelope will be verified using representative shapes. The
chopped cosine design axial power distribution for normal operation will be verified
using these representative axial power shapes and the axial offset penalty
functions in the over temperature delta temperature (OTDT) protection setpoints
will be verified .or modified. This work will be performed for the highest RCS TAVG

and lowest RCS flow in the operating window.

3.3 Thermal and hydraulic design

In the current NEK USAR the thermal and hydraulic design and analysis has been
performed using WRB-1 correlation [6] and Improved Thermal Design Procedure
(ITDP) [7], To maximize the margin to the DNB ratio (DNBR) limits, the limiting
DNBR for uprated conditions will be determined based upon WRB-1 or equivalent
DNB correlation and statistical combination of plant parameters and correlation
uncertainties, using the approved statistical thermal design procedure such as
Revised Thermal Design Procedure (RTDP) [8]. To support the RTDP
methodology application, a plant specific uncertainty analysis of the reactor power,
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reactor coolant flow, primary coolant temperature and pressurizer pressure will be
performed.

Core limits and axial offset limits will be generated for the OTDT reactor trip.
Dropped rod limit lines and the maximum allowable FAH for rod misalignment will
be calculated to determine whether the DNB design basis can be met at the
uprated conditions.

To determine the maximum allowable FAH (the target value is 1.60 (without
uncertainty)), valid for the complete operating window, the following procedure will
be used: First, at the operating point with the low reactor coolant system (RCS)
flow and high RCS TAVG in the operating window, the maximum FAH will be
obtained by an iterative process using the following scheme:

Assume a high FAH

Generate core limits
Generate core protection diagram
Perform the limiting DNB accident analyses (spectrum of rod
withdrawal at power (RWAP) at limiting power level and complete
loss of reactor flow)
If margin to DNBR is to high or to low, choose next guess for FAH,
and repeat the same cycle.

After that, starting from maximum FAH determined in above iteration process, and
assuming a constant minimum DNBR, a similar calculation will be done at three
additional operating points in operating window,-each time by performing the
analysis of the RWAP accident. Then, a diagram of variable FAH = f(RCS flow,TAVG)
can be derived by linear extrapolation. This would thus maximize the FAH limit not
only at the low RCS flow/high TAVG point, but also throughout the operating
window, and would also ensure roughly constant DNBR margin and constant
operating margin in the operating window.

3.4 Safety analyses

All the analyses performed in the scope of uprate and SG replacement will be
done in accordance with R.G. 1.70, Rev. 3. All analyses from Chapter 6 and 15
will be repeated. USAR, Chapter 15 will be rewritten and the scope of information
and data presented will be as in the SNUPPS plants.

From the scope of safety analyses of most interesting ones are large break LOCA
(LB-LOCA) accident and DNB transients. As was already stated, the power uprate
can be achieved by better performance of new SG's and using new approved less
conservative methods to show the available margins in limiting physical
parameters (LOCA, DNB, peak cladding temperature (PCT), etc.)

In order to demonstrate that the existing ECCS meets regulatory requirements at
the proposed operating conditions, LB-LOCA analyses will be performed in order
to determine the maximum acceptable value for FQ (the target value is 2.45)
resulting in PCT of less than 1204 °C. The limiting break discharge coefficient and
limiting power shape will be analyzed in the frame of the verification of new
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operating conditions, and the best estimate RCS TAVG and the lowest RCS flow will
be addressed. Also, the hydrogen production and accumulation, being impacted
by the uprating, will be reanalyzed.

Small break LOCA (SB-LOCA) will be reanalyzed for the spectrum of break sizes
using the corresponding licensed computer code. A skewed to the top axial power
shape, maximizing linear power in the upper regions of the reactor core will be
assumed. The goal of this analysis is to relax or delete the third line segment of
the K(z) curve. The analysis will be performed for the limiting RCS TAVG, assuming
the lowest RCS flow.

In order to firmly demonstrate acceptability of the power increase, it is also
necessary to reanalyze the non LOCA accidents. The analysis of DNB related
accidents is already described, and for non DNB accidents, the limiting heatup
accidents (feedwater line break and loss of main feedwater/station blackout) will
be analyzed to verify that the respective acceptance criteria are met. At the same
time, this will demonstrate the adequacy of the existing auxiliary feed water (AFW)
system capacity.

To evaluate the radiological consequences for the uprate conditions, mass
inventories, mass releases and fission products source terms will be determined,
incorporating the revised feedwater, main steam and SG mass inventories. The
dispersion and offsite doses will be calculated for the several major accidents (LB-
LOCA, main steam line break (MSLB), SG tube rapture (SGTR), etc.). For each
accident, a conservative (licensing basis) and realistic case will be analyzed,
including iodine spike sources.

3.5 Plant operating maneuverability justification

Using the best estimate plant operating parameters, the full load rejection
transient, the ±10% step load change and the ±5%/min. ramp load change will be
analyzed for both beginning of cycle (BOC) and end of cycle (EOC), at the highest
RCS TAVG and lowest RCS flow in the operating window, in order to verify that for
these transients the adequate margin are maintained to the various reactor trip
setpoints and opening of the pressurizer and secondary power operated relief
valves (PORV's) and safety valves. The control system setpoints will be adjusted if
required to improve plant operating maneuverability for the uprated power
conditions. The acceptance criteria for these transients are that there should be

" -no reactor trip and no actuation of the primary and secondary PORV's.

3.6 Safety and auxiliary systems verification

The increase of plant rated power also results in a reduction of the margins
concerning design criteria related to the capacity of the RCS, the secondary
system and the containment. The main reason for this reduction is that the
primary-side energy to be removed by the engineered safeguard systems,
actuated under accident conditions (ECCS, pressurizer and SG safety valves,
containment spraying, etc.) will in fact be increased. For all safety and auxiliary
systems the detail evaluation, and if required also the analyses, will be performed
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to show that these systems are capable to assure the capacities used in the
transient and safety analyses. If the existing system performance assumed in the
analyses will not be adequate then the possible modifications will be proposed
and during the SG replacement program also implemented in the field.

3.7 NSSS systems and components structural integrity analysis

Structural integrity analyses and evaluations will be performed to demonstrate that
the short and long term structural integrity of the various components of the NSSS
(reactor vessel, reactor internals, control rod drive mechanism, pressurizer,
reactor coolant pump, reactor coolant piping and auxiliary class 1 lines) and
containment are not adversely impacted during operation at uprated power
conditions and with new SG's. These evaluations will address any changes in
hydraulic lift forces as well as any changes in component temperature distribution
during steady state and transient conditions. Critical (sensitive) zones in the NSSS
components will be identified for which the new operating conditions are believed
to modify significantly the component stress and/or fatigue usage factors, such
that they may become limiting. Consequently, both stress limits and fatigue criteria
will be addressed to demonstrate that the NSSS components remain in
compliance with the regulatory codes, standard and design bases for the new
operating conditions. The design stress reports will be revised, if required.

For NEK plant a leak-before-break (LBB) feasibility study has been performed for
the reactor coolant loop piping. This study will be completed and updated for new
SG's aii'd new operating window. It is expected that this study will essentially
demonstrate that no break can occur in the reactor coolant loop piping but at most
a leak which can be detected in due time. The application of LBB methodology
allows to eliminate considerations of dynamic effects associated with a LB-LOCA.

Containment building pressure and temperature response to both MSLB and
LOCA accidents will be evaluated. Due to higher power (energy) level and
possibly increased primary system inventory, LOCA mass and energy releases
will have to be recalculated. It is expected that the use of new models for
calculation of the mass and energy releases and the use of a more realistic decay
heat curve will compensate for the penalties on containment peak pressure due to
power uprating and replacement SG's.

The changes in neutron fluence and thermal transients resulting from the
proposed upratin-g are expected to affect reactor vessel integrity. Consequently,
overall reactor vessel integrity, and heatup and cooldown curves will be revised.

3.8 Snubber reduction

As a parallel effort to the upper described activities the Snubber reduction
program will be conducted. The aim is to reduce the number of snubbers on:

• SG (remove 2 out of the 5 snubbers)
• auxiliary piping lines attached to the RCL or affected by SGR (MS, FW,

BD, AFW) related design changes (eliminate or replace with
maintenance free support between 95% to 100% of all snubbers)
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The state-of-the-art methods and computer codes will be used. The program is
intended to assist NEK in reducing cost and man-rem exposure resulting from
snubber maintenance and testing.

4.0 Licensing activities

The documents which will be prepared and included in the license process are the
Work reports (documenting each analysis), Summary report, revised USAR and
revised Technical Specifications. As it is planned NEK will together with Slovnian
Nuclear Safety Administration (SNSA) choose which authorized institutions will be
working in parallel with NEK in reviewing and approval of all the work reports
which will be the bases for USAR and Technical Specification changes. At the
same time ali Work reports will also be given to SNSA for their review. At the end
the selected authorized institutions will prepare Independent Evaluation Report(s)
which will be submited together with all other final licensing documentation to
SNSA for their approval. By this approach and the fact that the selected licensing
methodology was alreday licensed in Slovenia we believe that there should be no
surprisses in the licensing process, and that all licensing issues (questions,
concerns) will be addressed and solved in due time with the Slovenian Nuclear
Safety Administration, and that the plant restart after power uprating and SG
replacement will be authorized.

5.0 Conc lus ion •** . <;

The uprattng and modernization of NEK plant which, according to present plan will
be undertaken by year 2000, is presented. It is believed that new safety analyses
will demonstrate the possibility of 6.3 percent power increase after replacement of
SG's, and that the overall investment will be cost-effective.
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POWER UPRATING AND STEAM GENERATOR
REPLACEMENT AT TIHANGE 1 - LICENSING ASPECTS

H. Drymael
AVN, Avenue du Roi 157, B-1190 Bruxelles, BELGIUM

Abstract

The licensing of the power uprating and steam generator replacement (PUSGR) of a nuclear power plant is a
long and multiple-step process.
This paper describes the numerous aspects investigated during the PUSGR ofTihange 1, as seen by AVN, the
technical support of the Belgian authorities: The main aspects covered are

1) the regulatory context and the licensing procedure

2) the safety studies: choice of the operating domain, data base for the accident analyses, methodologies
for these analyses, reference core loading pattern and nuclear design, thermohydraulic studies and
safety limits, justification for not reanalyzing accidents not affected by the PUSGR, accident analyses
(design basis accidents), transient analyses, verification of the capacity of safety systems and auxiliary
systems, radiological consequences of accidents, regulations and protections, transition cycles,
mechanical studies

3) the follow-up of construction and installation activities

4) the requalification and commissioning tests on site

5) the updating of documents (procedures, Safety Analysis Report, Technical Specifications ...)

1. Regulatory context and licensing procedure

1.1 Legal situation in Belgium
AVN (AIB-Vin9otte Nuclear) is the Belgian Regulatory Body in the field of Nuclear
Safety, acting by delegation of the competent Safety Authorities, the Ministry of Internal
Affairs. AVN also plays the role of technical support to the same Authorities, and its
main duty is to make sure that an adequate level of safety is maintained during the course
of operation of the Belgian nuclear power plants.

The basis of the entire licensing process of a nuclear power plant in Belgium is the Safety
Analysis Report, established by the Architect/Engineer (Tractebel), on behalf of the
Utility (Electrabel). However, the Utility is legally responsible for the safety of its nuclear
installations and must meet the requirements of the regulations and in particular the
conditions of its licence.

1.2 Licensing procedure
Modifications in nuclear power plants are regulated by the Royal Decree of February 28th
1963 providing general regulation for the protection of the population and of the workers
against the danger of ionizing radiation. Following this regulation, a distinction is made
between not important modifications, for which only approvals by the head of physical
control of the plant and by the authorized inspection organization AVN are requested,
and important modifications for which a request for a new authorization has to be
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submitted to the competent Safety Authorities and to the Belgian Nuclear Safety
Commission (which is called the Special Commission for Ionizing Radiation).
The replacement of the steam generators and the uprating of the nominal power of the
plant are considered to be important modifications. It was decided by the competent
Safety Authorities that in order to obtain a licence for such an intervention the procedure
applicable to new installations had to be followed.
In July 1994 Electrabel submitted the licence request for the replacement of the steam
generators of the Tihange 1 unit. This request aimed at getting permission to replace the
steam generators, to uprate at the same time the nominal power of the unit with about 8%
and to store the old steam generators on site in a new building specially erected for that
purpose. The licence itself is the subject of a Royal Decree. It is prepared by the
Administrations on the basis of an advice, including a proposal for the licensing
conditions, formulated by the Special Commission for Ionizing Radiation. This advice is
based on a Report on the status and the acceptability of the safety analyses. This Report
to the Special Commission is established by the authorized inspection organization AIB
Vincotte Nuclear (AVN) on the basis of a review of the safety analyses, which have been
submitted to AVN by Tractebel. Tractebel co-ordinated the execution of the necessary
safety analyses, as the architect engineer of the licence holder Electrabel.

2. Safety analyses

2.1 Input for the safety analyses
A set of new safety.analyses had to be performed because of:

• the modified characteristics of the new steam generators (increased heat exchange
area, increase of the volume of the primary circuit, increase of the water mass in the
steam generators, modified diameter of the steam generator tubes);

• the new neminal working point, which was determined by the characteristics of the
turbine-alternator group and by the fuel considered for the reference safety analyses. It
was decided to increase the nominal power of the plant from 2660 MWth to 2873
MWth; ; " ' ' " • - * • % ,

• the higher residual heat krbe removed.

The definition of these new characteristics of the nuclear power plant resulted from a
feasibility study.
Jp. addition a new reference core had to be defined. The characteristics of this reference
core determine the nuclear core initial and boundary conditions for the reference safety
analyses.
The power uprating and validation of the considered reference core characteristics was
believed to be made possible by the application of new calculation codes and
methodologies which would enable a better identification and use of the available safety
margins.

2.2 Choice of the operating domain
A new value of the thermal hydraulic design flow was determined, considering a
maximal steam generator tube plugging of 5%. This estimation is based on measurements
performed before the steam generator replacement and on the characteristics of the new
SG.
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The new operating point, after SG replacement, depends on the turbine and SG
characteristics. An optimization of the working parameters at the new power level
resulted in a small decrease of the mean primary coolant temperature (302,7°C instead of
303°C) at the power of 2873 MWth.
The operating domain takes also into account a stretch-out at the end of the fuel cycle; the
average primary coolant temperature is then progressively decreased to 272°C till the
power of 1463 MWth.
This new nominal operating point and the operating domain have to be confirmed by the
analysis of the most limiting accidents with regard to the performance of the reactor core,
by the verification of the capacity of safety and auxiliary systems, and by the verification
of the mechanical integrity of the primary components.

2.3 Data base for the accident analyses
The "Data Base" is the pool of j)lant data used for all accident analyses to be done for the
PUSGR project. It contains operating parameters, core data, reactor coolant system data,
auxiliary systems data, protection channel data... The aim of this document is to give the
collection of all the parameters, to be sure that all the analyses are coherent.
Ideally this document should be established before the beginning of the analyses and
should be fixed. Due to the uncertainty of some parameters at the beginning and to the
modification of some others during the first analyses, this document is a living one during
the PUSGR project. A change control procedure must be conducted to allow the
introduction of changes in the data appearing in the Data Base through a controlled
process. This process must ensure that all impacts of each modification have been

'Identified and evaluated, and that all resulting modifications are carried through,
including a new run of an analysis already done, if necessary.

2.4 Methodologies for the safety analyses
For each safety analysis, AVN asked that the methodology to be used should be defined
by the architect/engineer and approved by AVN before its utilisation. The methodology
covers the criteria to be met, the codes to be used, the validation of these codes and their
applicability to Tihange 1 taking into account the characteristics of this plant, the initial
or boundary conditions to be considered...
The demonstration of the applicability of some methodologies may require additional
studies or calculations (sensitivity studies). The approval of a particular methodology
may require an audit from AVN, to examine the documentation of a code, its validation,
its utilisation and the associated Quality Assurance program. In some cases, this approval
requires additional actions after the audit.
For each safety analysis, AVN asked also the writing of a "transient and accident
summary 'sheet" TRASS. This document gives a summary of the hypotheses and the
values of the parameters to be considered in the calculations, taking into account the
approved methodology.

2.5 Reference core loading pattern and nuclear design
A reference core loading pattern, corresponding to a reference fuel cycle at equilibrium,
has been defined. This reference core loading pattern must allow to reach the objectives
of the PUSGR project (SG replacement, power uprating and fuel cycle length up to 18
months including shutdown period), with respect to safety criteria for the fuel. Input
parameters for the accident analyses are the parameters calculated for this reference core
loading pattern or more conservative ones depending on the analyses.

A reference fuel assembly has been chosen.
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Several special characteristics have been introduced for the reference fuel assembly and
the reference core loading pattern, to satisfy the safety criteria after PUSGR: two different
enrichments, up to 4,35% U 235, fuel assemblies with 4 to 20 rods containing burnable
poison (gadolinium up to 10% in weight) and annular pellets at the ends of the rods.

The demonstration of compliance with the criteria required several audits to evaluate
methodologies and calculation codes, and required complementary studies, especially for
the high value of the percentage of burnable poison.

2.6 Thermalhydraulic studies and safety limits
The thermalhydraulic design has been performed using a statistical methodology
(Revised Thermal Design Procedure of Westinghouse) and the WRB-1 correlation for the
DNB.
The applicability of this correlation to the reference fuel has been demonstrated.
The application of such a statistical methodology allows to free design margins, when it
is compared with a more conventional deterministic method, as used for the original
design.

The thermal hydraulic analysis results in DNBR design limits, which are used for safety
limits of the core protection (OTDT and OPDT setpoints).

2.7 Justification for not reanalyzing accidents
In the frame of the PUSGR project, the accidents presented in the Safety Analysis Report
have to be reanalyzed.
Some* accidents are in fact not affected by the change in operating parameters, or are
enveloped by other accidents. A justification for not reanalyzing such accidents has been
produced. This justification covers also the stretch-out conditions.

2.8 Accident analyses (design basis accidents)
The new nominal operating point had to be confirmed by the analysis of the design basis
accidents. Some studies are described below.

2.8.1 Large break loss of coolant accident (LB-LOCA)

The 8% power uprating and the new value which was chosen for the heat flux hot
channel factor (FQ := 2,19 if possible) had to be validated by a complete re-analysis of the
LB-LOCA. The most limiting parameter to be verified in this analysis is the maximal
peak clad temperature, which^should stay below 1204°C, in accordance with the criteria
mentioned in 10 CFR50.46. For plants with cold leg ECCS injection only the most
limiting break is a cold leg break . The analysis was performed for the full break
spectrum for which the application of the proposed methodology was validated.

2.8.2 Small break loss of coolant accident (SB-LOCA)

The analysis of the small break LOCA covers the spectrum of cold leg breaks for which
the methodology is valid and overlaps the spectrum analysed with the methodology for
the large break LOCA. It was demonstrated that the small breaks have no limiting
character with regard to the peak clad temperature thanks to the capacities of the safety
injection system.

2.8.3 Steam line break
The steam line break at hot zero power has been analysed. The criterion used is the
compliance with the limiting DNBR value. The use of this criterion, less severe than the
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criterion used for the initial design (no return to criticity), permitted the suppression of
the boron injection tank foreseen by the initial design.
The steam line break accident has also been studied at full power.

2.8.4 Feedwater line break
The feedwater line break accident has been analysed, for the long term aspect of power
evacuation. The criterion used is non-uncovering of the core during the heating transient.
The study showed the usefulness of the cavitating Venturis placed in the auxiliary
feedwater lines to limit the flow lost at the break.
The accident has also been analysed at short term, to verify the integrity of the core. The
criterion used is less than 10% of the fuel attaining the DNBR limit.

2.8.5 Limiting accidents with regard to respect of the DNBR - criterion
The analyses of the limiting accidents with regard to the DNBR-criterion allow to
validate the assumptions regarding the power uprating as well as the core power
distribution for the reference core (enthalpy rise hot channel factor and reference axial
power profile).
The application of a new critical heat flux correlation, the introduction of a statistical
thermal design method and the lowering of the average temperature of the primary
coolant, which was made possible by the improved heat exchange characteristics of the
new steam generators, contributed to the establisment of sufficient margins to
compensate for the penalty resulting from the power increase.
As a result of the analysis of the bank withdrawal at power accident it was shown
necessary to modify the OTDT protection channel by the introduction of a lead-lag
module on the measured AT over the reactor core.

2.9 The verification of the primary and secondary over-pressure
transients

Both the power uprating of the plant and the characteristics of the new steam generators
influence considerably the behaviour of transients which result in a pressurisation of the
primary and secondary circuits. The transients which are considered to be limiting for the
discharge capacity of the primary and secondary safety valves had to be re-evaluated.
As a result of these studies the setpoints for the secondary safety valves had to be
modified as well as a reactor protection signal setpoint (scram by high level in the
pressurizer) in order to limit the secondary pressure excursion.

2.10 Verification of the design of the containment and the integrity of
containment compartments

The new values for the parameters defining the new working point (temperature and
pressure) as well as the modification of the mass inventory of primary circuit and steam
generators modify the amount of mass and energy, which is released in the containment
in the cases of a LOCA and a steam line break within containment. It was demonstrated
that the maximum pressure value remained below the design pressure for the
containment.
The impact of the new operating conditions on the differential pressure between
compartments of the containment, resulting from several pipe break cases, had also to be
analysed. For some cases it was found that maximum differential pressures exceeded the
original design values. The acceptability of these results had to be verified in turn by
Tractebel on the basis of structural integrity verifications of the compartment walls.
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2.11 Plant availability studies
Some transients are calculated in order to verify the availability and the contractual
performance characteristics of the plant after PUSGR. Transients which belong to this
group are the load follow transients, by step (+/- 10%) or by ramp (+•/- 5%/min), and the
full load rejection from nominal power transient.
It has to be verified through these analyses that no safety systems are actuated.

2.12 The verification of the capacity of safety systems and auxiliary
systems

In addition to the above mentioned accident analyses, which allow to verify certain
characteristics of the safety systems (such as needed flow rates), other design elements
have to be verified by a separated safety study.
This verification resulted in hardware modifications, Technical Specifications or
procedure modifications. Some examples are:
• A long term study of the LB-LOCA accident has been done to verify the boron
• concentration in the core and in the sump during the recirculation phase, and the

margin to cavitation. Simultaneous injection to the hot and cold legs during
recirculation has been introduced.

• Cavitating Venturis have been placed in the auxiliary feedwater lines to increase the
flow to the unaffected steam generators in case of a feedwater line break (see § 2.8.4).
The installation of these cavitating Venturis permitted to maintain the auxiliary
feedwater pumps from the original design.

• All the systems affected by the power- liprating have been reevaluated: shutdown
cooling system, component cooling system, raw water, volumetric and chemical
control system,... The capacity of all heat exchangers was found adequate; the minimal
volume required by the Technical Specifications in some tanks has been increased
without requiring hardware modification.

2.13 The radiological consequences of accidents
The radiological consequences of the accidents were recalculated due to the fact that the
power uprating of the plant leads to an increase of the fission products inventory of the
fuel elements.
In the case of the LOCA, it was decided to maintain the radiological consequences at the
same values as before power uprating. In consequence, admissible leak rates for the
containment and for the circuits have been reduced; Technical Specifications and criteria
for the leakage tests (types A, B and C from 10 CFR50 App. J) have been adapted.

2.14 Regulation - Protection .......
The accident analyses validated the setpoints of the reactor protection system and safety
systems.
Regulations were verified by transient analyses and tests during the start-up after
PUSGR.

2.15 Transition cycles
The PUSGR project is based on a reference core loading pattern. Characteristics of the
actual core loading patterns must be enveloped by those of the reference one.
Transition cycles have been foreseen; a two-step power uprating has been necessary (with
one cycle at a power of 2800 MW) due to limitations of the fuel loaded before PUSGR.
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2.16 Mechanical analyses of primary circuit components
Succeeding to the safety analysis which were described above, a verification of the
mechanical integrity of the heavy components of the primary circuit has been performed.
These studies include the design verification of the new steam generators, as well as the
verification of the mechanical integrity of all other primary components, including the
internal parts of the reactor vessel. These studies were necessary because of the
modification of the thermal hydraulic transients and the LOCA forces, that have to be
considered for the design of those components, due to the new operating conditions and
the changed characteristics of the steam generators.
For the verification of the integrity of primary components, with the exclusion of the
steam generators, the Leak Before Break Concept was applied to the main pipes of the
primary circuit. This resulted in a modification of the type of breaks to be assumed (it
excludes for mechanical design purposes the large break of a main coolant pipe). On
request of AVN additional breaks had to be considered such as the rupture of a steam
generator man-hole cover (in 1 ms) and slowly evolving breaks of the main coolant pipe
(in 3 s).

2.17 Review by A VN of the safety analyses
In order to be able to write a report to the Special Commission with a favourable advice
for the power uprating and steam generator replacement, it was necessary for AVN to
perform a thorough review of all the safety analyses mentioned above.
This review is one of the essential parts of the licensing process. It covers:
• a verification of the completeness of the proposed safety analyses, including a review

of the justification for non-re-analysis;
• an extensive auditing of all new proposed calculation codes with attention to aspects

such as documentation of the code, validation through comparison with separate effect
tests and benchmark calculations, and quality assurance aspects; several audits were
performed by AVN at the Westinghouse office in Brussels and in Pittsburgh, and at
the Tractebel office in Brussels.

• an assessment of the methodology reports, including an assessment of the
conservatism of initial and boundary conditions chosen for the licensing calculations
and an assessment of proposed calculation uncertainties; this exercise resulted
eventually in'a licensing of the proposed methodologies, which had in some cases to
be amended;

• a review of the results of the safety analyses including a verification of the compliance
with all applicable design criteria and an assessment of the remaining safety margins;
in some instances proposed acceptance criteria were different from those used for the
original design.

This review covered a period of more than three years and represents a workload of more
than 13000 man-hours. More than 350 documents were submitted for review; AVN put
more than 900 questions during this review. Regular meetings between AVN, the
architect engineer and the utility representatives were necessary to follow up the progress
of the safety analyses and to discuss the technical issues.

3. Follow up of construction and installation activities
The construction and installation activities of the new steam generators were followed by
an Authorized Inspection Agency (AIA) and the Belgian Technical Inspection Service in
compliance with the regulations for steam vessels (General Regulation for Labour
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Protection title IV and Royal Decree which allows deviations in order to be able to apply
the ASME code in Belgium). The tasks of the AIA were performed by AIB Vincotte.
The construction activities were qualified by the AIA and were audited and witnessed at
the manufacturing plants, especially at Mitsubishi Heavy Industry in Japan for the
manufacturing of the new steam generators. The installation activities on site were
followed as well by the AIA.

4. Requalification and commissioning tests on site
The start-up of the plant, after the steam generator replacement job, was accompanied by
the execution of a comprehensive qualification and commissioning test programme,
which was submitted in advance by the architect engineer to AVN for approval.

The execution of these tests was followed by the AVN inspectors on site. Test procedures
and test reports had to be submitted to AVN for review, if requested.

5. Updating of documents
In addition to the hardware modifications it should not be forgotten that such a major
intervention leads also to the modification of a large amount of plant documents which
are used in operation. The most important are: plant Technical Specifications which
provide the limiting conditions for operation, emergency operating procedures, normal
operating procedures, periodic test procedures and in-service inspection programme.

Updating of these documents is an enormous task, which begins when the safety analyses
are approved and when the hardware modifications are known. Priorities have been
defined for this updating together with a planning. Most important documents (Technical
Specifications, emergency and normal operating procedures) were updated before start-up
after PUSGR, contingently by authorized manuscript indications. The Safety Analysis
Report has to be completely updated, during the year after the start-up. It has been
reviewed and approved by AVN.

6. Conclusions
The licensing of the replacement of the steam generators and the power uprating of a
nuclear power plant is a long and difficult process.
Keystones for its success are:
• adequate organization and project management both with the architect engineer as

with the authorized inspection organizations;
• planning of the consecutive phases of the licensing process; this planning should take

account of the complexity of the licensing tasks, the degree of innovation of the
proposed methodologies and the available manpower within each organization;

• early approval of not yet licensed methodologies;
• timely execution of the safety studies in compliance with the planning;
• good communication between the plant operator, the architect engineer and the

authorized inspection organization all along the licensing process.
Any shortcoming in one of them can endanger the timely acquisition of the licence or the
subsequent permission, by the authorized inspection organization, to start up the nuclear
power plant.
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Investigations of reactor kinetic parameters influence
on RELAP5/MOD2.5 calculations of WWER-440 reactors

Piotr Marks, Ivan Toth
Atomic Energy Research Institute, Budapest, Hungary

Abstract - The present study aims to investigate the calculation of RELAP2/MOD2.5 neutron kinetics for a
WWER-440 reactor and influence of its modelling on other core and system parameters. The results show that
the existing code model and input data can be applied for WWER-440 system analyses. Various aspects of
conservatism of particular neutronic parameters, especially residual heating and reactivity feedback, are also
discussed. , • -

1. Aim of the study

The present study aims at the investigation of a WWER-440 core model behaviour in
RELAP5/MOD2.5 calculations with various parameters of neutron kinetics input. Especially,
the influence of density and Doppler feedbacks as well as decay heat curve on the system
behaviour has been investigated.

2.. Definition of the studied cases and calculation assumptions

The investigated core model has been extracted from the WWER-440 nodalisation scheme
documented in [1] and is shown on Fig. 1. It consists of 3 parallel channels representing 2/3
and 1/3 of the core area as well as a channel with the maximum possible heat generation,
heated by corresponding fuel rods. The fourth channel is a bypass and is not heated. The core
is connected to time-dependent volumes at the inlet and at the outlet. The primary flow rate
documented in [1] is modelled by use of a time-dependent junction. Any conductive heat
losses are not considered either to the environment or between the modelled volumes.
The postulated transient studied is a reactor scram after 100 s of steady state. From the point
of view of reactor kinetics, four cases have been analysed:

• beginning of cycle (BOC), best estimate parameters;
• BOC, conservative parameters;
• end of cycle (EOC), best estimate parameters;
• EOC, conservative parameters.

The EOC conditions are determined as after 625 days (two reactor cycles) of NPP operation
at constant nominal power. The BOC conditions are calculated as after 0.625 days (15 hours)
of operation.
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2.1. System initial conditions

The system initial conditions were chosen according to [1] with two power levels, the
,,conservative" one higher by 4% than the best estimate one.

2.2. System boundary conditions

Fig;2. Reactivity inserted at scram
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At 100 s the transient is initiated by a reactor scram with a corresponding control rod reactivity
([2], Fig. 2).
Additionally, in the case when the least reactivity is inserted two subcases - with and without
a parallel MCP trip - are compared.

2.3. Core conditions

The radial and axial core power distribution is not changed throughout all the cases. The hot
channel power is calculated by using corresponding distribution factors reported in [1].
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The feedback coefficients were applied for the calculations according to [2] (see Figs. 3 and
4). Their ..conservative" values are chosen to model more positive reactivity worth than the
best estimate ones.

Fig.3. Moderator density feedback
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The analysis was performed by means of the RELAP5MOD2.5 [3] to obtain the system
neutronic response. The run sequence was the same as experienced in earlier calculations in
AGNES project [4]. Steady state for two (best estimate and conservative) power levels was
created with zero feedback, then the code was restarted with various kinetics parameters.

3. Results of the analysis

3.1. Steady state

The first 100 s of calculation showed that there are no significant difficulties to reach steady
state conditions. However, since for conservative cases at nominal inlet flow rate the feedback
and flow redistribution effects diminished the core power by some 2 MW, the flow had to be
decreased. This is why the steady state approach was not as smooth as in the best estimate
cases.

3.2. Influence of kinetic parameters after scram

After 100 s of transient the reactor is assumed to be scrammed. The further course of the
transient is depicted in Figs. 5 through 8. The different control assembly worth for best
estimate and conservative calculations can be seen easily from Fig. 8. When they are fully
inserted (at 11 resp. 13 s after scram signal) feedback effects determine the fission power
decrease rate. The positive resulting feedback that can be deduced from Fig. 8 is stronger in
conservative calculations than in best estimate ones. Despite this, for the conditions specified
in [1] the calculations can never lead to model core recriticality. The fission power continues
to decrease (see Fig. 6) and after not more than 200 s becomes negligible. The different
behaviour of best estimate and conservative curves in this figure is obvious when compared to
Fig. 8 - the less reactivity worth is inserted the more significant is its effect on power decrease
rate.
The gamma power, however, depends on power history and on the inventory of long-lived
fission products. This has also been considered in the code model [3]. The long-term (e.g. at
1 hour after the scram) EOC decay relative power is about twice as high as for BOC
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as high as for BOC conditions. In terms of absolute power (Fig. 5) this difference is even
higher due to different initial power levels. The difference between conservative and best
estimate curves is set by an input multiplier to be 10%.
In Fig. 7 one can observe that ,,BOC conservative" and ,JEOC best estimate" power curves
cross each other in the initial phase of transient (at about 115 s after scram). The effect is
related to lower negative reactivity worth and, therefore, lower fission power decrease rate for
the conservative case. As stated above, from 200 s after scram there is no influence of fission
power on core behaviour.
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3.3. Mutual effect of reactivity feedback and pump coastdown

Additionally, the case with the least negative efficient reactivity (i.e. EOC conservative) was
chosen to study the influence of core cooling on power curve. Having started from 100 s of
transient the inlet flow rate was diminished according to [1] to simulate MCP trip in parallel
with reactor scram. The results are shown in Figs. 9 and 10. It can be clearly seen that the
higher flow rate results in higher core power (Fig. 9) but as the effect depends only on lower
positive density feedback it is not extended to more than the first 300 s after the scram and the
difference does not exceed 15% which is obviously compensated by forced heat removal.
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PAKS UNIT 3 PAKS UNIT 3

Kinetics test

1 0 ' . :

' T T T T T T T T T V r i I I [ I ' l l T 1 \ I I I ' T T T T r i

250
i. 11 n 111

350 400-50 100 150 200 250 300
time (s)

Fig.9. Core power - comparison for pump trip

I I I ) I M I

400 450 500

Kinetics test
0.0 -9

-4.0
0 50 200100

time (s)
Fig.10. Core reactivity - comparison for pump trip

250

4. Conclusions of the analysis

The calculations were performed for four different sets of neutron kinetics parameters. The
results show that the code model of kinetics works properly for all the cases investigated.
However, the code is rather sensitive to both hydraulic and neutronic conditions change so
several steady state versions may be necessary when various cases are to be calculated.
From the point of view of DBA conservatism, three neutronic parameters are important.
These are: the scram curve, the power history, and feedback coefficients.
When an analysed case leads to core heatup the ,,EOC conservative" parameters of all the
three mentioned above are recommended to keep the conservatism. The core flow may also
play some role at early;*stage of transient so the mutual effect of scram and decay heat
conservatism and, on the other side, core heat removal with density and temperature feedbacks
should be pessimised.
If a studied case is a cooldown case, then best estimate power level and BOC scram curve and
decay heat are recommended as conservative. Such cases may lead to unrealistic modelling of
core recriticality so if there is no opportunity to mitigate the effect before in the model (e.g. by
boron injection modelling), rather higher, i.e. ,,conservative" feedback coefficients should be
applied.
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List of abbreviations

BOC -beginning of cycle
EOC -end of cycle
MCP - main circulation pump
NPP - nuclear power plant
PCS - primary coolant system
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ABSTRACT - Methodologies for NPP state diagnosis base on mathematical models and
residuals generation. To avoid complicated and time-costly simulations (expensive
equipment) of physical phenomena in NPP for diagnostic purposes, the algorithm for
determining the significant pattern for major transients has been investigated. The coefficients
of transfer function between observed parameters have been used as the pattern features. The
transfer functions have been determined with recoursing least square methods known from the
literature. For the case study four different transients in the pressurizer system have been
performed. Each transient has produced its own significant recognised pattern. Input data have
been simulated for the Krsko pressurized water reactor (PWR) NPP with the
RELAP5/MOD3.2 code. The suggested algorithm could be used as operator advisory system
for observation of the NPP status. It could help him/her to analyse small or large transients
and to verify the equipment status.

1. Introduction
Nuclear power plant (NPP) is complicated system monitored by human. To ensure its

safe operation many operating procedures and safety margins have been introduced to avoid
uncontrolled release of nuclear particles. During and after the transient the operator is faced
with many instrument readings which values are interrelated. To determine the cause and the
consequence of the transient (perform correct diagnosis) is not easy task, as we can learn from
.Three Mile Island (TMI) accident. The Safety Parameter Display System (SPDS) concept
introduces a set of most important parameters to present the pattern typical for particular
system state (steady state or transient). In general such system can only show that monitored
system is out of its steady state without any suggestion to the operator about the cause of the
transient.

A few computer codes for NPP abnormal operation diagnosis have been developed in
the past [1,2]. They allow identification of the abnormal state and short announcement of next
possible event. Their algorithms are based on the mathematical models of physical devices.
During diagnosis the residuals are generated and classified. In the final step different artificial
intelligent methods have been used to perform diagnosis depending on calculated residuals.
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The purpose of our investigation was to develop the method for diagnosis of NPP
transients without using system modeling, but to perform diagnosis on values of parameters as
they are collected in plant by data acquisition system. To collect sufficient information about
observed system the dynamic relation between parameters has been observed and measured.
Final transient classification has been done by pattern classification method based on dynamic
relations of parameters as pattern features.

2. Methodology
NPP is a dynamic system and the parameters are strongly dependent from each other.

If some parameter changes (forced by operator or as component fault) another parameters will
change too to compensate initiated change. In steady state parameters vary around their
stationary value and the pattern typical for steady state varies too. Some small deviation of
one parameter could present a little transient that can grow up into large transient with serious
consequences. If we can recognize the cause and the consequence of the small or large
transient, we can determine the faulted component and in most cases predict the system
behavior.

2.1. Transient features
Operator skills are written in biological neural network. Unfortunately computer does

not work in the same way as human and it is very difficult to store the appropriate human
skills into artificial neural network. Two items are important when using human skills:
transforming the .incoming data into appropriate pattern and comparing the incoming pattern
with the pattern from the reference set. .. ....-

The main problem during recognising the system behaviour is how to determine the
appropriate pattern on which the correct analysis is based. The pattern must be independent
from time - static during transient and must be unique for each different transient. For the
SPDS values of selected parameters have been used as pattern features. Unfortunately such
pattern is not static during transient and it is not suitable for computer recognising system.
Human perception bases on object visualisation but on the contrary computer perception bases
on mathematical relations. A transfer function between parameters is suitable form to join the
dynamic relation into static parameter which may be one pattern feature.

When final state of one parameter has been monitored and estimated in dependency
from another parameter, it is proper to monitor the integral part of their transfer function (1).
This part determines if output parameter of transfer function will change (increase or
decrease) after input parameter of transfer function has reached some new steady state. In
other words, through input parameter some energy has been added in the system or removed
from the system and that is the reason why the system state has been significantly changed.
The transfer function (1) has three changeable coefficients: Kp, K; and Kd. Each of them
describes one part of the transfer function. The integral and the differential part deals with
dynamic relation between two observed parameters. Our interest is not to observe instant
change (differential part) but to detect dynamic relation between two parameters far in the
future (integral part).

During the transient the transfer function has been calculated between the main and the
rest of parameters. The function between the parameter that initiated transient and the main
parameter has K; coefficient different from zero. Its difference from balanced value forced the
main parameter change until any new balanced state has been reached. The other functions
have their K; coefficient equal to zero. Their values only follow the system demands and they
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do not have main influence on the system behaviour. In such case coefficient K; could be used
as estimator for determining the transient cause and as an object feature.

At

1 At ~ At-u(k)

u(k)-u(k-l)

Several techniques for process identification have been proposed [3]. They depend on
signals and process types. In our case the object of investigation is a dynamic process
involving digital signals. We want to define relationships between various selected parameters
in the observed dynamic system. Recoursing methods are suitable for identification. The
transfer function coefficients (pattern features) could be set by recoursing least square method.

2.2. Pattern construction
In a case study we focused on one important system in PWR NPP - pressurizer system.

This system has five main measured parameters: PRZ pressure, PRZ level, heater power,
position of spray valves and position of relief valves. The system is constructed for
controlling primary pressure at prescribed value. The heaters are responsible for increasing
pressure, the sprays and the relief valves for decreasing. Pressurizer level is controlled by
another control system but it has significant influence on pressure.

To measure dynamic relations in observed system transfer functions between pressure
and other parameters have been calculated and their K; coefficients have been extracted. These
four coefficients represent four of five pattern features. The last feature is time because a
proper sequence of dynamic relation between the parameters represents one transient. To get
useful pattern the time feature must be limited. For this reason start and end point of it must
be defined. The pattern construction begins when any of calculated coefficients are not equal
to zero. The construction finishes when all coefficients are equal to zero in predefined time
period. But during very "active/dynamic" transient (usually .during an event with small
amplitude) the sequence could be very long and from this reason the observed sequence is
limited on its predefined maximal duration.

2.3. Pattern classification
To make the pattern feasible for classification the reference pattern must be

determined for each transient that can be recognised by the code. Usually it is desired that
algorithm has the capability to extend its knowledge with new learning pattern. Another good
quality is when the algorithm can recognise a new state that is out of its reference patterns -
"don't-know" classification [4]. If "teacher' recognises that new state as another transient,
then the code adds it as new class into its knowledge base.
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In our case a pattern is constructed as five dimensional object. The objects are divided
into classes that represent the recognised transients. The object could be a member of one or
more classes. That means that some transients may have part of its sequence the same as
another one. From this reason we have decided that each class has its own classification
function. That approach has another advantage because for each class could be measured how
many objects fit on it and some kind of transient "probability" could be determined. The
module for pattern classification is divided into three parts: the learning, the pattern fitting and
the knowledge base expanding.
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Figure 1: The values-of pressurizer parameters for four different transients

3. Case study
For different transient calculations RELAP5/MOD3.2 computer code was used. The

RELAP5 code is based on a one-dimensional, two-fluid, nonequilibrium transient model of a
steam water mixture flow that is derived from basic thermal-hydrodynamic laws. The
hydrodynamic model includes eight primary dependent and two primary independent variables.
The six secondary dependent variables are used in the equations. Thermal-dynamic quantities
are computed in the middle of each node of the discretization scheme and the volume averaged
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for each phase. Velocities are calculated in the junctions. The system model is solved
numerically using a semi-implicit finite difference technique.

The input model of Krsko NPP consists of 188 volumes, 203 junctions and 183 heat
structures with 707 mesh points. It 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]. Pressurizer model was tuned against plant start-up data.
Pressurizer consists of pressurizer pressure and level control system. In the input model
proportional (230 kW) and backup heaters (770 kW) were modelled. Pressurizer spray was
modelled with two valves. Miniflow is modelled too. Both letdown and charging flow were
modelled. Letdown is modelled as time dependant junction. Spray flow is modelled with servo
valve with the possibility to vary flow from 0 to 100% flow with regulating stem position. At the
top of pressurizer power operated relief valves (PORV) were modelled. ECCS was modelled
with high-pressure safety injection pumps and accumulators injecting borated water into both
cold legs. The low pressure safety injection system injects water directly into the reactor vessel.

In the steady state condition the reactor has been at 100% power of 1875.9 MWt and the
pressurizer level at 63.5%. For each simulated transient the system has been at steady state
condition for 500 seconds to perform the initial condition for the diagnostic code. After that the
transient sequences have been initiated and no operator action has been added. Four different
transients have been simulated:

1. Leakage in primary system (0,5 cm2)
Small break LOCA (1,5 cm2)
PORVs fail (uncontrolled open for 10 % of full flow)
Valves on PRZR spray system fail (flow increases for 10 % of full flow)

Figure 1 describes the values of fivamajor parameters in pressurizer for each transient. These
parameters are used for diagnosis. During transients automatic systems have been simulated to
ensure the correct system response.

2.
3.
4.

From 1 to 5 sample: covers 70 % of full score; (5 • 14 %)

From 6 to 10 sample: covers 20 % of full score; (5 • 4 %)

, Sample is from 4 features of pattern
(level, PORVs, spray, heaters),
and pattern is from 100 samples

From 11 to 100 sample: coveirs 9 % of full score; (90-0,1 %)

11 21 31 41 51

sample

61 71 81 91

Figure 2: The score depends on the position of samples that are equal in
scanned and reference pattern

3.1 Diagnostic algorithm
Diagnostic algorithm is not triggered by alarms but is continually running during NPP

operation. Its job is divided into four major steps: to detect beginning of transient, to generate
the pattern, to recognise the pattern and to make the hypotheses.
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During steady state conditions no major activities are expected in the observed system.
The pattern is blank because no observed parameters have significant impact on the primary
pressure. When transient is started balance in the system is destroyed and activities are
expected from automatic systems. They try to return the system at prescribed condition with
increasing or decreasing observed parameters (they add or remove energy to or from the
system). These activities have influence on the pattern features. The transient starts when the
diagnostic algorithm detects that any feature is not equal to zero.

The basic pattern consists from samples and the sample is determined in our case from
four features. The sample is constructed every second from coefficients of transfer functions
defined in equation (1). The.basic pattern could have no more than 3600 samples. That means
that it holds one-hour information about the transient. Two events could reduce the number of
samples: (a) the algorithm detects a signal for reactor trip, or (b) in last 100 seconds all
features are equal to zero. At the end the basic pattern is normalised to a predefined size of
106 samples.

level
PORVs

spray
heaters

level
PORVs

spray
heaters

level
PORVs

spray
heaters

level
PORVs

spray jj
heaters

IIHHKiElllliilillllliill I ll!l!ll!i!i HIIBEI fflillHilllHini

2 SBLOCA

il
iillilUIHliiSilSSEIIilSIIKillillllllSSlIEISIlIllHKllIfllllllii 3 . P O R V s fai led

i i l ! i l ! ! U 4 Spray failed

— normalized time (100 samples) —>

Figure 3: The patterns for four different transients.

•.. The final diagnostic is based on the normalised pattern. The scanned pattern is
compared with the reference patterns from a knowledgebase and a list of hypotheses is made.
The knowledge base is an array of the reference patterns with their descriptions. The reference
pattern represents the known transient recognised in the past during learning process.
Technically the diagnosis means comparing the scanned pattern with the reference patterns
and detects the similarity between the patterns. The similarity is represented by score but all
samples are not treated in the same way (figure 2). The samples from the beginning of the
pattern have more influence than the samples from the end. The highest score is 99 % because
in the best case the algorithm wants to tell the operator, that it has very high confidence on its
hypotheses but the hypotheses still could be wrong. The scores from all hypotheses are
independent. If the best score is lower than 75 % then the algorithm reports that the scanned
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transient is unknown and suggests to describe it and to add description and pattern into the
knowledge base.
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Figure 4: The patterns and the graphs during different size of fourth trensient.

3.2 Pattern classification
For each simulated transient the pattern has been constructed. All patterns are different

from each other (figure 3). They are not just a graphic pattern but also carry information
which parameters have influence on the primary pressure. If the parameter has main influence
on pressure then its feature in pattern is different from zero. It does not matter if primary
pressure is decreasing and the patterns report that heaters have significant impact on it. They
have significant impact on it when they try to stop its decreasing. Their contribution is not
interesting anymore when they operate at full power for some time and the primary pressure is
still decreasing.

The pattern shape has been analysed at different size of the same transient. Ten
transients have been simulated with increase of a flow in the spray system for 10 %. All
scanned patterns have in general the same shape (figure 4). The same parameters have
influence on the pressure. The major difference is in the number of scanned samples that are
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equal at the beginning of the pattern. That part of the pattern has the major influence during
transient classification and allows determination of the size of the transient.

4. Discussion
In the paper we presented the methodology for transient diagnostic. It is independent

from the alarm system because it has capability to recognise the beginning of any transient.
That capability is reached by capturing the dynamic relation between observed parameters
into pattern features. The new way for pattern features generation has been also introduced in
the paper. Each transient is now represented by one unique pattern. That allows a simple
method for pattern classification and possibility to determine the size of the transient. The
algorithm allows the user to extend the knowledge base with the new pattern of recognised
transients. The suggested algorithm could be used as operator advisory system during the
observation of the NPP status.
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ABSTRACT

A Phenomena Identification and Ranking Table for a small break loss-of-coolant accident in a two-loop
pressurized water reactor was developed. Dominant phenomena during the transient were identified by the
authors, based on engineering judgment, literature review and simulation of the transient with the
RELAP5/MOD3.2 computer code. A group of independent experts were asked to evaluate the importance of
the identified phenomena with respect to their influence on selected primary safety criteria. A final ranking of
the phenomena over the entire transient was obtained after appropriate summation of the grades assigned by
the experts.

INTRODUCTION

The US Nuclear Regulatory Comission (US NRC) revised the emergency core cooling
system (ECCS) licensing rules to allow the use of best estimate computer codes, provided
the uncertainties of the calculations are quantified and used in the licensing and regulation
process. The US NRC developed a generic methodology called Code Scaling, Applicability,
and Uncertainty (CSAU) methodology to evaluate uncertainties of best estimate codes
(Boyack et al., 1989). Among various analyses, the CSAU methodology was applied to a
simulation of a large-break loss-of-coolant accident by Mavko et al. (1993).

One of the basic steps of the CSAU methodology is the development of a Phenomena
Identification and Ranking Table (PIRT), which consists in identifying and ranking
dominant phenomena during a transient with respect to their influence on selected primary
safety criteria. Besides, PIRT development may also be useful in identifying models in
thermal-hydraulic codes which should have the highest priority for improvement (Heames et
al., 1995).

The purpose of the present work was development of a PIRT for a transient scenario caused
by a 5.08 cm (2") cold leg break in a pressurized water reactor (PWR). A group of
independent experts from the field of nuclear technology were asked to participate, so that
bias due to individual opinions was considerably reduced and knowledge gained from
various working experiences could be contributed to the PIRT development. Dominant
phenomena were first identified by the authors, based on engineering judgment, literature
review and simulation of the transient with the RELAP5/MOD3.2 computer code. Following
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that, experts were asked to evaluate the importance of the identified phenomena in each
component of the reactor coolant system (RCS) during each phase of the transient. Grades
assigned by the experts were used to rank RCS components. Phenomena were then ranked
for each phase of the transient, based again on grades assigned by the experts and ranks of
components in which they occur. Finally, a comprehensive PIRT for the entire transient was
determined.

ACCIDENT SCENARIO

The selected transient scenario was a 5.08 cm (2") cold leg small-break loss-of-coolant
accident (SB LOCA) in the Krsko (Slovenia) two-loop Westinghouse PWR. The scenario
was selected with the criteria that it should be a SB LOCA and of severe consequences. The
transient was first simulated with the RELAP5/MOD3.2 computer code (RELAP5 Code
Development Team, 1995). All major components of the RCS and secondary side were
modeled. A similar input nodalization as in earlier works (Prosek et al., 1994, 1996) was
used. ECCS consists of high pressure safety injection (HPSI) pumps, accumulators which
inject borate water into cold legs and low pressure safety injection (LPSI) system. Only one
train of ECCS was assumed to be available. Basic initial conditions and assumptions are
identical to those in the work of Prosek et al. (1996). The break was located in the cold leg
between the reactor vessel and the reactor coolant pump (RCP).

SUBDIVISION OF TRANSIENT INTO PHASES

The primary function of a PIRT is to identify the relative importance of components and
phenomena which drive the nuclear power plant (NPP) response. Details of PIRT
development may vary depending on the specific problem to be resolved (Wilson and
Boyack, 1996). In the present work, the PIRT was established by following a procedure
similar to the one described by Ortiz and Ghan (1992). After analysing simulation results,
the hypothetical transient was divided into following phases:

1. The RCS is depressurized. Single-phase forced circulation is followed by natural
circulation after RCP has been tripped. HPSI and auxiliary feedwater systems are
actuated. The phase ends when pressure in a hot leg drops to saturation pressure.

2. Two-phase natural circulation is established. The primary coolant is evaporated in the
reactor core and condensed in steam generator (SG) U-tubes. The phase ends when steam
accumulation in SG U-tubes upper bends prevents continuous flow of the two-phase
mixture.

3. Reflux'condensation is established. Vapor is generated in the reactor ..core and partially
condensed in the upflow side of SG U-tubes; the condensate flows back to the core via
hot legs. A loop seal in intermediate legs causes slow uncovering of the reactor core. The
phase ends when steam reaches the lowest point of an intermediate leg.

4. Loop seal clearing occurs, followed by relatively slow reflooding of the reactor core.

5. Two-phase natural circulation is not reestablished, as the secondary side pressure is not
sufficient to cause opening of relief valves and steam in the SG U-tubes is not condensed.
Instead, decay heat is mostly removed through the break.
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PHENOMENA IDENTIFICATION

Dominant basic phenomena during such a hypothetical transient were identified based on
engineering judgment, review of relevant literature (Aksan et al., 1993, Burchill, 1982, US
NRC, 1988) and simulation results. An unresolved issue of PIRT development is the scale
on which phenomena should be considered. In earlier work (Kljenak and Prosek, 1996), a
PIRT was developed for the same transient by classifying basic phenomena as either
momentum, heat or mass transfer. In this work, a more conventional classification, based on
an OECD Committee on the Safety of Nuclear Installations report (Aksan et al., 1993), in
which phenomena are considered on a larger scale, was adopted. A total of 24 phenomena
were considered in the analysis. Table 1 displays the considered phenomena, as well as the
phases during which each phenomenon supposedly occurs.

Table 1. Basic phenomena which occur during a 5.08 cm (2") SB LOCA in a two-loop
PWR

Seq.
Num.
1
2
3
4
5
6
7
8
9
10
11
12

13
14
15
16
17
18
19
20
21
22
23
24

Phenomenon

Condensation
Countercurrent Liquid-Vapor Flow
Decay Heat
Departure from Nucleate Boiling/Dryout
Droplet Deentrainment
Droplet Entrainment "*
ECC Injection and Liquid-Vapor Mixing with Condensation
Evaporation
Interfacial Friction (Horizontal Flow)
Interfacial Friction (Vertical Flow)
Liquid-Vapor Critical Flow
Liquid-Vapor Separation
Liquid Critical Flow
Loop Seal Clearing
Loop Seal Filling
Nucleate Boiling
Post Critical Heat Flux
Pressure Drops at Geometric Discontinuities
Quench Front Propagation
Radiation
Single-Phase Convection
Stratified Flow in Horizontal Pipes
Two-Phase Convection
Wall-to-Fluid Friction

Ph.l

X

X

X

X

X

X

X

X

X

X

Ph.2

X

X

X

X

X

X

X

X

X

X

X

X

Ph.3

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Ph.4

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Ph.5

X

X

X

X

X

X

X

X

X

X

X

X

RATING OF PHENOMENA AND RANKING OF COMPONENTS

After phenomena identification, appropriate forms which list phenomena during each phase
were created. An example of such form (for the transient third phase) is presented in table 2.
These forms were submitted to the following experts:

Stojan Petelin and Iztok Parzer from the Jozef Stefan Institute, Ljubljana, Slovenia,
Andrey Choubenkov from the Kurchatov Institute, Moscow, Russia,

- Bozidar Krajnc from the Krsko NPP, Slovenia.
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Experts had to rate phenomena by assigning grades from 1 (lowest importance) to lo
(highest importance) to each phenomenon, for each RCS component in which the
phenomenon occurs. The criteria was the importance of the phenomenon with respect to the
selected safety criteria: peak cladding temperature and minimum core liquid level.

The first step in processing data from experts was ranking of RCS components for each
phase of the transient. As an example, the procedure is presented for the transient third phase
(tables 2 and 3). In table 2, figures correspond to sums of grades assigned by the experts to
each phenomenon, for each RCS component.

Table 2.Sums of grades assigned by experts to phenomena
which occur during the 3rd phase of the transient

S
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um
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7
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Condensation
Courttercurrent Liquid-VaporJ^low
Decay Heat •*
Departure from Nucleate Sotling/Dryout
ECC Injection and Liquid7Vapor Mixing with Condensation
Evaporation
Interfacial Friction {Horizontal Flow)
Interfacial Friction (Vertical Flow)
Liquid-Vapor Critical Flow
Liquid-Vapor Separation
Loop Seal Filling
Nucleate Boiling
Post Critical Heat Flux
Pressure Drops at Geometric Discontinuities
Radiation
Stratified Flow in Horizontal Pipes
Two-Phase Convection
Wall-to-Fluid Friction
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The sums of grades over all phenomena in each RCS component are presented in row 1 of
table 3. Rows 2 and 3_on the same table show the number of phenomena which occur in each
component during the phase and the average grade per phenomenon, respectively.

The RCS components were then ranked according to three different criteria :
by sum of the grades over all phenomena (row 4 of table 3),
by number of phenomena, which occur in the component (row 5 of table 3),
by-average grade per phenomenon (row 6 of table 3).

These three rankings are not independent, as they depend on two variables: grades and
number of phenomena. The ranks were than added up (row 7 of table 3), and components
were than ranked according to the sum of ranks (row 8 of table 3). Rankings of components
obtained for all phases are presented in table 4.
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Table 3. Rankings of RCS components for the 3rd phase of the transient

1. Sum of Grades
2. Number of Phenomena
3. Average Grade per Phenomenon

.4. Rank by Sum of Grades
5. Rank by Number of Phenomena
6. Rank by Average Grade per Phenomenon
7. Sum of Ranks
8. Final Rank of Component

C
or

e

290
10
29

1
1
2
4.
1
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3
23,3

6
6
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7
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7
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0
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10
30
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Table 4. Rankings of RCS components for all phases of the transient

Component

Reactor Core

Upper Plenum

Hot Leg

SG U-Tubes Upfiow Side

SG U-Tubes Downflow Side

Intermediate Leg

Pump

Cold Leg

Downcomer

Lower Plenum

SG Secondary Side

Phase 1

2

7

10 ,.
4

3

7

6

1

10

7

5

Phase 2

1

5

6

2

4

9

10

3

8

7

10

Phase 3

1

6

3

2

5

7

10

4

8

8

10

Phase 4

1

7

2

3

4

4

8

6

9

10

11

Phase 5

1

5

8

4

5

3

10

2

4

7

10

FINAL RANKING OF PHENOMENA

The average grades assigned to phenomena in each RCS component during each phase were
calculated. These values were, then multiplied by weighting factors, calculated as:

wf=l-(0.05-(r-l)) (1)

where r represents the rank of the RCS component (table 4). In this way, the influence of
other phenomena which occur at the same time and in the same RCS component as the
phenomenon under consideration was taken into account. Only phenomena with average
grades over 5.5 were retained. Results are presented in table 5. Finally, an overall PIRT for
the entire transient was obtained by averaging grades from table 5. Results are presented in
table 6.

An inspection of the resulting PIRT reveals the following:

• The most important phenomenon, based on the experts' opinions and the selected
methodology of summing up of individual grades, is the liquid critical flow. This
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phenomenon determines the rates of depressurization and primary coolant depletion
during the first phase of the transient.

• Among highly ranked phenomena (ranks 2 to 13), those which occur in the reactor core
are preponderant (only condensation and counter-current liquid-vapor flow allegedly do
not occur in the core).

• Liquid-vapor critical flow was assigned a relatively low importance though it determines
the rate of primary coolant depletion after the first phase of the transient.

• 22 phenomena among the 24 which were considered have been assigned average grades
over 5.5. This means that phenomena identified by the authors have in general been
considered by the experts as important. The result of the PIRT development process is
the selection of the most important phenomena.

CONCLUSIONS

• A Phenomena Identification and Ranking Table was developed for a 5.08 cm (2") cold
leg break LOCA in a two-loop Westinghouse PWR, based on phenomena identification
by the authors and evaluation of phenomena importance by independent experts.

• The most important phenomena over the entire transient were found to be liquid critical
flow, departure from nucleate boiling - dryout, and condensation.

• The PIRT will be used for further application of the CS AU methodology to evaluate the
uncertainty of code predictions for the selected SB LOCA scenario.
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Table 5. Final grades of phenomena for each phase of the transient
Component Phenomenon Average

Grades
Weighted
Grades

Phase 1
Cold Leg

Reactor Core

SG U-Tubes Downflow Side

Liquid Critical Flow
Liquid-Vapor Critical Flow
Decay Heat
Single-Phase Convection
Single-Phase Convection

8.75
5.75
6.25
6.25
6.25

1.00
1.00
0.95
0.95
0.90

8.75
5.75
5.94
5.94
5.63

Phase 2

Cold Leg

Reactor Core

SG U-Tubes Downflow Side
SG U-Tubes Upfiow Side

Liquid-Vapor Critical Flow
ECC Injection and Liq.-Vapor Mix. with Cond.
Nucleate Boiling
Two-Phase Convection
Liquid-Vapor Separation
Decay Heat
Interfacial Friction (Vertical Flow)
Two-Phase Convection
Interfacial Friction (Vertical Flow)
Two-Phase Convection
Condensation

7.50
7.25
8.50
8.25
8.00
7.75
7.00
7.25
7.75
7.75
7.50

0.90
0.90
1.00
1.00
1.00
1.00
1.00
0.85
0.95
0.95
0.95

6.75
6.53
8.50
8.25
8.00
7.75
7.00
6.16
7.36
7.36
7.13

Phase 3
Cold Leg
Reactor Core

Hot Leg

SG U-Tubes Upfiow Side

Liquid-Vapor Critical Flow
Departure from Nucleate Boiling/Dryout
Liquid-Vapor Separation
Nucleate Boiling
Post Critical Heat Flux
Decay Heat
Evaporation
Two-Phase Convection
Interfacial Friction (Vertical Flow)
Radiation
Countercurrent Liquid-Vapor Flow
Stratified Flow in Horizontal Pipes
Interfacial Friction (Horizontal Flow)
Condensation
Countercurrent Liquid-Vapor Flow
Interfacial Friction (Vertical Flow)
Two-Phase Convection

7.25
8.50
8.25
8.00
8.00
7.75
7.75
7.00
6.50
6.00
7.50
6.75
6.25
9.25
9.00
7.00
7.00

0.85

o
o
o
o
o
o
o
o
o

o
o
o
o
o
o
o
o
p

0.90
0.90
0.90
0.95
0.95
0.95
0.95

6.16
8.50
8.25
8.00
8.00
7.75
7.75
7.00
6.50
6.00
6.75
6.08
5.63
8.79
8.55
6.65
6.65

Phase 4
Reactor Core

Hot Leg
Intermediate Leg
SG U-Tubes Upftow Side

Decay Heat
Departure from Nucleate Boiling/Dryout
Quench Front Propagation
Droplet Entrainment
Droplet Deentrainment
Evaporation
Liquid-Vapor Separation
Interfacial Friction (Vertical Flow)
Nucleate Boiling
Post Critical Heat Flux
Two-Phase Convection
Radiation
Wall-to-Fluid Friction
Stratified Flow in Horizontal Pipes
Loop Seal Clearing
Interfacial Friction (Vertical Flow)

7.75
7.75
7.75
7.33
7.00
7.00
7.00
6.75
6.75
6.75
6.50
6.00
5.75
6.00
8.00
6.25

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.95
0.85
0.90

7.75
7.75
7.75
7.33
7.00 "
7.00
7.00
6.75
6.75
6.75
6.50
6.00
5.75
5.70
6.80
5.63

Phase 5

Reactor Core Decay Heat
Nucleate Boiling
Liquid-Vapor Separation

7.00
6.50
5.75

1.00
1.00
i.OO

7.00
6.50
5.75
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Table 6. Phenomena Identification and Ranking Table for the entire transient

Rank
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

Phenomenon
Liquid Critical Flow
Departure from Nucleate Boiling/Dryout
Condensation
Quench Front Propagation
Countercurrent Liquid-Vapor Flow
Nucleate Boiling
Evaporation
Post Critical Heat Flux
Droplet Entrainment
Liquid-Vapor Separation
Decay Heat
Droplet Deentrainment
Two-Phase Convection
Loop Seal Clearing
Interfacial Friction (Vertical Flow)
ECC Injection and Liquid-Vapor Mixing with Condensation
Liquid-Vapor Critical Flow
Radiation
Stratified Flow in Horizontal Pipes
Single-Phase Convection
Wall-to-Fluid Friction
Interfacial Friction (Horizontal Flow)

Grade
8.75
8.13
7.96
7.75
7.65
7.44
7.38
7.38
7.33
7.25
7.24
7.00
6.99
6.80
6.65
6.53
6.22
6.00
5.89
5.78
5.75
5.63
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ABSTRACT
Large thermal hydraulic system codes have been developed and are currently used to simulate transients

behaviour in small scale test facilities and in nuclear power plants; the error in the prediction of facilities
behaviour is called accuracy and it is known, while the error in the prediction of power plant systems behaviour
is usually unknown and it is called uncertainty. There is the demonstration of the large efforts necessary to
calculate the uncertainty by any of the methodologies. As a consequence the calculation of the uncertainty
inside a system code has been recommended (Internal Assessment of Uncertainty).

Data elaboration allowed the characterisation of different transients by diagrams involving the following
quantities: core power, pressuriser pressure, primary residual mass, clad temperature, steam generator pressure
and steam generator downcomer level.

Typical large break LOCA (Loss of Coolant Accident), small break LOCA and transients performed in
facilities like SPES? BETHSY. LOBI, LSTF have been processed and the main results are presented here. The
conclusion is that the status approach can be utilised to identify a transient scenario. This is important in view
of calculating uncertainty related to such status.

1. INTRODUCTION
Evaluation of Nuclear Power Plants (NPP) performances during accident conditions has been the main issue

of the research in nuclear fields during the last 20 years.
Thermalhydraulic computer codes have been developed to predict the behaviour of NPP during accidents

conditions. However the predictions of these codes are not exact but uncertain because:
- the processes described are almost always measured experimentally in small scaled facilities and not in

the full power reactors;
- the models and solution methods in the codes are approximate.
So. the results of the code calculations are not directly applicable to NPP to have quantitative information

on the behaviour of a plant during the postulated accident.
A scries of methodologies have been developed in the attempt of evaluating the uncertainties associated with

code calculations.
Recently [I], a comparison of five of these methodologies has been completed, and has shown that these

methods:
- lead to different predictions of uncertainty;
- different users of the same methodology can obtain different prediction of uncertainty;
- the effort required, to apply each one of these methodology are large.
In the OECD NEA CSNI (Organisation for Economic Co-operation and Development/Nuclear Energy

Agency/Committee on the Safety of Nuclear Installation) Workshop held in Annapolis in November 1996 [2]
plans for further development of the computer codes were made. One of this foresees the incorporation of the
uncertainty methodology inside the code.

This would lead to a simplification of the application of a methodology and to a reduction of the costs of
doing all the calculations needed to apply each methodology.

The aim of this research activity is to introduce a methodology to realise the integration between the codes
and uncertainty methodologies in the attempt to bypass all the problems emphasised in the previous
paragraphs.

This process, called Internal Assessment of Uncertainty (IAU), will be introduced into the codes so each
Nuclear Power Plant calculation will be automatically supplemented with uncertainty- bands.
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The purpose of the paper is to give an outline of the general idea for an IAU activity focusing on the
thermalhydraulics aspects. This is achieved through the study of actual transients in Integral Tests Facilities.

2. STATUS APPROACH IN THE ANALYSIS OF A TRANSIENT IN A NPP
A transient is generally described by a series of quantities as a function of time (e.g. primary pressure vs

time). Many quantities describe the whole behaviour of the plant during an accident.
A different approach ([3], [4]) consists in selecting a fixed, small group of quantities and describe any event

taking place in a nuclear power plant not as a function of time, but by the group of values assumed by the
selected quantities; each group of the selected variables represent a status of the plant. This approach is actually
utilised to optimise the emergency procedures of nuclear power plants.

Six variables are considered sufficient to characterise a status: with reference to a PWR system, these
variables have been chosen as:

(1) upper plenum pressure,
(2) primary circuit mass inventory.
(3) steam generator pressure.
(4) cladding temperature at 2/3 of the core height,
(5) core power,
(6) steam generator level.

2.1 Identification of reasonable range of variation for the selected quantities
Each one of the six variables ranges is subdivided in a minimum (optimal) number of intervals.
Each combination of intervals identifies a NPP status.
The number of the intervals and the related extreme values are determined considering the aims of CIAU:
• design of primary system plant;
• design and licensing of ECCS;
• design and optimisation of emergency operational procedures;
• benchmarking of simplified models:
• training purpose.

In addition code limitations have been taken in account.
Any status can be imagined as a hypercube in the space defined by the selected variables; inside each

hypercube the selected variables vary without resulting in a significant variation of the accuracy (to be verified
a posteriori).

The total number of status covers any foreseeable transient plant situation in the conditions "Within &
Beyond DBA (Design Basis Accident)/Before core degradation". A generic NPP transient evolves through
status that correspond to a limited number of hypercubes.

The intervals for each variable are given in Tab. 1; the values are optimised for a PWR system. . . . . . .

(1)
UPPER

PLENUM
PRESSURE

fMPa]

18.0
15.0
10.0
9.0
7.0
5.0
4.0
2.0
0.5

(2)
PRIMARY

CIRCUIT MASS
INVENTORY

[%m

120.
100.
80.
40.
10.

(3)
STEAM

GENERATOR
PRESSURE

[MPa]

9.0
•. 7 . 0

3.0
0.1

(4)
CLADDING

TEMPERATURE AT
2/3 CORE HEIGHT

[Kl

1473.
973.
643.
573.
473.
298.

(5)
CORE

POWER

[%K°)

130. .
100.
50.
6.0
1.0
0.5

(6)
STEAM

GENERATOR
LEVEL
f%l(°)

150.
100.
50.
0.

(°) of the initial (nominal) value
Tab. 1 - Characterisation of the hypercubes.

As can be seen, the Upper Plenum Pressure has been subdivided in eight intervals, the Primary Circuit Mass
inventory in four intervals, the Steam Generator Pressure in three intervals, the Clad Temperature in five
intervals, the Core Power in five intervals and the Steam Generator Level in three intervals.
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The number of hypercubes, and so of the plant status, resulting from the combination of all the above
intervals is bigger than 7000. This number can be reduced introducing some "physical conditions" when
identifying the status (e.g. the possibility of getting status with very low pressure and core power greater than
100% has been excluded). The total number of hypercubes selected to represent all the possible status is 3960.

This number can be augmented by subdividing each variable in a bigger number of values. This would lead
to a better characterisation of the transient, but the resources needed to characterise the uncertainty of each
hypercube rapidly increase.

As an example of the application three kinds of experiments have been selected: two SB-LOCA (BETHSY
test 6.2 TC and LSTF test SB-CL 21). a LB-LOCA (Loft test L2-5) and two Loss of Feedwater (SPES test SP-
FW-02 and LOBI test BT-17). For each experiment the six variables have been taken from the available
experimental database. Relevant details are reported in Tab. 2. Projections in two dimensions for the selected
variables are reported in Fig. 1 for the primary side mass vs. primary pressure, in Fig. 2 for the clad
temperature vs. primary side mass and in Fig. 3 for the clad temperature vs. primary side pressure.

All the status through which the plant scenarios evolve have been characterised following the rules
described above: a large number of 'physical' status are possible (generated by the combination of variables
intervals), but not all the possible 'physical' intervals combination (and so the related status) take place, so the
number of different hypercubes (or status) for each of the considered experiment is small when compared to the
total number of hypercubes.

The number of status through which the considered transients evolve are reported in Table 2.

FACILITY
TEST

TRANSIENT TYPE

BETHSY
6.2TC

SB LOCA

LSTF
SB-CL-21
SB LOCA

LOFT
L2-5

LB LOCA

SPES
SP-FW-02

LOFW

LOBI
BT-17
LOFW

DESCRIPTORS
(1) UPPER PLENUM

PRESSUREiMPa)
(2) PRIMARY CIRCUIT

MASS LWENTORY (%)
(3) STEAM GENERATOR

PRESSURE (MPa)

(4) CLADDING
TEMPERATURE (K)

(5) CORE POWER (%)

(6) STEAM GENERATOR
LEVEL(%)

NUMBER OF INVOLVED
TRANSIENT EVOLUTION

STATUS

P+P

MCP

P+47

TZ0228
W+02

ZT5R1

17

PE-13

CA-2

PE-21

TN-318
Ml-17

LE-3

28

PE-PC-002

(*)

PE-SGS-
001SS

TE-5406-026
RE-T-77-1A2

(**)

17

P-017P

(*)

P-104S

TN020P39
JOOOP

L-110S1

13

PA38

CDPRIM

PA91S

TH31D616
WH-

POWER

CL93BT

20

(*) Calculated as difference between (Initial mass in the circuit) and (mass lost to the
break + mass injected by ECCS)

(**) Not available. The value is assumed to remain constant during the transient at 100%.

Tab. 2 - Related descriptors for the selected quantities and transient evolution status number for
experiment considered

3. UNCERTAINTY METHODOLOGY
Each hypercube. which represents a plant status, must have an associated uncertainty. To obtain that, an

uncertaintN' methodology [I] has to be applied at least once. For the purpose of our research activity the UMAE
methodology will be utilised. "

A simplified UMAE flow chart is shown in Fig. 4. Basically, a qualified frozen code, a reference reactor and
a reference NPP test scenario constitute the starting items for the process.

The right upper part of the diagram implies the availability of properly scaled facilities and of relevant
experimental data: these must be consistent with the 'reference test scenario1. The user of the UMAE must
demonstrate his capability to nodalise the systems and to predict qualitatively and quantitatively the available
data: the answer to the problems of scaling, of nodalisation and user qualification of (qualitative and
quantitative) accuracy of calculated data, must be given. Criteria have been fixed adopting engineering
judgement to define the acceptability of results obtained at the various steps; it might be noted how engineering
judgement is used in the development of the UMAE method but not in its application.
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If the process in the right part of the diagram achieves a solution (this is not necessarily true: there is a
least one documented example where this is not the case [5]). the NPP nodalisation can be set up on the basis o
the criteria used for the facilities nodalisation. A so called "facility scaled" calculation constitutes the final step

K, 6 OOE'OI

8E62MCPPSMASS
CL21CA-! PS MASS
ET1 7CIPPJM PS MASS

— - — FW02 PS MASS
— - - LOFT PS MASS

OOOE-00 2CI0E-00 400E-00 800E«OQ 8.00E-00 1.00E-01 1 J3E-C1 1 40E-01 1.60E-01 1 60E-0:

Fig. 1 - Primary side mass vs. primary side pressure
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Fig. 2 - Clad temperature vs. primary side mass
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Fig. 3 - Clad temperature vs. primary side pressure
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necessary to demonstrate the qualification of the NPP nodalisation: procedures to demonstrate similarity of
results (i.e. addressing the scaling issue and the problem of quantitative accuracy) are adopted. Again at this
point the process does not necessarily converges to an acceptable solution.

selection of
tctnario

rrF
nodafestloa

generic
experimental

data

X(phenonwna analysis)
• 'nghws) ^

FG

specific
experimental

data

ITF
calculation

accuracy
quant HIcatton

ASM calculation

LN

accuracy
extrapolation

l r
•» uncertainty

Fig. 4 - Simplified Flow Chart of the UMAE

If an acceptable solution is achieved, the final calculation can be performed adopting the ASM (Analytical
Simulation Model, essentially a qualified NPP nodalisation). The uncertainty to be superimposed to the results
of the ASM comes from the 'extrapolation' of the accuracy achieved from the process in the upper right part of
the UMAE flow chart. In order to achieve this, a statistics based procedure is used as documented in [6J.
Special situations may require the use of extra biases: these situations are limited in number (see also the
discussion in [7]) and can be characterised at a preliminary level as a specific step of the UMAE method.

4. UNCERTAINTY VALUES FOR THE STATUS APPROACH
Transient data obtained in relevant Integral Test Facilities (ITF) and, in a few cases, in Separate Effect Test

Facilities (SETF) are available. Corresponding code calculations can be carried out following the requirements
of the UMAE (Uncertainty Methodology based on Accuracy Extrapolation) leading to the identification of
accuracy and uncertainty values (after having selected a reference NPP) for each hypercube.-

Timing error specific to each transient must be included.
The overall uncertainty value in a.transient themalhydraulic system code calculation may be subdivided into

two components:
• quantity error: at a given time it is the error due to the differences between measured and predicted values

of a certain quantity;
• timing error: at an assigned value of a quantity, it is the error due to the difference between measured and

predicted time when that value occurs.
These two components are considered independent each other, so that they can be evaluated separately (this

adds conservatism in calculation of uncertainty).
The timing error is calculated as in the following:
• each hypercube is identified in the time domain; a suitable vector is realised including the time error; this

vector should be different for different transient type;
• the application of UMAE allows the evaluation of the timing error.
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It derives that if the same hypercube (i.e. a particular status during a transient) happens in different times,
the quantity error is the same, while timing error is different.

Quantity and timing errors are finally combined to form the total uncertainty: a graphical example of
combination of the two components to form the total uncertainty is shown in Fig. 5: in this figure Y; is a
generic quantity. Uq and Ut are respectively quantity and timing error, while the total uncertainty is represented
by the square area.

A limit condition takes place when only a timing error is present (Fig. 6).

Yi

Time
•

Fig. 5 - Uncertainty combination.

Yi

Time

Fig. 6 - Timing uncertainty

This limit condition produces a quantity error too. but in the reality, only timing error is presents: these
conditions must be identified and considered separately in the proposed process.

5. IMPLEMENTATION IN THE CODE
The capability of Iniernal Assessment of Uncertainty is achieved by implementing the above table inside a

code. This should be the same code version utilised for deriving the accuracy values at section 4. The new code
is designated CIAU (Code with capability of Internal Assessment of Uncertainty).

The process identified above, brings to the achievement of uncertainty values: in order to simplify the
process, uncertainty connected only to three quantities (time trends) are stored inside each hypercube. Selected
time trends are: (a) Upper Plenum Pressure, (b) Primary System Mass Inventory and (c) Rod surface
Temperature at the level where the peak occurs.

The uncertainty values can be put in the form of look-up tables where the independent axes are constituted
by variables (1) to (6) from Tab. I and the dependent variables are the uncertainties associated with the time
trends (a) to (c). Timing error is dealt with independently, by a look-up vector.
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The use of a qualified nodalisation suitable for the CIAU? in the sense requested by the UMAE ([8]) brings,
at each time, to a best estimate result of the calculation and to the related uncertainty bands for the time trends
(a), (b)and(c).

A simplified scheme of CIAU is reported in Fig. 7.

CIAU
development

CIAU
application

Qualified ITF, SETF data

Transient evolution
status

Finalized qualified!b
calculation results!

Data accumulation
for each status

Qualitative accuracy
Quantitative accuracy

Time accuracy

UMAE |
specific!

Quantitative L
accuracy matrix.

Time
accuracy vector

Needed varlablos:
selection

Data for
each transient type NO Scenario ..

- \ independency
'•.. check,."'

Uncertainty Calculator

[Quantity Uncertainty Matrix} [Time Uncertainty Vector,

:E
CIAU

Qualified generic p
NPP

transient results

Transient
evolution status
characterization

^* Needed variables
selection

Quantity uncertainty
11—

V
Time uncertainty

Ov-s'all scenario uncertainty

Fig. 7 - Simplified scheme of CIAU

Two parts are distinguished in figure 7:
(1) CIAU development: data in blocks a and b are necessary to achieve Quantity Uncertainty Matrix (n)

and Time Uncertainty Vector (m) to insert inside code: this work is done 'una tantum".
Block d. f and g are specific of UMAE methodology.
The step 'Time independence check" (h) is performed to verify whether accuracy calculated for a status for

different phenomenological scenario produce similar errors. If the check fails, it is necessary to consider
separately the data for the different transients (i).

Block 1 includes the elaboration of errors related to each status (accuracy extrapolation in the case of
UMAE); at the end a 'Quantity Uncertainty Matrix" and a 'Time Uncertainty Vector", block n and m, are
obtained.

(2) CIAU application: this is carried out by the code in an automatic way for any specific plant calculation.
Block o testifies the achievement of a code having uncertainty prevision capability.
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A qualified plant transient calculation is performed (p) and previously selected variables for uncertainty
valuation are considered (e). The CIAU identifies the status through which the considered transient evolves (r);
time and quantity uncertainty are calculated and superimposed to the reference time trends.

Finally a total calculation uncertainty is obtained for the selected variables (u) utilising a procedure derived
from the sketch in figure 5.

6. CONCLUSIONS
A method to calculate the Uncertainty associated with NPP computer code calculation directly integrated in

the code has been presented.
A pilot study has been completed and a status approach study of the transients has been initiated.
Utilising that, each transient is fully characterised by six quantities: upper plenum pressure, primary circuit

mass inventory, steam generator pressure, cladding temperature at 2/3 of the core height, core power and steam
generator level: and the uncertainty directly calculated by the code is presented in the form of a look-up table
for the primary pressure, peak clad temperature and primary system mass. Timing errors are considered
separately, by a look-up vector.

This method:?when completed, would lead to:
- a reduction of the user effect in applying an uncertainty methodology;
- avoid the need of detailed information about the methodology' for each user;
- reduce the large resources in terms of man and computer effort:
- reduce the engineering judgement (if any) in the application of the uncertainty method.
The validity of some assumption of the IAU has to be confirmed as a follow up of the application of the

present proposal (e.g. timing error).
However, in the overall code application process still remains problems like user qualification and set up of

a qualified nodalisation. Proposal for each of these are available in the UMAE methodology.
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Abstract

An important class of fluids, so called non-Newtonian fluids, have been
subject of considerable research in the area of petroleum engineering and
bio-mechanics. Despite the fact that most real fluids do not display
characteristics qf shear proportional to velocity gradient these fluids were
largely ignored in the area of fluidelastic instability and nuclear
engineering.

This contribution deals with initial stages of the research in the subject
of fluidelastic instability of an Oldroyd-B fluid which is a rheological
model of non-Newtonian fluid based on already existing vorticity transport
mechanism and algorithms used for Newtonian fluids.

Following the governing equations, a solution scheme is proposed and
briefly discussed. The actual solution of the equations remains to be
addressed.

Introduction

Vibrations induced by fluid flow either across blunt bodies or alongside
with them has been an engineering concern for quite a while. Several
elements of nuclear steam supply installations may be subject to these
harmful oscillations which mainly depend on flow parameters and on the
geometry of the arrangement studied. Manufacturers of heat exchangers
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are particularly concerned as flow induced vibrations may be one of the
primary reasons for heat exchangers reduced performance.

The vibrations may enhance already present cracks arising either due to
incomplete manufacturing process or mechanical fatigue. The cracks may
grow into gaps between the tubes and the support plate. Through this
opening the fluid is leaking thus forming an axial flow.

This axial flow is subject of present research performed at University of
Maribor, in particular in connection to real rather than ideal Newtonian
fluids. Through the movements of the tubes and reaction of support plate
the fluidelastic instability is manifested. In general, two types of flow
induced vibrations may be of interest in flow arrangement, only
streamwise one is addressed in this contribution.

By now, one may claim that fluidelastic instability of a single phase
streamwise flow is relatively well understood for Newtonian fluids, i.e. for
fluids in which the shear relates proportionally to velocity gradient.
Fluidelastic instability occurs if communication between two adjacent solid,
yet flexible, walls takes effect provided that the fluid acting as
information medium holds certain properties such as velocity or mass
damping parameter. In this case the amplitudes grow exponentially thus
ultimately causing wall contact and possibly damaging the equipment.

In the area of fluid solid interaction and particularly in the area of
fluidelastic instabilities there have been no visible work addressing non
Newtonian fluids. For single phase Newtonian fluids the fundamental
work is usually attributed to Connors (1970), who has suggested the
relationship between reduced velocity and mass damping parameter. His
work was followed by several authors, the best known are Paidoussis et
al. (e.g. 1988), Pettigrew et al. (e.g. 1992), Chen in Jendrzejcyk (1981),
and Bievins (1990), most of who were active in the area of cross flow
induced vibrations. An inventive approach to numerical modeling of
fluidelastic instabilities was suggested by Mam and Catton (1992, 1993).

Two phase cross flow induced instabilities were subject of much less
research. In particular, Pettigrew and Taylor (1992), and Marn and
Catton (1996) should be mentioned for their work in experimental and
numerical fields, respectively. Streamwise induced instabilities were
discussed by Katsuhisa and Tomohiro (1992), Perotin and Granger
(1992), and Marn and Zagozen (1994). Latter contributions used an

interesting approach to axisymmetric formulation, namely the z-9
geometry rather than r-z as customary.
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No non Newtonian flow analysis of fluidelastic instabilities could be
found in the open (and available) literature. Generally, in the area of
similar problems using non Newtonian fluids one needs to mention
Dyakowski et al. (1994) attempting the simulation of non Newtonian
flow of a shear thinning liquid within the hydrocyclon used for
separation. Non Newtonian bio-reactor mixing characteristics were
subject of an investigation by Velan and Ramanujam (1994). The closest
to the geometry proposed in this proposal were analyses of laminar flow
of non Newtonian fluids in annuli by Tuoc and McGiven (1994) with
useful matching of Mooney-Rabinowitsch equation with limiting cases of
flow in cylindrical tubes and between parallel plates. Another important
aspect of geometry of interest to this proposal was explored Yang in
Chukwu (1995), suggesting very interesting solution of governing
equations valid for narrow eccentric annuli non Newtonian Couette flow.

This contribution addresses axial annular non-Newtonian flow induced
vibrations whereas the body vibrating is circular cylinder contained within
finite length support plate, the gap between the two filled with Oldroyd-B
fluid. The final result of this line of work should be expressed in
changing the onset of fluidelastic instability when compared to already
developed results by previous contributions.

A mathematical model describing the phenomenon is developed and used
to suggest the way to predict critical flow velocity defined by instability.
The hypotheses presented is that the stability of the system is significantly
altered by the presence of nonlinear (upper convective) terms in the
constitutive equation. The authors did not spend much time on
formulating the best numerical approach to address the issue, thus the
finite difference approach is suggested.

Governing equations and computational domain

First, we wish to address the general relationship governing the fluid flow
in a general setup consisting of mass conservation,

dt
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momentum conservation,

— + V- (pv ® v) = V • T- Vp + pg
dt

energy conservation,

dt ot

equation of state

p = p(h,p)

where r is composed of Newtonian and non-Newtonian part as follows,

£> = -(Vv+(Vv)r)

and rheological properties of the fluid, in this case Oldroyd-B model
(Bschorer and Brunn, 1994)

with \ and X, (0<X </l,) relaxation and delay parameters, respectively,
and upper convective derivative defined as

a

The stress should be handled similarly to Bschorer and Brunn (1994),
eqs. (5) to (11).

These equations are applied to the particular geometry as shown in the
following figure:
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Figure 1: Geometrical domain.

Secondly, the fluid is coupled with the solid inner cylinder moving about
its axes. There are some approximations which may be applied, i.e. the
cylinder amplitudes are small, they can be decomposed in horizontal and
vertical direction and the fluid on the surface of the cylinder moves with
same velocity as the surface itself. In addition, trie" cylinder is assumed to
be a rigid body with large radius compared to the gap. Using simple two
degrees of freedom equations for oscillating rigid body one can apply the
following equations

with m standing for mass, c damping, and k stiffness, and where last
terms on right hand side represent contribution by pressure fluctuations
resulting from solid fluid interaction.

The equations need

(a) to be reconfigured in its vorticity formulation to avoid the pressure
equation, as follows,

p = VxV-r u) = Vx u

where V is an average and u perturbed part of the decomposed flow
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field, and

(b) to be rendered dimensionless using the following scaling parameters:

r = r*L0; 0=0*; z = z*L0; t = t* — ; <y = 6>*— ; T =
Jo Df>

where LQ stands for reference length, D reference diameter, V reference
velocity, usually bulk velocity, fo reference frequency and po reference
density.

To solve the problem, one may use several different general approaches.
In this work, the solution proposed by Marn and Zagozen (1994) seems
to be a good starting point. Therein, the vorticity transport equation is
developed to avoid the pressure equation. The pressure is later calculated
directly by integration from momentum equation and used in equation of
cylinder motion, above.

To transform the governing equations into the form suitable for numerical
solution few additional assumptions may be'used. The flowfield"may be
decomposed in averaged ancl perturbed velocity field. On average, there is
no flow in <p direction. In addition, second and higher order perturbed
terms may be neglected. The revised equations thus read

dco Re deb* {D \ ~t - ,
+ = — V xV x

df Res dz* VLJ

with Re standing for Reynolds, and Res streaming Reynolds numbers as
follows

V

2

R c . = ^
' 0

where v stands for kinematic viscosity, and the corresponding boundary
conditions are:
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The dimensionless equations are then transformed in z-cp coordinate
system which will be the subject of ensuing research.

Algorithm

In order to solve the equations an algorithm should be constructed. As
the equations above are not in the proper form for stability analysis an
optimization routine is proposed.

First, an initial displacement is assumed and both perturbed velocities
calculated accordingly. Then, the vorticity As computed. Based on this
result, the new perturbed velocities, pressure and force on the cylinder
are calculated, and subsequently new displacement.

If the system displays stagnating or diminishing amplitudes in time, the
system is judged stable, if amplitudes grow, unstable. An optimization
routine is necessary to find a threshold of instability. Within it, the
average axial velocity is increased until for given mass damping parameter
an instability occurs.

As this work has not yet been completed we are unable to show the
results but foresee to have them available in the near future.

Concluding remarks

In closing, while one finds examples of non-Newtonian fluid flow
instabilities throughout the process engineering the nuclear engineering
may be affected by it in several instances, most notably in filters. Also,
during the severe accident phase of unmitigated events in the NPPs the
mixture may display some of non-Newtonian characteristics although its
significance remain to be established.

These are preliminary attempts to address several questions regarding the
fluid solid interaction and fluidelastic instability of non-Newtonian fluids.
In general, one expects that an additional factor will become important to
determine an onset of fluidelastic instability, namely nonlinear terms, the
actual impact of which yet remains unsolved.
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THERMOTU31IWNAMIC STUDY OF A SOtHUM-SODitftf HEAT EXCHANGER

Cesare Frepoli
(ANSAtDO Nuclear Division, Corso Permne 25 16154 Getwva, Italy)

ABSTRACT • Sodiunvsadium heal exchangers are installed in fee reactor coolant system of fest breeder
nuclear power plant. In the traditional engineering practice the tfeeraai-aytfraulic design of sucfe neat
exchangers is based on welMnawn Nn-Rc-Pt carrctelk*i» white UHce-dimenskxtat effect* are generally
neglected. In some apptkations, especially for laminar flow regime, buoyant How and ftoB-tnitfarm beat
sources disinfastk*», the 3D behavior is an brqwrtaot issue i» determining the beat exchange* performances.
Herein a feHy 3D tfemnal-nydrautic mode* of a sodtar^aaduHn beat esdwogef is preseeted. Each one trf the
268 tubes of the bundle is modeled indivtduaHy and the annular shdi Rtiw and temperature field is computed
with a CFD «atc«lat|oB usUng t^e cwmpeter code CTX-4.T Ute1 gk*«I tea* tfamfer parwoeiors of tJjc heal
exebanger are comptited and compared with measttred data for setec&d operatknal comttticM* wMch inctode
the effect of tacat tube plugging by »w«Bc solid matertaS, The ooropartsoB indicates a very good agreement
between code prwfMSkw* m*S m&>mxi date.

6«'C

t

heat exchanger under study is im&stkxl hi tfte sodium purification loop of the
Nuclear Power Rant |4J. The hest exchanger te eagettttefty an annular «heN containing two

conceatric rows of 134 vertical tubes each.
fluid (sodium) enters the upper
(fig. I) and flows downward

inside the tubes releasing heat to the heat
exchanger shell. The coM fluid eater* at
the bottom of the heat exchanger
annular shell and heats up white flowing
upward hi the cube bundle.

The nominal operational conditions
of the heat exchanger are described in
TaWe I. 'Hie heat exchanger thermal
parameters «re measured during the
plant operation by thermocouples
installed a! the intet and outlet of both
tube and shell sides of the heat
exchanger. The mass flow rate, which
is the same both in the annular shell and
in the tubes, is also measured During
some time periods of the plant operation,
a severe heat transfer degradation was

m ^ ^ ^ addressed to a local deposition of
sodium oxides inside the tube walls.

This phenomena can reduce the heat exchange coeffiriere between the flowing sodhim and the wall
because of the oxidte layer devekiping at the wait surface. Moreover the oxidk: material can eventually
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plug the tube or reduce the flow rate inside the tubes to « wry small value as result of the increased
hydraulic resistance. Note that the deposition of ttie oxides Is related to the local sodium temperature,
lower is the temperance Mgher is the oxides precipitation.

In the traditional engineering practice the thermal-hydraulic design of such heat exchangers is based
on wetl-known Nu-Re-Pr correiaUom. Three-dimensiona) effects are generally neglected and global
averaged parameters are enough to characters tte teat exchange On the other hand a
detailed description which inchide threeHJouenstonaJ effects is required in ihis case where a local
temperature decrease can eflfect dramatically die heat exchanger global performance.

Scope of the present work is to determine the 3D velocity and temperature field in a sieady-stttte
condition imkfc the heat exchanger for assigned boundary conditions in term of mass flow rates and
inlet temperatures. From the temperature fieW solution the location of pussibSe coJder regions which
lead to oxides deposition can be inferred. A sensitivity analysis where a subset of tubes* is assumed
plugged during the calculation is finally performed. Results from the calculation are then compared
with taeasureddata for what the global thermal parameters are concerned (total heat transfer coefficient
w»dk>gnK5mtcwpe'atweAffcret«). YhenKxfcl isdeacrihedm Section 2 and the analytical resulte
discussed together with the measured values in Section $:

The thennoflukfynamk; mtxfeg of the heat exchanger includes both the heat exchanger tubes and shell
side. The fluid flow Inside the tubes is essentially one-dimefsknal, thus each one of the 268 tubes is

modeled individually using a ID
numerical scheme.

On the other hand the mure
complex 3D flow and temperature
field Inside the heat exchanger
aonular shell is computed with a
CFD calculation. The CFD model
fctctudea the top and bottom header
in order to simulate correctly the
effect of the Met and outlet ncsates
location, The geometry and the
ffKki flow boundary conditions
present a ISO degrees symmetry,
thus only half of heat exchanger is
simulated In order to saw computer
memory and CPU time.

CFX4.1 is the CFD computer
axle used to solve the 3l> flow [3|,
Such code utilizes the finite volume
(FVM) numerical scheme and the
SIMPLEC algorithm (1) is adopted
K> solve the Navier-StoKes equation
set. 11K: calculation domain is
subdivided in about 100000

volumes with a body fitted grid (Figure 2a) which includes 26 horizontal slices of in 38O& aodtes- A
laminar flow is assumed in the calculation consistency with expected low focal Reynolds number and
the buoyancy which results form the fluid thermal expansion is simulated via the Boussinesq
approximation.

The ID model of the 268 tubes is included in a FORTRAN program which is linked to CFX4.1
using the code FORTRAN interface. In this ID mods*, each tube is subdivided in 26 axial nodes
consistently to the vertical mesh of One 3D grid.

Figure 2a - The Grid
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'Hie cateutarticn is carried out with m iterative pcoceiw wha« the results from tile 3-D siinwlaihifi or
ths shell-side (CFX calculation) are property averaged and transferred as boundary condition for the ID
calculation performed by the FORTRAN program. Then results from the ID calculation of the tube-
side are transferred back to CFX for a next iteration until an equilibrium condition between tube-side
and sheil'Skfc is reached

The start condition is thermal equilibrium inside the domain while constant boundary conditions
(inlet mass flow-rates and temperatures) are applied to the model. The iteration loop proceeds as
follows;

Step!
The CFX evaluates the 3D sonttton for the sodkim flow inside the annular sheH of the heat

exchanger at a time '#*. With respect to this catcutatiott H has to be noted that the expected velocity
field iiKideuKdixnam is consistent w ^
the calculation. Moreover the natural convection contribution is simulated with the Boussinesq
approximation, i.e. the local density variation is applied only to the gravity term of the momentum
equation. The local denstty is evaluated assttira^ a c c u s e

where:

From the temperature field calculated by CFX at step (I), the average temperature (T») of the tube
outside watt is evaluated by the FORTRAN program for each vertical node of each tube. The heat
transfer coefficient st the tubes outside wall is not required by CFX which solves the fundamental
transport eqa&tkm at the watt boundary layer. Note that Tw is the watt temperature which allows the
removal of the assigned heat dux Q from the lube (see step (4)).

Starting from Tw, the FORTRAN program evaluate the iesnjjerimire profile of so&um iaskte the
tubes (Tf). The global heat transfer coefficient insfefe the ttsfees is calculated taking into account the
coedtactkHi across ttetuiK waft aftdtte

The comrective heat transfer coefficient inside the tubes (h^) is calculated using the
correietio*) {5} which is based on FBclct mimhesr (P& * R0*Pt)

tot each verticsi node, the FORTRAN program solves the following energy equation:

Oi Cp fTi-Tv) *pCptfV(dT,m + OS
where:

Tf * (Tf •*• Tv)/2

The n-tube sodium mass flowrate Oa is catculsted ft*m the total ftowrate in fhe heat exchanger
which is an isput data, and taking into account the comributkia of the gravity term which can lead to a
turn wntfsxm flow distribution among the tubes because of differences in density. Thus Gn are
calculated solving this equations set where the tusfcaawn variables are Gn and DP
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where Ha is the total hydraulic resistance from upper to tower header

K»= Kc + tUD

Fig we 2b-Tufeeaoda

i

Dt— 12ms?li

igscbeoK

*+/

t

1

p

mt$4
The FORTRAN program evaluates
the heat flux 'Qin.zf from the tubes
to the shell-side of the heal exchanger:

The cakula*ion is ma*te for cadi
vertical tmde '// sod for each n-tube.

the new boundary
for rhe CFX cafeuiation al

the nesi time step 't-Hjt*

Use procectore i* repeated from
until the steady-state condttkm
between twtv-skfc and she8-i(kfc Is
achieved (dT/dt

The thermoftuidynamic behavior of tft? he»t exeftanger has been studied considering four cases
which reflect different bwundacy comJStkns: t) The feouotafy comfickns are ctmstesea wtiti the design
values of the heat exefraisger; 2) The twesdary ctwafeioes corresponds to measwred values a* the
begia^r&<rfthefoeaiexcfwfi#eroj*w^ 3)
The ftoumtery cond^ons correspoods to esssswed vslue ss a tfeffeem time when a degradaUtm in the
heat excfKtoger perftjnnsnce was observed. In this cakutetion 2/3 of the heat exchanger tulws are
assumed plugged; 4) The same ftotmdary condHlom of the previous case (3) are imposed and &>* of
the^heat exchange? tubes g*e assumed ptt^ged In the calcut^lon.

The velociiy and tesnperaiure field At a typical hurUwsmd sedton ol the heat exctiamger awwlar shell
are shown in Figures 3 throu$i 4. It has to be noted tfce effect of the stream accderatkia in the regkm
dose to the outlet noouite of the sJteft-skte,
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figure 3 - Velocity vectors in a «osa seexkm at the
elevation of the outlet nozzle

Figure 4 - Temperature field in cross sectk» as stte
efe^4tio» of lite otiuee nozzle

7.AAUOH4O.
T.111.IBM1.
T44>TK

The local depression caused by the suction at
the outlet nozzle determine a non uniform flow
distribution at the hip elevations of the annular
shell. Higher fluid velocity (or specific mass
flowrate) Is calculated around the tubes located
in the proximity of the nozzle location and
cons&eoly the heat flux calculated at the upper
part of the wait of such tubes is higher than in
further regions (Fig. 5). Such non-uniform heat
transfer at the outside watt of different tubes
reflect in variations of temperature profiles along
different tubes (Kg. 6) which in turns reflect in
different mass flowrates as consequence of the
buoyancy. The mass flow rate is 30% tower in
the tubes far away from the outlet nozzle.

Temperature deferences among the lubes
arise also at the bottom of the tubes (Fig. <S> as a
consequence of the tetet flow fkkL The fluid
front the tower header esters the annular shell
radially in cross flow from the inner tube row to
the outer lube row.

The global parameters in terms of outlet
temperatures, total exchanged power, log mean
temperature difference are inform! from the
solution and compared in Table 1. A very good
agreement between calculated data and design
values is found.

3JJ C«» It Measured vriue* for

The calculated general behavior is similar to
erne t, refer to the previous discussion for
tfetaHs. Ine comparison in term of global
parameters is reported in Table 1. The
difference between calculated and measured
vafues is comidftrable and to due to the severe
heat transfer degradation m the plant not
simulated in the calculation.

Thus for the next cases a sensitivity analysis
has been performed in order to estimate the
magnitude and location of possible tube plugging
wttictt originated the observed heat transfer

The most plausible location of the tubes
plugged b inferred from the previous
calculations (Case 1). Note that, for given
sodium conditions, the oxides precipitation can

occur only inside the tubes because the sodium flowing m the annular shell has been purified upstream
in the loop. The results off the calculation Indicate the tubes located far from the annular shell outlet
aozzEe as good candidates for the oxides precipitation because they experience the lowest average
temperatures inside the tubes. Thus (or the following sensitivity analysis, the tubes subset far away
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from the location of ifce aantrtar stett outlet nozzle are as$«mal plugged in the calculation whslcUieiJXaj
sodium tifowraie retitetributes among the lubes locaftftd in the vicinity of the sheH outlet rawzle.

Figure 5 - Heat flux profiles lor mtie-l * and
(*) see Figure 2 for taibe locaHon

CASE-1

30*10*

0.6 0.8

T&KgKen&sre pufite* fttf tube-!, sabe-2,
for fijfee focatkm

900
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Tjrtws for ttaftogwtayc<w^

The heat i» released only by the tabes autaet in the vicinity of the outlet nozzte (snett*sk)e)< As a
consequence only the central ponton of the annular downcomer in the vicinity of the outlet nozzle is
interested by g significant sodtura flow while the other regions are essentiufly stagnant because of the
buoyancy.

The comparison in term of glubtt parameters is reported in Table I. The calculated global heat
exchange coefficient is 50% tegtwr than the measured value. Therefore an higher number of tubes
shook* be plugged to match the measured value.

&4 Ci«4;Mr«wr^vahjwforfl«twtJB*i«^

In this case the calculated global heat exchange coefficient i* 12% lower than the measured value
(Table 1). Thus i nterpotating between the results from case 3 ami case 4. it can be inferred that 11% of
tube plugging n consistent with a possible scenario that originates die severe heat transfer degradation
observed during the heat exchanger operation.

The results in terms of temperature and velocity field show tfeat the convection inside the annular
shell deterngne a power redistribution Inside the auuutos where the temperature is relatively uniform
even if the power is released only to a small portion of heat exchanger.

Tafcte 1 .

TwTO

WQ

P(kW)

m{°C)

^imlbTini

2.170

545

159

135

517

10@t

26

6074

2.t59

522

217

164

4$4

640

55

2206

2.179

545

161

»35
510

tO84

2$

5073

tosmi
mvBsx

2.159

S22

189

164

497

933

25

5510

Cat**

2.159

522

206

164

480

884

42

3025

CM»4

2.159

522

226

164

460

628

62

1931

am

4.

A iisBy 3-D model of a sotfiunvaodiuiB heat exchanger has been developed and herein presented.
The heat exchanger under study was subjected to severe performance degradation during its operation
and the cause was addressed to be the sodktm oxkfes predpftjNion which can occur when the sodium
temperature locally drops to low values. When the oxides deposition tafcts place inside some tubes of
the heat exchanger, a local reduction In both (low rate and heat transfer coefficient can occur for such
tubes.

Results from the calculation, indicated a possible tacatfoo of tube plugging by analysis of the 3-D
temperature and velocity fteid as well as tetfiperature profiles inside each tube which is modeled
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individually. In particular the major contribution is due to the suction effect of the shell-side outlet
nozzle which introduces perturbations in the velocity and temperature field shell-side. This in turn
reflects in temperature and mass flow rates perturbations tube-side. The tubes positioned far away
from the outlet nozzle shell-side has been addressed to be good candidate for a tube plugging
phenomena.

A sensitivity analysis which considered cases with a different number of tubes plugged has been
performed. Results indicated that a possible scenario which can lead to the observed heat transfer
degradation is consistent with 77% of tubes plugged. Finally it was observed that the predicted
convective motions inside the annulus outside the tubes are able to redistribute the power in the shell
even if the power is only released in a very small region of the heat exchanger.
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NOMENCLATURE

/? =
Cp =
D-,=
dz =
Am =

Sf =
Gn =
Gtor =

h =
hconv ~

htot =
K =
Kh =

Khx =

Nu =
P =
Pe =
Q =

fluid thermal expansion coefficient
fluid thermal heat capacity
tube inner diameter
tube cell length
log mean HX temperature difference
gravity
mass flowrate for n-tube
total mass flowrate
tube length
convective heat transfer coefficient
total heat transfer coefficient
sodium conducibility
total hydraulic resistance from upper to
lower header tube-side.
HX global heat transfer coefficient
Nusselt number
heat exchanger power
Peclet number
heat flux from tube to shell side

P(T) =
Pn =

Po =

Q

t =
-r-

Tf- .
Tf.n = -''
Ti =

' in,s ~

• ouf.s ~

Tout,t ~

Tret =

Tu=-
Tw =
V =

vn =
Q(n,z) = heat flux for tube 'n' at elevation 'z'

density as a function of local temperature
n-tube volume averaged sodium density.
sodium density at reference temperature
tube single cell wall surface area
heat exchanger total wall surface
time
sodium local temperature
sodyigubulk temperature inside tube
'i^Ijatjp&oluine averaged fluid temperature
sodium temperature at tube cell inlet
sodium temperature inlet HX shell-side
sodium temperature inlet HX tube-side
sodium temperature outlet HX shell-side
sodium temperature outlet HX tube-side
sodium reference temperature
sodium temperature at tube cell outlet
wall temperature (shell-side)
tube cell volume
flow velocity in tube V
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THE KRSKO NPP ANALYZER - PHASE II

Andrej Maselj, Djordje Vojnovic
Slovenian Nuclear Safety Administration
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ABSTRACT - During the assessment of the nuclear safety level in Slovenia the SNSA
(Slovenian Nuclear Safety Administration) found a need to gain a software support for
analyzing the transients of the Krsko Nuclear Power Plant. Combining the RELAP5 code
with graphical interface NPA (Nuclear Plant Analyzer) management staff saw an
opportunity to have a powerful instrument for analyses and calculations on a user friendly
basis and to get familiar with RELAP5 input deck without extra costs. At the beginning the
project started with first phase, where Jozef Stefan Institute - OR4 formed a basic scope of
the work and prepared the demo version of the SBLOCA on the basis of RELAP5/Mod3.1
code input deck. Tractebel was chosen as a supplier of the project's second phase on the
base of public bid. In 1996 the work started with translation of the input model from
version Mod2.5 to Mqd3.2 with standard routines and small final corrections. After this
phase of the project a user of the Krsko NPP Analyzer can run accidents as SBLOCA, Main
Steam Line Break, Feedwater Line Break, SGTR, and many other transients activating and
combining interactive commands, starting from a full power operation. The third phase is
planed. The SNSA has plans to improve the model of the Krsko NPP for a better simulation
of core phenomena and to have detailed models of safety and auxiliary systems for
increasing the number of possible transients and failures. The Critical Safety Function
window will be created as a special mask. The analyzer will be used for education of
employees and external experts, who are engaged in case of an emergency, to get familiar
with the NPP systems and their operation.

1. Introduction

Computer trends lead to an integration of Machine Graphical Interfaces with specific codes for
the description of thermo-hydraulic behavior of the NPP systems. Different operational systems
can be through software interfaces joined mutually to allow information exchange between
different hardware platforms. These improvements enable usage of simulation tools among a
broader spectrum of people being involved in nuclear technology. Users need less time to get
familiar with the analyses' tool. Already calculated results can be efficiently presented to other
decision making personnel. This has resulted in higher quality of authority decision capabilities
and decreased economic costs.
One of the main present tasks of the SNSA (Slovenian Nuclear Safety Administration) is to
carefully observe the operation conditions of the Krsko NPP and to approve all the safety related
modifications. The majority of safety questions are answered through computer modeled behavior
of the power plant. The mainly used operational tool for evaluating the thermo-hydraulic safety
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criteria demands in Slovenia is RELAP5/Mod3.2 code which is available to the CAMP members.
World practice proved adequacy of today's best estimate codes to solve technical questions with
a condition that usage of the code should be on the base of capabilities' understanding. Due to the
limitations of the number of employees at SNSA it is not expected to have a full time expert for
running RELAP5 applications in the near future.
Combining the RELAP5 code with graphical interface NPA (Nuclear Plant Analyzer), the SNSA
management saw an opportunity to have a powerful instrument for analyses and assessments on
a user friendly basis. When opening the projects for constructing the NPA applications it was
necessary to form basic needs and demands for a supplier. Applications with graphical
interpretation of simulated results should be useful for personnel with basic knowledge about
nuclear power plant systems and phenomena in it, and also for analysts, who have already
performed safety analyses on workstations. On the other hand, the SNSA is aware that those
applications could not replace full scope simulator training program or basic scope simulators or
not to be a supplement for a deep understanding of modeling the thermo-hydraulic phenomena
using RELAP code.

2. Computer platform of the Krsko NPP Analyzer

X-VISION SERVER
(SG INDIGO WS)

COLOR AND B&W
PRINTERS

Ethernet TCP/IP LAN SNSA

RELAP5/MocB
'(SUN U^TRA

I

-I ....

. • • • ; • • • • . • : . • : • !

X-VrsiONCLIENTj

' X-VISION CLIENT":
\(PC)

Nuclear Safety Section Other Sections

CLIENTJ

Headquarter

Figure 1 Hardware and Software platform at the SNSA

NPA applications run at the SNSA at the Local Area Network via the Ethernet and TCP/IP
support. RELAP5/Mod3.2 and NPA 1.3.4 codes are installed at the SUN-ULTRA workstation
under Solaris 2.5 operating system and they run interactively.
To make NPA applications available to other SNSA personnel a X-Vision Server was installed
at SG INDIGO workstation (IRIX operation system), which with X-Vision Client software
support at each Personal Computer with Windows 95 platform forms an emulation of graphical
X-Windows terminal. With this solution every PC can become a UNIX graphical terminal for

548 Proceedings of 4 ' Regional Meeting Nuclear Energy in Central Europe, 1997



running the NPA applications. Those terminals are able to run also interactively independent from
each other. Figure 1 interprets basic hardware and software platforms at the SNSA. Users can
print their results directly from NPA applications via hardcopy function to the LAN printers.
Snapshots are also available from the Solaris or Windows operation systems.

3. Phase I of the Krsko NPP Analyzer development

The idea of the Krsko NPP Analyzer started at the SNSA in 1994. The Jozef Stefan Institute of
Ljubljana researched the possibilities of analyzer development and defined the basic scope of
work. After this, a demo version of an analyzer was made in the frame of the first analyzer's
constructing phase. A 2" Small Break Loss of Coolant Accident was modeled with
RELAP5/MOD3.1. Basic mask of primary, secondary, and safety systems was drawn and
dynamically linked with RELAP restart file with NPA 1.3 software. With this demo analyzer a
user was able to follow the transient from the beginning up to 5000 seconds in REPLAY mode.

4. Phase II of the Krsko NPP Analyzer development

11

SYNOPTIC MASK J

Global mask with interactive commands

^r-, r-i=n _ f^as

1 .

i l l
" " ^ E )

PRESSURIZER MASK

REACTOR VESSEL
MASK

SECONDARY MASK

RCS VOIDING MASK

LOOP SEAL
MASK

I STRIP CHART MASK

Additional
Subgroup

SG MASK

System and Component Phenomena
Subgroup Subgroup

Figure 2 Structure of masks
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The project continued in the second phase as a joined aim of the SNSA and the Krsko NPP5

which contributed a plant input deck for RELAP5/MOD2.5 version. Electrotechnical Faculty of
Zagreb was the NPP's subcontractor for main part of modeling. Through a public bid in summer
1996 a new developer of the Krsko NPP analyzer was chosen; Tractebel from Brussels.
Before installing the Krsko NPP analyzer at the SNSA workstation new versions of
RELAP5/MOD3.2 and NPA 1.3.4 were transferred from USNRC to the SNSA under an
agreement. There was no problem found during file transfer between Tractebel's HP-9000/735
UNIX platform and SUN ULTRA.
After the completion of the second working phase, the translated input deck contains changes
needed for the MOD2.5 version to be readable for version MOD3.2. These largely resulted in
changing the numbers of time step cards, addition of new arguments for defining the volume and
junction components, and adaptation of heat structures for MOD3.2 correlations. Part of the
modifications were done by using a utilitary conversion program (rlpcnv) supplied by INEL.
Others were changed by hand. New cards for interactive commands were put in a special file. In
some particular modifications like defining the pressure based level for pressurizer and steam
generators level indicators authors of the input deck were asked for help. More than 700 lines of
input deck were affected by this conversion and upgrade.
A graphical interface between a user and simulation tool is built up by grouped masks, where the
main mask presents global, and other masks show detailed presentation of calculated results.
Beside this, masks can also be divided to subgroups. The first subgroup presents operation of
NPP systems and components. The second one is oriented to clarify some particular phenomena
and the third subgroup is as additional group related to important signals and displayed graphs
(Figure 2). Interactive commands are available only from the main mask. For all the masks all
NPA features are available by choosing an option from the NPA menu.
The Synoptic mask (Figure 3) presents global presentation of the NPP operation simulation. It
contains an overall view of the transient and plant behavior. Primary system is presented through
the color driven objects, which are based on liquid temperature. Objects' structure forms model
nodalization. Additional numbers show parameters as flow rates, hot and cold leg temperatures,
average and delta temperature etc. ON/OFF indicators are normally used for indication of main
components status (RCP, PORV, SV, pressurizer heaters and sprays). Nodes' color of secondary
side in steam generators are defined by void fraction. Both levels of steam generators and level
of pressurizer is presented in a form of vertical dynamic box mounted in the same object.
Subgroup of systems and components is formed by three masks. The first one presents pressurizer
and thermo-hydraulic phenomena during transient. The degree of subcooling for the liquid phase
or superheating for the vapour phase is displayed with dynamic color of the objects. Beside this,
another color scale covers the evaporation/condensation rate. In order to achieve this, a number
of additional RELAP control variables related to fluid parameters were defined. A user can
observe the difference between collapsed and pressure based liquid level. Actuation of relief and
safety valves is included in the picture in a form of dynamic colored symbols for valves. The
second mask contains a reactor vessel with modeled nodes. Their colors are driven by liquid void
fraction. In the vessel there are also fuel cladding temperatures presented with rectangular
dynamic colored objects. A cladding temperature profile is on line displayed for estimation of
core cooling level. Secondary system is presented on an additional mask with both steam
generators and main components of secondary steam lines. Turbine and steam dump system are
modeled as valves. Heat transfer from primary to a secondary side is transparent to a user.
Animation of this mask clarifies also the conditions for relief and safety valves opening.
Phenomena's subgroup is formed of three masks. Whole primary system with coolant
vapour/liquid state is put on additional RCS voiding mask with strip chart presenting velocities
of fluid. It is constructed for illustration of specific behavior such as single-phase/two-phase
natural circulation and reflux condensation mode. Magnitudes of void fraction color the nodes
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Synoptic Mask Accu

Figure 3 Synoptic mask

of the primary system; including reactor vessel and pressurizer with a surge line. A user can on
line follow decay heat, mass inventory and heat transfer to a secondary side—Visualization of
some particular phenomena occurring at low primary inventory operation and under natural
circulation conditions, that is loop seal clearing, is performed with level dynamic functions
mounted at nodes' rectangulars. They form damaged loop, reactor vessel, and pressurizer. Break
conditions are presented at two strip charts. The third mask shows conditions in the steam
generator, which is damaged in case of SGTR. Color scales present primary temperature and
secondary void fraction. Contrast between used colors divides secondary liquid level from other
dynamic functions. Feedwater flow is indicated and numerical presented. An additional deform
box is used to present steam generator dome pressure. Shown as four strip charts are riser and
downcomer masses, narrow and wide range levels, riser volume, and steam generator power.
These allow observation in a default time period of 400 seconds. In such a way also parameters'
gradients, which can hardly be observed with usual dynamic functions, are now well presented.
The last subgroup contains two masks. An alarm mask is intended to easily identify the precursors
and the sequences of events for the transients. ON/OFF functions and numbers are used to
indicate conditions of protection and safeguard signals. Status of the main equipment is
recognized in the same way. It was never the intention to simulate the control panels from the
main control room, but to summarize times of signal activation and presentation of global power
plant status. Another mask has four dynamic strip charts showing the time history of the plant
major parameters.
Interactive commands are one of the most interesting features of the Krsko NPP Analyzer. A user
can activate operations similar to the operator's that are changing power, closing and opening
valves etc. To enable execution of interactive commands new RELAP input cards were dedicated,
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that can be entered in either new or restart jobs. Every command is based on a variable that can
be changed during execution of the runs. Initial values of the variables are used at the beginning
of the transients until they are changed by a terminal entry. This can be done interactively as many
times as needed. From the synoptic mask a user can with this commands activate commands
stated below. Reactor scram can be activated. Anticipated Transient Without Scram can be
achieved with disabling and enabling scram function at any desired moment of the scenario.
Primary flow can be affected with stopping and starting reactor coolant pumps. A blocked rotor
can also be simulated. ECCS is modeled with two high pressure and two low pressure pumps,
which can be manipulated via an opened terminal and picking a command from the menu.
Unavailabilities of both accumulators are possible. Control of both pressurizer's heaters and
sprays is available. Primary coolant leakage can be simulated through manually opened relief
valves, which can be also stuck after opening or failed to open. Similar but without manual
control are modeled safety valves. Control of charge and letdown flows allows simulation of
malfunction of maintaining the primary coolant mass. On the secondary side, effects of main and
auxiliary feedwater can be analyzed. Main steam isolation valve can be blocked. User has a
control also over secondary relief and safety valves. Turbine can be stopped and steam dump can
be unavailable. Beside malfunction of the equipment user can trigger breaks in the systems. A set
of predefined break locations is added to the input deck in a form of additional valves.

sec powar {MW)

0 1020 30 40 SO

Pressure (kpfcffl2)

20 40 60 80

Fzrr~].::::i :•

Figure 4 Example of LOCA with the Krsko NPP Analyzer

Based on the Belgian experience and SNSA feedback the Krsko NPP Analyzer can simulate
breaks in the cold leg up to 10 inch (Figure 4), different steam generator tube ruptures (from 1 to
10 tubes), guillotine feedwater and steam line breaks.
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5. Phase III of the Krsko NPP Analyzer development

In 1997 the third phase of the analyzer construction is already defined. The SNS A has a goal to
gain a tool which will be capable of:

- On the basis of defined initial conditions the calculated simulation of phenomena in
primary circuit, secondary and auxiliary systems should be graphically presented.
- All the analyzer's masks should form a closed integrity of the power plant simulation:
primary and secondary circuit, safety systems should be joined in a hierarchical mask's
structure.
- The input deck for RELAP5/MOD3.2 should present "as built" data from the simulated
power plant.
- During the simulated transients there should be user friendly MMI supported with a
mouse and keyboard, which should allow simple selection of the chosen mask, starting,
pausing, and stopping the ran, adjusting the proposed input parameters, and interactive
commands for further development of a scenario.
- Results of the simulation should be online presented on the screen through the graphical
symbols and graphs.
- Critical Safety Functions (CSF) should be presented on additional masks.
- All the masks and graphs should be printed on paper in a presentable form.

In this phase the SNSA has an intention to upgrade the existing input deck for further integration
of other interactive commands such as failures of instrumentations, regulations of control rods
and power etc. After the modification of the input deck a new stabilization and fine tuning will
be done. As an acceptance criteria for simulated NPP's parameters during steady state and
transients ANSJ7AN&-3.5-1985 standard will be used, where applicable. Upgrading of the
existing Krsko Analyzer-graphical features will be made with addition of dynamic functions on
the old masks and building some new ones. Masks from the second working phase will be
upgraded with new symbols and interactive commands. Special effort will be made with
constructing new masks for Critical Safety Functions, where standard Wcstinghouse approach
will be used.
Parallel to the second phase of the Krsko NPP Analyzer a validation process of the input deck was
running. A subcontractor with long year experience was chosen for this task. Geometrical model
was checked with review of nodalization of components, material properties, and general tables.
Modeling of signals and plant control systems was detailed evaluated. Final remarks of this
validation are mostly not dependent on RELAP5 code version and can be integrated into third
phase of project. This will contribute to higher quality of NPP model of the analyzer due to
independent review.
On the other hand a visualization of the RELAP results can be helpful tool for evaluation of
output results. A variety of results can be observed on the analyzer's mask compering to only few
parameters from standard plotted graph. This produces a global picture of phenomena in whole
modeled systems and can efficiently highlight errors in input deck.

6. Conclusions

After installation of the Krsko NPP Analyzer at the SNSA workstation and being familiar with
the visualized results from the best estimate code we can conclude:

- Until now known best estimate RELAP results from the graphs and columns of printed
numbers have been shown in dynamic application, where users can direct the transients
and in a short time form a result in a user defined form.
- Through the animation of wide range of variables from RELAP output after the second
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working phase we have already estimated the deficiencies of the used Krsko NPP input
deck, which should be considered in the next project phase of stabilization and tuning.
With that, we have proved that NPA can be a useful tool for model improvements.
- Training on the simulation tool has become available also to the experts which will not
work as operators or inspectors. This raises the level of knowledge needed for achieving
the acceptable level of nuclear safety by world approved standards. In case of accident the
SNSA will have a well-prepared emergency group to predict possible releases and with
that to generally contribute mitigating the nuclear accident's consequences as much as
possible.

References:
1. Description and User Guidelines for the Nuclear Plant Analyzer TEERSDI/4DG/1854/01,

Ed.:97/01/24 (Proprietary) •
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ABSTRACT
Single-phase natural circulation is of interest in various energy systems, including Nuclear Power Plants.

Problems may arise from the occurrence of instabilities that, in extreme situations, may cause reversal of core
flow.

A simple loop has been constructed and operated and a series of experiments has been carried out over the
power range 100 - 900 W; the Relap5 code has been extensively used having both purposes of code assessment
and interpretation of experimental data.

In this paper the calculations performed with Relap5/Mod3.2 are presented and analyzed in comparison with
the experimental data.

1. INTRODUCTION

Natural circulation is one of the most relevant phenomena, necessary for removing the power in
new reactors (AP-600, EP-1000, etc.). Specifically, single-phase natural circulation assumes larger
importance than in the present generation reactors.

In this area, with reference to simple geometrical systems, wide literature exists: the behavior of
natural circulation loops has been investigated under various conditions. The interest has been
focused mostly on the stability of the system. In fact, it has been observed that a natural circulation
loop can exhibit oscillatory modes of flow, which can lead to flow reversal or flow stagnation,
causing undesirable operational conditions like flow, power or temperature excursions. The
phenomenon has been analyzed by various authors, both concerning models development and
availability of experimental data [1, 2, 3, 4]. In spite of this, conclusions about instability have been
drawn to a very limited extent. There are only few experiments on simple loops and the boundary
conditions are not well defined. The theoretical models available in literature are too simple to take
into account the complexity coming from the operation of the circuit. Qualified computer codes,
although affected by limitations like the numerical damping, constitute the only valid tools for
predicting instabilities in real systems.

The MTT-1 loop has been designed and operated by DITEC (Dipartimento di Termoenergetica e
Condizionamento Ambientale) at the University of Genova, in the context of a wider research
program. This is intended to characterize potential unstable situations in complex geometrical
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systems. Various test campaigns have been conducted so far, utilizing water and FC-43 coolant. This
also showed the presence of two different power thresholds for instabilities occurrence. In addition,
the Fast Fourier Transform was applied to analyze the frequency of the oscillations [5, 6].

Following a preliminary use of the Relap5/Mod3.2 code during the design stage of the loop [7], the
purpose of the present investigation is to compare the measured and calculated quantities in the
attempt to draw conclusions about the capabilities of the code.

2. OVERVIEW OF THE EXPERIMENTAL RESEARCH

2.1 The MTT-1 loop
A simple loop, suitable for single-phase natural circulation stability studies, has been designed and

constructed, as a follow up of the analysis of relevant papers in literature [8, 9].
The circuit consists of two copper horizontal tubes (heat transfer sections) and two plexiglas

vertical tubes (adiabatic legs), connected through four 90° bends. Details can be found in [5]. The
lower heating section is equipped with an electrical heating cable wired on the outside of the copper
tube. The upper heat extraction system is a coaxial cylindrical heat exchanger with water flowing into
the annulus. An expansion tank open to the atmosphere is installed at the uppermost elevation of the
loop, to allow the volumetric expansion of the fluid. The diameter of the piping constituting the loop
is 0.02 m, constant all over the length and axis length are 0.637 m and 0.782 m for the horizontal and
the vertical parts, respectively (see also Fig. 1).

The loop is equipped with 30 calibrated (± 0.1 °C) T-thermocouples (0.5 mm in diameter) located
in the fluid (20, in 4 measurements sections at the inlet and the outlet of the heater and the cooler), at
the wall of the heated (4) and the cooled (4) sections and at the inlet and outlet of the cooling jacket
(2). The loop instrumentation also includes one differential pressure gauge; the high speed data
acquisition system National Instruments (Lab PC+, SCXI-1102, SCXI-1303) is also part of the
system.

2.2 Main experimental results
Two series of experiments are considered here: the former using smooth pipes and the latter

adopting sharp-edged orifices with internal diameter of 6 mm in the middle of both vertical legs. The
test matrices are reported in Tab. 1. A number of additional test were run to demonstrate the
repeatability of the results.

Each experiment starts with the "primary" loop (the plexiglas and the copper legs and the
expansion tank) full of degassed water at ambient temperature at rest and the "secondary" loop (the
annulus at the external part of the cooler) with circulating water at imposed conditions (flow rate and
temperature) that remain constant during the test. At time "0" the power of the heater is switched on
and reaches the design value in 2 s.

In relation to the experimental results with the smooth pipes, the presence of a threshold at 500 W
has been pointed out (see also Tab. 1 and refs. 5 and 6). Below this value, the temperature difference
between the inlet and the outlet of the heater, after an initial oscillating transient, settles to a
stationary value and no instabilities can be noted. Over 500 W the loop shows a typical unstable
behavior: repetitive flow reversals occur and the frequency of the oscillations increases with power.
Moreover the frequency of the flow reversal becomes irregular at higher powers.

The comparison between tests run at the same power level in the smooth tube and in the
configuration with orifices, shows the following (see also Fig. 2):
• the orifices stabilize the loop behavior;
• the temperature overshoot is lower in the case of smooth pipes;
• the initial transient is different: in the case of smooth pipes, the temperature difference, after an

oscillating period, reaches a lower mean value, whereas in the other case, after a single overshoot,
there is an increasing trend;

• at the same heat flux the maximum fluid temperature rises to a higher value when an orifice is
present.
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Test Power
(W)

Instab. AT overshoot /
AT steady(°C)

SMOOTH PIPES
PI00-6
P200-6
P300-6
P400-6
P450-6
P500-6
P550-6
P600-6
P650-6
P700-6
P800-6
P900-6

100
200
300
400
450
500
550
600
650
700
800
900

NO
NO
NO
NO
NO
NO
YES
YES
YES
YES
YES
YES

6.5/5
8/5.5
10/6.5
9.5/7
15/7.5
16/8

-
-
-
-
-
-

ORIFICES (6 mm)
R6-300W
R6-400W
R6-500W
R6-600W
R6-650W
R6-700W
R6-800W
R6-900W

300
400
500
600
650

700
800
900

NO
NO
NO
NO
NO
NO
NO
NO

14/16
19/18
18/22
20/25
23/26
22/27
22/29
25/31

II II i II II

~z

* thermocouple

Fig. 1: Sketch of MTT-1 loop

8000

Tab. 1: Test matrix for experimental campaign with
and without orifices

Fig. 2: DT overshoot and DT steady value

3. SYSTEM CODE APPLICATION

System codes, like Relap5/Mod3.2 [10], are designed for simulating complex geometries in
thermalhydraulic conditions typical of those expected in Nuclear Power Plants. The application to a
small facility, like the MTT-1 loop, including low pressure conditions and specific features (e.g.
plexiglas) must be considered outside the original design boundaries of the code. Therefore, the

.objectives of this application are:
• better understanding of the experimental data;
• validation of the code capabilities.

Fig. 3 shows the developed nodalization, where specific features had to be considered to deal with
code limitations (36 nodes of length 0.035 m are part of the main loop and 47 nodes were used for the'
expansion tank and related connecting pipe to the primary system).

The code application has been carried out in two stages, finalized to:
1. the achievement of an acceptable simulation of the fluid temperature rise (i.e. partial qualification

of the input deck), after the power switch on;
2. the search for stability of the mass flow rate once a quasi steady state condition is reached.

4. MAIN RESULTS

Several code runs were performed as reported in Tab. 2.
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The run UE25 (see below) was adopted as reference transient for achieving the step 1. The main
results are shown in Fig. 4, compared with the experimental data and with those coming from the run
UD08, that can be assumed as a "blind" calculation of the same experiment; tuning of parameters like
heat transfer coefficient and heat losses allowed to pass from UD08 to UE25.

Results related to step 2 can be found in Tab. 2 and in Figs. 5 to 10. The following can be
observed:
• at very low power, the calculated results exhibit a "geysering" type effect (100 W) not observed in

the test (Fig. 5);
• at power values in the interval 100 - 400 W, unstable loop behavior is predicted, while a stable

natural circulation is observed in the tests (Figs. 6 and 7);
• at high power, both the experimental and calculated trends become oscillatory with comparable

frequency and amplitude of oscillations (Fig. 8);

0 2*0 HO 7S0 1000 12M 1H0 17W WOO Z2S0 2*00

Fig. 3: Nodalization of MTT-1 loop for
Relap5/Mod3.2 code

Fig. 4: Comparison among experimental data,
UE25 and UD08 runs

• in the run UEOO the power has been increased of 100 W every 1000 s (Fig. 9): operating in this
way the behavior of the loop is calculated to be stable in a range of power (roughly from 600 W to
900 W), where instabilities were calculated in the "single" power runs; run UE01 (power range
500 - 3000 W) showed unstable loop behavior in the entire power range (Fig. 10);

• the following additional findings can be mentioned:
- local pressure drops at the bends, heated diameter of the cooler and roughness, do not affect the

calculated performance at least within the considered variation of parameters (Figs. 11, 12 and
13 respectively);

*- cooler thickness, "natural circulation length" (parameter to be assigned by the code user) and
definition of boundary conditions, affect the stability calculation (Figs. 14, 15 and 16
respectively);

- time steps, law for heater power rise and pressure do not affect the calculated system
performances (Tab. 2);

• the code is able to predict the temperature trend in tests where the orifice is present, i.e. the
behavior of the loop is stabilized (Fig. 17).

4.1 Additional analyses
The study continued in two directions:

a) characterization of quantities other than temperature and flow rates;
b) identification of parameters typical of instabilities (chaos attractors).
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RUN
UD08
UE16
UE17
UE18
UE19
UE25
UF18
UG18
UH25
UI25
UJ25
UJ18
UK18
UL18
UM18
UN18
UO18
UP16
UO16
UQ18
UR18
US18
UE26
UE27
UE28
UE29
UEOO
UE01

Characteristics
Initial case
Code user interface improvement
Like UE16 - power changed
Like UE16 - power changed
Like UE16 - power changed
Like UE16 - power changed
Like UEI8-K1 at bends = 0.1
Like UE18 - Ki at bends = 0.5
Like UE25 - heated diam. in the cooler prim, side from 0.08 to 0.1
Like UE25 - roughness from le-7 to le-6
Like UE25 - cooler wall thickness x 3
Like UE18 - cooler wall thickness x 3
Like TJE18 - time of power rise = 300 s
Like UE18 - time step = 0.01
Like UE18 - heated diam. in the cooler prim, and sec. side = 0
Like UM18 - convection length = 0
Like UNI 8 - heat transfer correlation package changed
Like UE16 - With orifice (6 mm diam.)
Like UO18 - power increased
Like UO18 - pressure = 10 MPa
assigned value of secondary temperature (=290 K)
Like UR18 - with sec. temp.j)eriodically constant (period = 1000s)
Like UE25 and power increased
Like UE25 and power increased
Like UE25 and power increased
Like UE25 and power increased
power increased by step
power increased by step (multiplied by 10)

Time (s)
2500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
10000
3500

Power (W)
600
900
200
400
100
600
400
400
600
600
600
400
400
400
400
400
400
900
900
400
400
400
700
800
850 _j
1000

50-1100
500 - 3000

Instability
NO
YES
YES
YES

geysering
YES
YES
YES
YES
YES
NO
YES
YES
YES*
YES
YES
NO
NO
NO
YES
NO
NO
NO
NO
YES
YES
YES
YES

* oscillation characteristics changed
Tab, 2 - Characteristics of the performed calculations and prediction of stability.

The observation of the exchanged power shows that a perfect steady-state is never reached: as
soon as power imbalance achieves a value close to zero, flow oscillations grow, moving the operating
conditions far from the steady-state and causing the flow reversal.

The diagram of sink temperature versus flow rate (Fig. 18) gives an indication of the chaotic
behavior of the system. In the figure, both the temperature and the flow rate are scaled by the power
value of the related experiment; it has been noted (not documented in this paper) that, for different
power values, the attractors center are situated at the same abscissa.

70.0

M.0

M.O

-20.0

P-100W XXX EKPOT
YYY UE1BOT

P-J00W XXX EXPOT
VYV UE(7DT

1000 iwo aooo 2tso aooo M O O W O O 4«OO

Tim* (•)

Fig. 5: Comparison between calculated and
experimental AT across the heater (P = 100 W)

0 M0 1000 1MM 2000 2(00 MOO MOO

Tkn«(»)

Fig. 6: Comparison between calculated and
experimental AT across the heater (P = 200 W)

40Of
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100.

M.

•0.

40.

•40.

P-400W XXX EXTOT
YYY UEIIOT

0 2M » 0 7*0 1000 1K0 17M 2000 S2M 2W0 27*0 »000

TkM(«)

1M.

M.

MO 1OO0 1H0 2«M 2HO TOM MOO

Fig. 7: Comparison between calculated and
experimental AT across the heater (P = 400 W)

Fig. 10: Temperature difference across the
heater with step power increasing (run UEOl)

I M S 1«00 TOW! 2200 WOO 2 H 0 SHOO WOO HOO MOO MOO MOO

Fig. 8: Comparison between calculated and
experimental AT across the heater (P = 900 W)
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12f.

100.
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e **"

I 0.

* -M.

• « .

-71.

P-400W XXX U01S
YYY UEie

0 HO 1000 IMS 2000 2*00 1000 MOO 4000

Fig. 11: Comparison between runs UG18 and
UE18 (+ 40 K)

100.

M.

H .

40.

YYY TaniLdM.
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1*00

1400

1200

1000

too

•00

400

200

0

-200
0.00 0.10 0.2O O.N 0.40 O.H O.«O 0.70 O.H O.N 1.00
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Fig. 9: Temperature difference across the heater
with step power increasing (run UEOO)
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40.
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Fig. 12: Comparison between runs UE25 and
UH25 (+ 40 K)
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Fig. 13: Comparison between runs UE25 and
UI25 (+ 40 K)

Fig. 16: Comparison between runs UE18, UR18
(+ 40 K) and UJ18 (+ 80 K)

140.

120.

10.

p-eoow XXX UC2S
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100.

10.

40.

HO 1000 1M0 2000 MOO 2000 3*00 4OO0

Fig. 14: Comparison between runs UE25 and
UJ25 (+ 40 K)

P-SOOW
Immorttie
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Fig. 17: Comparison between calculated and
experimental AT (with pressure drops)
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Fig. 15: Comparison between runs UE18 and
UNI 8 (+ 40 K)

Fig. 18: Relap5/Mod3.2 calc: fluid temperature
at the heat sink vs. loop flow rate (run UE27)
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5. CONCLUSIONS

The main conclusions are essentially three:
1. Relap5, if properly tuned, is able to calculate the single phase natural circulation loop

performance; this is specifically valid when a stable flow rate establishes;
2. on a quantitative basis or even on a qualitative basis if the oscillations occurrences are concerned,

the agreement between calculated results and experimental data is poor, i.e. a stability map derived
with the code is not consistent with the experimental stability map. However, if the calculation is
somehow forced to be unstable, the oscillating parameters are predicted (amplitude of the
oscillations, frequency) and this allows a better characterization of the experimental data;

3. the stability appears strongly affected by the initial conditions and by the overall dynamics of the
system: parameters like thickness of wall, heat losses to the environment, modalities for supplying
or removing power to the loop (heater or cooler) are decisive as far as the stability is predicted.
The last conclusion appears as the most relevant from the present study. This raises concerns about

the validity of the approaches pursued in the literature to explain the stability performance; in most of
the cases, in order to predict the instabilities, an ideal initial "stable" situation is considered, that may
reveal not achievable in a real system.
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Abstract

Some aspects of modifications necessary to convert RELAP5/mod2 to fortran 90 and to initiate
its usage as Windows 95/NT application are discussed. Main characteristics requested from new
version are shown. The change in original memory allocation scheme (FTB package) and
introduction of dynamic memory allocation are described. The consequences of removal of
variables with bit patterns are displayed and changes in INP package are commented. As a result
of implemented changes the code is better documented and its maintenance and changes can be
easier realized. The new version passed the first phase of the testing. The numerical consistency

#ofthe code for different levels of optimization is improved. The calculational speed is increased
for up to 50%, for most cases, in Win95 environment. Some useful experience in using fortran 90
and changing existing fortran 77 codes is acquired.

1. Introduction

The importance of the computer codes usage in safety analysis of nuclear power plants resulted in
rather big effort spent in code development during past years. The present situation, characterized
by stagnation of nuclear power industry and diminished availability of qualified manpower,
means difficulty in maintenance and upgrading of the well known old codes. The other important
thing is that reliable and effective usage of the codes depends on quality of the mathematical
model and initial programming as well as on used compiler, operating environment and hardware.
The last three things were inspiration for this work. The introduction of Intel Pentium and
Pentium Pro processors resulted in possibility to use almost all standard system codes (RE1/AP5,
TRAC, ATHLET, CATHARE) on PCs. After some time;, characterized by lack of real 32-bit
virtual memofy operating system for PCs (UNIX. a.nd LINUX implementations were rather rare
and many DOS Extenders were only partial implementations of 32-bit operating system, without
multitasking capability), Windows 95 and Windows NT were introduced. The last improvement
related to code usage on PCs was appearance of the professional 32-bit fortran compilers, and
their fortran 90 versions in past 2 years.
The RELAP5/mod2 was chosen as experimental platform to explore influence of the software
and hardware changes on old codes. The code is standard, well known and often used tool for
thermal-hydraulic calculation of nuclear installations. Almost 20 years of development and usage
experience is accumulated with different versions of RELAP code. All versions inherited some
subroutines or programming practices with potential machine dependency problems. In last
version of the code, RELAP5/mod3.2, this problem almost disappeared, but in RELAP5/mod2
machine dependency has significant influence. The increased calculational capability, contained
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in new version, caused that all programming effort is devoted to that code leaving RELAP5/mod2
in officially frozen state.

In our case we have decided to modify RELAP5/mod2 so that following goals will be fulfilled:
the code is platform independent but oriented toward usage on PCs, dynamic memory allocation
will be used and FTB outer files will be discarded, basic parameters describing status of the
calculation are displayed on-line, with possibility to stop the code in arbitrary point of time, the
calculational efficiency will be increased using only standard compiler optimization techniques,
all subroutine interfaces will be checked and strictly adherence to f77 and f90 standard will be
enforced, the mathematical model will be intact as well as all input and output formats and data,
plot processing program will accompany basic RELAP5/mod2 program, code maintenance and
software QA will be enforced from the beginning, the results of the code will be checked using
standard test problems and selected comprehensive code inputs used with original version.

2. Basic changes in RELAP5/mod2 programming

In order to fulfill proposed goals the following major changes are introduced: all variables with
bit patterns are removed, FTB package is removed, DCVTC free format processing is rewritten,
INP package is revised with introduction of derived type cardjype, dynamic allocation is used in
all parts of the code and FTB files are discarded, big container array is replaced with dynamically
allocated arrays, contained in modules, there is no more equivalencing of real*8 variables and
(2,1) integer arrays, interface blocks are introduced for all routines, most of the commons are
replaced with modules, automatic arrays are used for scratch storage, strict f77 and f90 syntax is
enforced and number of GOTO statements and labeled statements is decreased, the error handling
is improved and numerical exception handling is addressed, the mix of upper and lower case
letters is used to promote visual identification of variables (local, global, dummy arguments,
constants), the comment headers are introduced in subroutines to help self documenting of the
code. The most crucial changes are new dynamic allocation scheme and removal of variables with
bit patterns. These two changes without introduction of any other change will request complete
rewriting of the RELAP5/mod2 code.

2.1 Change in FTB package and dynamic allocation, removal of variables with bit patterns

The FTB package is part of environmental library. It is developed as part of the effort related to
better usage of the mainframe computer's (IBM, CDC) memory, in days when the central
computer memory was expensive and limited in size. FTB package is used in all programs in
RELAP5 family, as well as in many other programs (RETRAN, neutron diffusion programs,
etc.). During the years of the usage the FTB package was changed but main ideas are still the
same. The memory is allocated in big container array which is located in COMMON block and is
accessible to many subroutines. The array is fixed in size but it is easy to change its size (usually
on only one place in include file) and recompile the source. The similar idea for quasi dynamic
allocation is used regularly in codes with large memory requirements. The big array is allocated
statically in subroutine and transferred as formal argument to other subroutines. The actual
arguments in subroutine calls are different elements of basic array and corresponding dummy
arguments are used as separate arrays of different sizes, with some way of bookkeeping to limit
range of array indexes. In FTB case the usage of the basic array is more sophisticated. The
double precision array is used as memory pool. The part of memory pool can be used as separate
block of memory with file characteristics. The situation is shown in Figure 1. The big array (its
size is SZZ) is split in two parts. First part (200 double precision words) is called LINK. Using 4
words for file description it is possible to describe up to 50 memory blocks (files) inside container
array. The first file contains data needed for self organization of the links, and other 49 files are
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data files (last file can be used for allocation of another LINK area). The DATA part of the array
is working part or memory pool. Each file is described with starting position within DATA area,
and size (these data are part of the LINK description of the file).

szz

S E E

201
200

Y///////////77/

MAXFTB

200

MINFTB fcENK
U

—
FIUD(IXl

Dv'FFTB

Figure 1. FTB memory allocation scheme

Typical usage of FTB package inside RELAP5 is: identify data which are somehow related
(junction data block, volume data block, component data block, etc.), describe data block by
some kind of file id (e.g. 4th element in FILID array is volume data block), using FTB subroutines
create corresponding description of the file in LINK area, manipulate array locations within
described part of DATA area. FTB subroutines from library are used for creation of the block
description, for changing block size, for the deleting the file, and for saving or restoring data
to/from the disk. For accessing parts of the allocated area EQUIVALENCE statement is used,
with calculated pointers and skip factors for proper positioning. Using EQUIVALENCE it was
possible to introduce meaningful names for manipulated data as well as to put INTEGER
variables inside basic array (equivalencing of real*8 variables and (2,1) integer arrays). The FTB
scheme is very flexible and successful in memory usage even though it can produce a lot of data
movement inside memory and between memory and disk, resulting in slowdown of the
calculation. Main weakness of this scheme could be maintenance of the code. It is difficult to
understand and change the code and it is difficult to find the error. The scheme could make some
of the standard compiler optimizations inefficient. With new features introduced in fortran 90 it is
possible to solve dynamic allocation problem within standard compiler capabilities in elegant,
clear and safe way. The dynamic allocation (depending on specific compiler implementation) can
cause some decrease in calculation speed but most of this effects are eliminated with compiler
optimizations, and in case of RELAP5/mod2 by rearranging code so that FTBOUT and FTB IN
data movement are unnecessary. Each of the FTB data blocks (or files) are replaced with suitable
organized derived variables (or structures). It is possible to allocate derived arrays based on type
definition and ALLOCATABLE or POINTER attributes at compile time. The programmer can
directly control creation and deletion of these blocks, there is no need for index calculation or skip
factors. The programming is clear, documented, controlled and it is possible to use compiler
features in error detection and removal. The definitions of new data blocks are organized in
MODULES and it is possible to use them within the code as global data objects. Different
implementation of dynamic allocation strategies, related to RELAP5 data blocks are possible.
Some of the blocks are allocated with maximum size (e.g. component block 999 elements) and
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resized at the and of calculation to proper size using suitable designed module subroutines, and
some of them are allocated with typical size using reallocate module subroutines to increase
allocation in some reasonable increments, again with resize of the block at the end of input
processing (volume and junction data blocks, initial allocation 500 elements, increment 100
elements). It is obvious that in input phase of the calculation new scheme uses more memory than
FTB scheme, but memory is not so critical as before, number of resizing and moving events is
decreased, and at the end of processing all blocks are resized to correct size. All variables with bit
patterns are in these blocks replaced with derived types. That means that subfields have
meaningful names, description is compact and can be checked by compiler, there is no machine
dependence related to bit order (big and little endian machines), there is no shift and bit
operations (speed up of the calculation), and more memory is needed for this kind of description
(the increase in memory requirements is not critical and can be decreased by further redesign of
the code).

MODULE JUNDAT
USE F77KINDS
IMPLICIT NONE

! derived types
TYPE :: IJ1 TYPE

INTEGER ::
INTEGER ::
INTEGER ::
INTEGER ::

END TYPE IJ1

time_dep_flag
votume_index
votume_no
input code
TYPE

TYPE :: IJ2JTYPE
INTEGER :: choking_flag
INTEGER :: volume_index
INTEGER :: volume_no
INTEGER :: input_code

END TYPE IJ2_TYPE

-missing text

TYPE :: JUNCB_TYPE
TYPE(U1_TYPE) :: U1
TYPE(IJ2_TYPE) :: IJ2
TYPE(JC1_TYPE) :: JC1
TYPE(JC2_TYPE) :: JC2
INTEGER :: JUNno
TYPE(IMREG_TYPE) :: IHReg
TYPECJUNFTL TYPE) :: JUNftl

! junction block

IJ1

! U2

bit
bit
bit
bit
bit

bit
bit
bit
bit
bit

1-60
1- 1
2-18
19-30
31-60

1-60
1- 1
2-18
19-30
31-60

left to right
1
17
12
30

left to right
1
17
12
30

! JUNction Control Block

REAKR8K1ND)
"REAKR8KIND)
REALCR8KIND)
REAL(R8KIND)
REAL(R8KIND)
REAL(R8KIND)
REALCR8KIND)
REALCR8KIND)
REALCR8KIND)

-missing text
REAL(R8KIND)
REAL(R8KIND)
REAL(R8KIND)
REALCR8KIND)

AJUn
ATHrot
ARAti
ARAt2
DIAmJ
VELfj
VELfjo
VELgj
VELgjo

FIJ
FIJo
JCAtn
JCAto

END TYPE JUNCB_TYPE

! data block
INTEGER, SAVE :: JUNcb_alloc = 0
INTEGER, SAVE :: NJUNs = 0
INTEGER, SAVE :: NJSkp = 0
TYPE(JUNCB_TYPE), ALLOCATABLE, D1MENS1ONC:), SAVE

!

END MODULE JUNDAT

! 0 if not allocated, /=0 no of allocated elements

JUNCB

Figure 2. Part of the JUNDAT module implementing Junction Control Block
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Regarding increased memory requirements during execution it is enough to say that only mask
arrays in IBM implementation need 7320 R*8 words, and they are discarded in new version (that
is usually more than enough to compensate increase caused by bit fields replacement). Another
benefit related to removal of bit fields is that ranges of all values are increased and bigger
problems can be calculated without overflow. The example of the realization of the junction data
block (only part of the module) is shown in Figure 2. The comments on the right side of the
derived type definitions are old bit fields descriptions. JUNCB array is new representation of
junction data block. The difficulty with structure definitions is that the structure is fixed and bit
fields can be used completely arbitrarily in different parts of the code (that is not very good
programming praxis and it is difficult to use and maintain). Another problem related to
introduction of derived type arrays is that it is not possible to go beyond data block boundaries
what is used in old version for minor edit processing, plot processing and restart processing. The
problem is the same as with variables from different common blocks in original code. These parts
of the code are completely rewritten. The structure of the restart file records is different (some
new information, necessary for allocating data blocks before restart processing, are introduced),
but increase in restart file size is mainly due to removal of bit fields variables (typical increase is
below 20%). Manipulation with derived variables representing data blocks is simple in all cases
without pointers as structure members. The part of the code from R-phase as used in old and new
versions is shown in Figure 3. The new code is clear and compact and additional speed benefits
can be realized using elemental array operations (operations usually optimized by compiler on the
used hardware).

O l d code
DO 402 K = 1.NNV

UK(3) = N V C ( I l )
,.LWK<1,1) = iand<LMASKN<1, 48 ) , LWK(1 ,3 )>
' NV1O= 1

U K ( 3 ) = N J C ( I I )
LWK(1,1) = iand(LMASKN(1, 48 ) ,LWK(1 ,3>)
NJ10=

4 = SHIFT(CMPNUM(1I),3O)
LWK(1,1) = iand(LMASKN(1, 42 ) ,LWK<1,3 ) )
NC1=

WK{3) = CMPNUM(II)
LWKC1.1) = iand(LMASKN(1, 30 ),LWK<1,3)>
IF(IWK(1,1>-NC) 403,404,405

405 TFAIL=.TRUE.
403 NV1 = NV1 + NV1O

NJ1 = NJ1 + NJ10
II = II + NC1

402 CONTINUE

New code
DO k = 1 , nnv

nv1o = CMPCB(k)%NVC%no_of_voLs
nj1o = CMPCB(k)%NJC%no_of_juns
n d = CMPCB(k)%CMPnum%block_size '•*'*
nc i = CMPCB(k)%CMPnum%component_number
IF ( nc i -nc ) 403 , 404 , 405

405 t f a i l = .TRUE.
403 nv1 = nv1 + nv1o

n j1 = n j1 + nj1o
END DO

Figure 3. Segments of the code taken from old and new RCDELT subroutine
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2.2 Changes in INP package and DCVIC subroutine

DCVIC subroutine (responsible for free format processing of the input data) is completely
rewritten using fortran 90 capabilities. There are no machine dependencies in new routine and all
original capabilities are kept. The error checking is better and upper and lower case letters can be
mixed (for exponential number notation of floating point number you have to use upper case in
RELAP5/mod2 and lower case in RELAP5/mod3). Different types of data are stored in REAL*8
array using TRANSFER intrinsic function and not using equivalencing of the variables. The
types of the data are in corresponding integer array. The INP package is changed due to change
in FTB package (deleted) and removal of bit fields. The original input data block during input
processing and at the end of input processing is shown in Figure 4a and 4b. The scheme is
compact but complicated. The two different types of data are stored on two opposite ends of
memory pool with temporary working space in the middle of the area. Table part (basic unit is
table word) has information about card number, usage and error status of the card, and about
location and number of the remaining data found on input card. The list part has real data and
mode words with packed information about type of the data. Control word is responsible for
information about total size of the parts (table and list). At the end of processing data are
collapsed and sorted. During R-phase of processing data are retrieved from input block, with
delete of used data and rearrangement of the rest of data resulting in new size of the block.

NT

fill in
direction

N2.N3

fill in
direction

Nl.NB

temporary space mode data

NT=NT-1

temporary space data

temporary
working
space

(NT+NB)/2 movable
boundary

mode
data
mode
data

\ (N-HL)thcard

I Nth card

NB=NB-H
NB=S

— control word

Figure 4a Memory usage during Input Block preparation, old version

In new version new derived type CARD_TYPE is introduced (Figure 5). First part of the
definition has information similar to table word, second part (pointer attribute) contains data
(Farray) and type (Var_typ) of each item on the card (synchronized with Farray), and third part
has data necessary for description of the card node in Red-Black balanced binary tree. That is
way to allocate correct number of card_type elements with automatic sorting to improve
processing speed in later phases of calculation.
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sort
direction table words

data +mode
words

control word

TABLE WORD
31

use
flag

1 -processed

0 -no card no. =0
orsequence no. =1

1 format m d e x o f f l r s t no. of data
t ' ° card data item on card
c r r o r inspoolarray

CONTROL WORD
31

table length length of data
+mode words

Figure 4b Memory usage after end of Input Block preparation, old version

Binary tree is searched with Card_no as search criteria. The card data represented in new type
are logically grouped and compactly written. Pointer arrays are allocated based on DCVIC
information. Again more space is spend than in simple original scheme but new data structure
combined with FTB removal resulted in two times faster completion of R and I-phases (5324
active nodes). That is important during checking of the input errors (typical NEK input deck with
about 7000 cards, data + comment cards, needs about 5 min to start calculation in original code,
NDP implementation on Pentium 133 MHz).

MODULE CARD_TYPE
IMPLICIT NONE
TYPE Card Node

END

INTEGER
LOGICAL
LOGICAL
LOGICAL
INTEGER
INTEGER,
REALC8),

LOGICAL
TYPE (Card
TYPE (Card"
TYPE (Card"

DIMENSION (:),
DIMENSION (:),

Node), POINTER
"Node), POINTER
"Node), POINTER

END TYPE Card Node
LOGICAL

MODULE CARD TYPE

POINTER :
POINTER :

:: Red
Black

: Card_no
: CS type
: Used
: Form err
: N
: Var_typ
: Farray

: Color
: Left
: Right
: Parent

= .TRUE.,
= .FALSE.

new Card_Node type, unified R*8 data
Card or sequence number
Card no if .t. or sequence no if .f.
Card is processed .t. or .f. if not
Format error if .t. or .f. if not
Number of data fields on card
Type for vars 1 to N in array Farray
Real*8 data array
Red-Black tree related data
which can assume RED or BLACK.
A pointer to the left child.
A pointer to the right child.
A pointer to the parent.

Figure 5. Implementation of derived type describing one input data card

3. Win95/NT implementation

Win95/NT environment has some important advantages. It is possible to use stable 32 bit
multitasking graphical environments on cheap hardware platforms, supported with reliable
fortran compilers. Very long runs can be run with online information about status of the run and
computer can be used for other tasks (at cost of slower calculation) as needed. Online information
during R and I-phase are limited to displaying currently active R or I subroutine. During transient
calculation 3 lines are displayed at the top of RELAP5 window. The information displayed are:
number of attempted, successful and repeated steps, information about time step size, current
transient and CPU time and mass error. The code can be paused, continued or terminated with
legal restart record generated in any time point. This part of the code is based on INTERACTER
graphics library, and it is PC specific. It can be omitted or replaced with some other PC or
workstation implementation of R5M2_info routine. To produce executable version of
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RELAP5/mod2 two compilers are used in parallel: Microsoft Fortran PowerStation v4.0 and
Lahey Fortran 90 v3.5. The usage of two compilers were beneficial during cleanup of the code
and during testing to detect internal errors. Both fortran compilers were used to produce windows
applications and Lahey fortran was used to produce protected DOS version which can run in
DOS window or in plain DOS. Windows version, in this preliminary phase, without full
optimization, produced numerically the same results with comparable performances. DOS
version was slightly slower (with the same numerical results) due to lack of 32-bit disk access
support provided by Windows (mostly input processing cases were tested).

To support analysis of the results of the calculation separate plot processing program will be
provided. It will be based on existing DOS restart-plot file processing program and on the
WINTERACTER graphics library. Any variable from restart-plot file can be retrieved and
processed and chosen variables can be saved in binary form for later processing. It is possible to
produce direct plot to the printer/plotter or to save picture in some of the well known graphic
formats (HPGL, BMP, WMF, PCX). This part of the code is not finished yet.

4. Conclusion

Rather large effort is spend in modifying existing RELAP5/mod2 PC version to include fortran
90 features and to be used as Windows 95/NT application. There are no changes in model but
almost all code is rewritten as consequence of introduction of new dynamic allocation scheme and
replacing of bit fields with fortran 90 derived types. As a result of implemented changes the code
is better documented and its maintenance and/or changes can be easier realized. The new version
passed the first phase of the testing. The numerical consistency of the code for different level of
optimization is improved. The code is more robust on input errors. The numerical data exceptions
are handled without uncontrolled code crash or hung-up. The calculational speed is increased for
up to 50%, for most cases (increase is 45% for typpwr input deck compared to results of the
same input deck and NDP extended DOS version of RELAP5 with 32-bit assembler shift
routines), in Win95 environment. Some useful experience in using fortran 90 and changing
existing fortran 77 codes is acquired. The alternative methods can be used to solve the same
problem and it is necessary to experiment and perform more testing to make decision about
optimal solutions. It is not always easy to exploit full power of some advanced fortran 90
capabilities. Most results can be directly applied to RELAP5/mod3.2 code changes.
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Application of the capacity module of the CATHARE code to the
simulation of reactor containment during LOCA

Paride Meloni
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40129 Bologna, Italy

ABSTRACT - This study concerns a validation activity on the CATHARE code, carried out in
the framework of a collaboration between ENEA and CEA on advanced reactors. This activity
has consisted in verifying the capacity module, adapted to describe the reactor containment, on
two integral tests (CVTR nr.3 and HDR-V44). The calculation results have shown some
restrictions in the containment simulation during LOCA. An improvement in the involved
correlations has been proposed and proved in the more recent code version,

1. Introduction

In the framework of the cooperation between ENEA (It) and CEA(Fr) on advanced
reactors, an activity is specifically devoted to verifying CATHARE 2 (T/H best estimate French
code) capability to model the innovative safety systems and to predict the physical phenomena
concerned.

As several passive systems in advanced water reactors depend very much on the
containment conditions, their correct simulation by means of thermal-hydraulic computer codes
demands taking into account the coupling between primary circuit and containment. In order to
describe this coupling in a simplified way, an adaptation of the two-punctual module of
CATHARE (capacity) has been made by CEA, making the simulation of the containment
possible through a combination of several modules.

The adaptation has essentially consisted in the implementation of a film condensation
model, describing the steam condensation on the cold walls of the containment with presence of
nonconden-sable gases. In particular two models have been proposed: a model drawn from
Nusselt's laminar film theory and a model based on Ushida's empirical correlation.

ENEA has validated this adapted module on two integral experiences, representing loss of
primary coolant accident: CVTR nr 3 test and HDR-V44 test. Both the tests are characterized by
a first phase with quick injection of steam into the containment (initially filled by air at
atmospheric pressure and temperature), followed by a natural cooling phase of the mixture
steam-air. In such scenarios the condensation rate on the cold walls of the containment
determines the pressure peak that is critical for the containment integrity.

The first part of the activity, performed on the 1.3 version of the CATHARE code, has led
some recommendations on the use of the Nusselt's model. On the basis of such
recommendations a further validation is in progress on the new code version.
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2. CATHARE condensation models

CATHARE is the french system code for nuclear reactor thermal-hydraulics developed by
CEA, EDF and FRAMATOME at the CENG in Grenoble (France) [1]. It is based on a 6-
equation 2-fluid model. Additional mass transport equations are solved in presence of
noncondensable gases.

The 0-D and 2-node CATHARE module, called capacity, has been adapted in order to
develop a lumped parameter modelling able to simulate a reactor containment. The adaptation
consists in describing the film condensation on cold walls in presence of noncondensable gases.
The CATHARE capacity is characterized by mass and energy balance equations for each phase,
the coupling with wall conduction calculations is cosidered. The coupling of several capacities
is possible through junctions. Momentum equations are written at the junctions, where the
phase velocities are calculated.

Two film condensation models have been implemented:
- the Ushida's empirical correlation
- a modified Nusselt's model.

The Nusselt's model has been modified to take noncondensable mass diffusion effects into
account. The interface temperature is calculated using a simplified mass diffusion modelling
developed in the CATHARE code for films condensation within tubes [2] [3]. The Nusselt's
correlation is drawn from the theoretical analysis of a laminar film on a vertical plate:

hNusselt = 0-943 { ( g PL (PL - PG) ^ O ^ L ) ) / ( L ^ ( T s a t(Pv)-TP))} ™

The heat exchange degradation due to the presence of noncondensable gases is taken into
account by means of a correction factor [4]:

hCorrect =%usselt/{ X + (hNusselt X n L SPy/SXj STsat/8P)/(hv-hL) Sh p G DA B

where XII = 1 / ( 1+MV/MAIR PV(TP)/(P-PV(TP)) (3)

5PV/8X! = Rai r P G T G / ( 1 + ( x n + XX)I2 (MV/MAIR-1)) (4)

Sh = 0.021 (Gr Sc) 0-4 (5)

The condensation flux is added to the standard thermal flux, which is calculated in
CATHARE through a correlation of turbulence natural convection. The condensed mass is
taken into account in the mass balance equations.

The Ushida's empirical correlation [5] is modified in order to keep a reasonable size order
when the noncondensable mass fraction approaches to 1 or 0 :

h uschida = 380 (X' j/(l - X',)) -°-7 (a - 10-5)10

where X'j = max (10"5, min (Xj.0.99999)).
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3. Integral tests description

ENEA has chosen to validate the adapted module described in the previous section on two
integral tests: CVTR nr 3 test and HDR-V44 test. Both of them simulate loss of primary coolant
into the containment by means of injection of steam in representative geometry.

The CVTR nr 3 test [6] was performed in the Carolinas Virginia Tube Reactor (CVTR) in
the frame of the CVTR In-Plant Testing Project as a part of the U.S. Atomic Energy
Commission's Water Reactor Safety Program. The purpose of the project was to utilize the
CVTR containment to obtain information directly applicable to the safety evaluation of power
reactors.

1 _

6 2 ' - 0 " 00
Concr«l«

OPERATING REGION

1/-J" Sleel Liner

INTEHME0I4TE REGION

BASEMENT REGION

Qasemeni Floor v

Ground Level
EL -324*

-Foundation Moi

FIG. 1 - CVTR Containment

In particular the nr 3 test aimed at
providing experimental data on containment
pressure and temperature trend to assess the
computer code capability to predict the
response of a containment atmosphere
subjected to DBA conditions.

The CVTR containment is a reinforced
concrete, right vertical cylindrical structure
with a flat base and a hemispherical dome.
The structure has free volume of about 6400
m^ and is physically divided by floors and
equipment into three rather distinct regions,
designated as the operating, intermediate
and basement regions.

The information, contained in the
CVTR project final report [6], is not
sufficient concerning the lower regions, so
the CATHARE capacity validation is
possible only on the experimental data
measured in the operating region.

The test simulated a natural decay cooling that (following steam injection) allowed the
containment atmosphere to return to ambient conditions. Saturated steam (Hg=2777.7*103j/kg)
was released vertically above the operating floor. The injection was terminated when the
containment pressure reached above 2.21 bar. The total steam mass introduced was about
7500kg during 166.4 s. At the beginning of the test the containment was filled with air at 27 XI
and 1 bar, the external temperature was 24 °C.

The HDR-CONT-V44 test [7], performed on the HDR containment (Germany), was part of
a program sponsored by the German Ministry of Research and Technology. The main objective
of this program was to provide experimental data on the thermalmechanical constrains provoked
by the energy and the mass realised in a containment, following loss of coolant accident. Two
series of test were performed: with water injection (CONT water tests) and with steam injection
(CONT steam test).
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The V44 test of the second series was selected for the OECD-CSNI International Standard
Problem n°16 (ISP 16), because the HDR containment offered the opportunity to study the
containment behaviour under almost realistic conditions (large flow vent openings between the
containment compartments, containment installations) and to verify the analytical models used
in the computer code for severe accident analysis.

The test facility consists of the test loop including pressure vessel, nozzle with break
device, HDR containment. In figure 2 is shown a schematic view of the containment being
subdivided into various levels and compartments. The present anlysis takes as a reference for
the containment geometry an arbitrary subdivision in 14 volumes [8]. The total free volume of
the containment is about 11400 nA

The test was performed starting from vessel initial conditions similar to the conditions of a
primary loop of a pressure reactor. The steam injection in the containment, filled with air at
25°C, was started by the fast opening (4 ms) of the break device on the steam pipe. For the first
250 ms a steam flow occurred with subsequent transition into the 2-phase zone. The injection
was stopped after 50 s, when a natural decay phase continued until 1200s. In table 1 are
reported the time histories of break mass flow and specific enthalpy.

Time (s)

0.00

0.04

0.08

0.25

0.60

1.00

2.00

4.00

10.0

15.0
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30.0

50.0

Flowrate (Kg/s)

0.0

1245.0

1422.0

1210.0

1854.0 .

2285.0

2395.0

2148.0

1365.0

864.2

479.1

259.3

166.9

30.7

Enthalpy (Kj/Kg)

0.0

2707.

2707.

2707.

1555.

1477.

1453.

1456.

1565.
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2340.

2631.

2716.

FIG. 2 -HDR Containment TAB. 1-Mass Flow and Enthalpy History
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4. CATHARE Nodalization

The code initially used for the analyses hereinafter described is the VI.3E version of
CATHARE 2 implemented on IBM RISC6000 workstation. Two models of the CVTR and
HDR containments have been developed by ENEA according to the rules and the advises
contained in the code user's manual [1] and code user's guide lines [9]. The schemes of the
nodalizations are shown in Figs. 3 and 4.

Two axialsymmetrical capacities have been used to simulate the CVTR model. The upper
volume represents the operating region and the lower one the intermediate and basement
regions. A modelisation with several volumes of the lower part is not possible because of the
lack of information. The internal floors and equipment are simulated by means of 6 vertical
walls of different thickness (horizontal walls are not allowed in the code), keeping constant the
total surface and volume. A rough evaluation has been made to determine the wall heights.

The external walls consists of three thickness, with an 0.6 cm air gap between steel and
concrete. Thermal exchange with the external atmosphere has been considered only in the upper
volume, because the lower one was under ground.

The steam injection is carried out in the upper volume through a vertical junction with a
section rather large in order to have very little steam velocity. The total energy released in the
containment is imposed by means of a boundary conditions specifying specific enthalpy and
mass flowrate. The leakage on the external walls has been neglected in the reference calculation.
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FIG.3 - CVTR Nodalization FIG.4 - HDR Nodalization

The HDR model has been drawn from the subdivision of the HDR containment in 14
compartments using 15 volumes and 37 junctions. In each volume three distinct kinds of wall,
characterized by different materials and thickness, has been described.

Due to the code limitation all the walls have been supposed vertical imposing total surface
and thickness, the heights have been deduced from the compartments geometries. The injection
is carried out in the volume nr 1 through a vertical junction with a section rather large as well as
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in the CVTR model, in order to impose directly specific enthalpy and mass flowrate of the 2-
phase mixture released.

The thermal exchange with the external atmosphere has been neglected as well as the
leakage because of a coating layer between the internal concrete wall and the external steel
vessel.

5. Calculation results

The experimental data available for the CATHARE capacity validation on the CVTR test are
the pressure and gas temperature histories in the operating region. Concerning the HDR test the
measurements in the break and in the dome compartments have been selected as characteristic
for the experiment.

The CVTR reference calculation has been performed using the standard code version with
both the proposed correlations. The comparisons with the experimental data for pressure and
gas temperature are reported in Figs. 5 and 6. Both the correlations appear to be inadequate to
describe the injection phase, where the pressure and temperature peaks are strongly
overestimated. In particular the Ushida's correlation provides worst results, probably owing to
the difference of the experimental conditions from those of the validity of the correlation. The
Nusselt's correlation foresees, during the natural decay, values in better agreement with the
experimental ones, in particular taking into account that the leakage has been neglected in the
calculation.
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Considering the previous results only the Nusselt's correlation has been used in the HTR
reference calculation,besides the analysis has been limited at the injection phase. Pressure and
gas temperature calculated in the break compartment and dome (Figs, from 7 to 10) in general
confirm the pressure overestimation in this phase. The different behaviour of the temperature in
the two compartments is explained by the limits of the lumped parameter modelling, in fact the
temperature rise is transported quicker than the steam spreading, without taking into account the
complex geometry of the compartments and the placing of the measurement points.
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In the CATHARE capacity the standard thermal flux on the walls as well as the Sherwood
number used in the Nusselt's correlation are calculated by means of natural convention
correlations (Eqs 1-5), where the gas velocity is set to 1 m/s. This hypothesis is decidedly too
conservative for the wall thermal exchange calculation in these analyses. In fact, while in both
the modelisations the steam injection velocity has been neglected* this velocity was 'actually
several hundreds of m/s in the break. In particular in the CVTR test, where the injection device
was situated near the external wall, an important gas velocity is foreseeable.

For this reason a sensitivity calculation have been performed for both the tests, setting the
gas velocity used in the natural convention correlations to 50 m/s for the CVTR calculation and
to 20 m/s for the HDR, in order to quantify the effect of the above-mentioned hypothesis.

The CVTR pressure and temperature reported in Figs. 11 and 12 show the strong effect of
the velocity value on the calculated peaks, now the values are only slightly over predicted. The
calculation has been restricted to the period characterized by an important gas velocity.

Also the HDR sensitivity calculation (Figs, from 13 to 16) shows an improvement in the
calculated values especially on the pressure trends.
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5. Conclusions

In this study the validation of the capacity module of CATHARE vl.3E has been performed
on two integral tests, both of them conducted in real containments and simulating LOCA
accidents.

The reference calculations have been carried out with two different correlations, which have
been implemented in the capacity module in order to describe the steam condensation on cold
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walls in presence of noncondensable gases. These correlations, drawn from Nusselt's and
Ushida's models, seem to be inadequate in the injection phase.

A sensitivity analysis has shown that the Nusselt's correlation, which already supplies
good results during the natural decay phase of the containment atmosphere, could improve its
behaviour in the injection phase taking into account the real velocity of the gas mixture.

The adaptation of the CATHARE capacity for the containment description has been
performed also in the new version vl.4 of the code. In this version a non-linear model of the
Nusselt's correlation has been implemented [10]. This non-linear model is based on the
similarity of heat and mass transfer.

A further validation activity is in progress and some calculations have already been
performed on the CVTR test. Figs. 17 and 18 report the results obtained with the new code
version, where the steam velocity is still set to. 1 m/s. The improvements concern only the
temperature peak and the natural decay period, while the evaluation of the pressure peak
remains too conservative.
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The evaluation of the average gas velocity in the capacity module has been foreseen in the
version vl.4e, following the recommmendations that have been drawn from the first part of the
validation activity. In Figs 19 and 20 are reported the pressure and temperature calculated using
this average velocity in the natural convention correlations for the heat flux calculation.

The good agreement obtained both for the pressure and for the temperature shows that the
simulation of the reactor containment through the capacity module of CATHARE supplies now
good results also in the injection phase.
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Abstract

The transient scenario of a pressurizer water reactor (PWR) during small-break loss of coolant accident
(SBLOCA) has received much attention through various experiments and best estimate calculations. Therefore a
post test analysis of BETHSY six inch cold leg break test 6.2 TC was made to assess RELAP5/MOD3.2
computer code.
The objective of this study was to analyse the thermal-hydraulic behaviour during transient with
RELAP5/MOD3.2 computer code and its validation with experimental data. To visualise the phenomena of
loop-seal clearance and core liquid-level depression, Nuclear Plant Analyser (NPA) was used to graphically
display the calculated data. The major transient events were well predicted. The modelling of critical break flow

""was shown to be very important for the evolution of the first part of the transient. However, significant deviation
from experimental data was observed after accumulator injection. Two major causes for discrepancy were
identified: incomplete loop seal-clearance and incorrect initial value of downcomer to upper head bypass flow.
All attempts to adjust the downcomer to upper head bypass flow were unsuccessful, thus the capability of the
RELAP5/MOD3.2 code to predict the transient correctly was suspected.

RELAP5/MOD3.2 model of the BETHSY facility

BETHSY is an integral test facility whose purpose is the investigation of PWR accident
transients.
The reference power plant is a three-loop 2775 thermal MW Framatome Pressurized Water
Reactor (PWR) power plant. The volume scaling is close to 1:100, while elevations and
pressures have been preserved [1]. The main reason for that is early reactor coolant pump
(RCP) trip in the course of most accidents, which causes gravity dominant flow patterns. The
hot legs and cold legs are scaled to preserve Froude number in order to simulate all flow
regimes correctly.
The base RELAP5 input model, which was developed for analysis of test 9.1.b (OECD ISP-
27), was initialized to the prescribed conditions for the test 6.2 TC. It consists of 335 volumes,
344 junctions and 333 heat structures, including some nodalization changes: the junction from
the guide tube to the upper plenum has been removed (previous experience) and downcomer-
upper head bypass volume has been subdivided into 3 volumes (to assure more precise
description of flow path).
The break nozzle was modelled by using a single junction with a flow area representative for
a scaled down 6 inch break opening. The discharge coefficients for the break junction were
adjusted to the values of 0.85, 1.2, 0.95 for subcooled water, two-phase flow and superheated
vapor, respectively.
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Test 6.2 TC

The BETHSY 6.2 TC test [2] simulates a scaled six-inch cold leg break transient with no
safety injection (HPSI, LPSI) available. The test was performed to analyze the transient
phenomena during small break LOCA of the reference plant and to compare two different
facilities of different scales, BETHSY and LSTF as a comparative experiment. The transient
starts from initial conditions listed in table 1 with low RCP rotation speed of 238 rpm,
comparing to the test 9.1.b (2940 rpm). All major transient events are summarized below:

• break opening at the beginning of transient,
• after 8 seconds scram signal on low pressurizer pressure (< 130 bar) occurred; core power

trip starts 53 seconds later, then followed the JAERI conservative curve,
• after 12 seconds SI signal on low pressurizer pressure (< 72 bar) occurred; HPSI was not

activated,
• accumulator injection on the intact loops starts 345 seconds after the break (pressurizer

pressure < 42 bar) to recover the core,
• accumulator injection 3 terminated by level criterion (948 s after the break),
• accumulator 2 terminated by level criterion (976 s after the break),
• end of the transient on low pressurizer pressure of 7 bar.

Obtaining initial conditions

During stabilizing process a special care was taken to achieve the steady-state conditions
consistent with the experimental data. Compared to the te§t 9.1.b the reactor coolant pump
speed had to be reduced from 2940 rpm to 250. jpm. The RCP speed was still higher than
experimental value (238 rpm) in order to obtain the desired core outlet temperature.
Low RCS forced circulation caused enormous difficulties in initialization of downcomer to
upper head flow and upper head temperature. In the steady state zero downcomer to upper
head flow (experimental value is 0,28% of the total flow rate) and upper head temperature
close to the value of core outlet temperature were obtained. To attain the desired flow, a
sensitivity study was made, dealing with the following items in accending order:

• adjustment of upper head bypass flow using the servo valve option,
• servo valve was replaced by single junction; orifice area at the bypass path was increased,

junction loss coefficient was modified,
• adjustment of the steam generator water levels in the secondary side, to exclude the

oscillations on the secondary side,
• renodalization of bypass volumes, introducing the more accurate description of flow path,
• modification of junction loss coefficients in the upper head bypass, guide tube and upper

head,
• modification of junction flags, the countercurrent flow limiting (CCFL) model was

excluded,
• unrealistic increase of the bypass flow area and unrealistic setting of bypass and guide

tube hydraulic losses to zero value,
• studying the reactor vessel input separately,

The above model modifications could not restore other then zero bypass flow value when
reaching the steady state conditions. This is an unphysical condition. Parallel flow through
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downcomer and upper head of the reactor vessel should be established, considering they
represent pipes with different cross sections connected in parallel. Under nominal pump
rotation speed 2940 rpm (BETHSY test 9.1.b, ISP-27), there were no problems to establish
the upper head bypass flow. Therefore a numeric error was suspected when low forced RCS
circulation was operating. The incorrect calculation of the bypass flow could also be one of
the main causes for incorrect prediction of the second part of the transient following the loop
seal clearance.
The transient was calculated from initial conditions listed in table 1 (several hundred seconds
of steady state run). Steady state was reached after implementing the initialization process
several times.

Table 1: Test 6.2 TC initial conditions
Parameter

core power, kW
pressurizer pressure, MPa
pressurizer level, m
pumpl rotation speed, rpm
core inlet temp., K
core outlet temp., K
primary coolant inventory, kg
steam generator pressure, MPa
steam generator water level, m
feedwater temperature, K
upper head temperature, K
heat loss, kW
total flow, kg/s -

downcomer to upper head flow,
kg/s / %

measured

2863 ± 30
15,38 ±0,15
7,45 ± 0,2
238+0,15
557,2 ± 0,4
588,2 ±0,4
1984 ±50

6,84 ± 0,07
11,1+0,05
523,1 ±4

577,0
54,82

16,81 (calculated
from core power)

0,047/0,28

REIAP5/MOD3.2

2864
15,38
7,45
250,2
557,7
588,3
1948
6,78
12,1
523

583,2
75

• 1 6 , 9 1 . ' ^ ' " - •

0,0 / 0,0

Transient analysis with Nuclear Plant Analyzer (NPA)

To get a general wiew of the sequence of events that occur during transient, a graphical
representation can be very helpful. Therefore a mask for the BETHSY facilility was built,
considering the base nodalization sheme. To visualize the results from calculations the
program Nuclear Plant Analyzer (NPA) was used, which was developed at the Idaho
Engineering Laboratory [3].
During the graphical representation of a transient, the colors of the core heat structures were
determined by the fuel temperature scale. The colors of the hydrodynamic objects were
determined by the thermodynamic properties of the two-phase flow. For example, green
(dark) color defines 0% void fraction (subcooled water), whereas white color defines 100%
void fraction (saturated or superheated single-phase steam). Every object on the mask can be
clicked to show instantaneous information about void fraction, fluid temperature, gas
temperature and saturation temperature.

Some major phisical phenomena are depicted in NPA plots of the BETHSY mask, shown in
Figures 1 and 2. The figures present the reactor coolant system (only the first loop is
presented) at different times of the transient, obtained from RELAP5/MOD3.2 simulation.
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After the break opening the upper part of the RCS was gradually filled with steam. The liquid
seals on the left side of the break (downflow side of the cold legs) and on its right side
(reactor vessel) were established, preventing the steam from the core region to flow along the
loops toward the break. The pressure buildup in upper parts of the RCS caused the voiding in
the cold legs from the SG side and in the reactor vessel, until the lowest point of the cold legs
loop seal was reached. Then the loop seal clearance occurred, causing the fast increase in the
core liquid level. The situation just before loop seal clearance is shown in Figure 1, when the
minimum core liquid level was established.
The second core uncovery occurs 380 seconds after the break initiation. The downflow side of
the cold leg was completely drained after the loop seal clearance, whereas some amount of
the liquid can be found in the upflow side of the cold legs (Figure 2). Loop seal clearance
evolution can be well presented by the differential pressure behaviour of the upflow side of
the cold legs. The comparison of the calculated data with experiments, depicted in Figure 3,
showed that a complete draining of the loop seal was delayed for about 300 seconds in the
calculations. The remaining liquid in the cold legs has a direct impact on the lower second
core liquid level depression (Figure 10). Finer nodalization of the upflow side of the cold leg
loop seal was not employed, since it was reported to be ineffective [4].

Comparison of the transient simulation with experimental data

A comparison between experimental results and RELAP5/MOD3.2 calculations was also
performed. Some basic parameters describing the evolution of key transient phenomena are
shown in Figures 4 through 9. The calculation results showed that occurences and trends of
the main physical phenomena were well predicted, however the simulation accuracy was not
satisfactory.

In Figure 4 the calculated and measured time integrated break mass flows are compared. The
integrated break flow was overpredictred after the loop seal clearance (LSC), probably due to
overestimation of the two-phase break discharge coefficient. Slight overprediction can be
observed between 200 and 1000 seconds of the transient.
Figure 5 shows that the agreement between measured and calculated primary pressure is
reasonable during the whole transient.
Pressure behaviour on the secondary side of the steam generator 1 is shown in Figure 6. After
the opening of the relief valve the secondary pressure decreased because of the energy loss in
the environment. The calculation agreed reasonably with the experiment. However slight
overprediction after 200 seconds can still be observed, due to incorrect heat transfer
prediction between primary and secondary side.
The timing of accumulator injection showed very good agreement with the experimental data,
because of the correct.simulation of primary pressure drop (Figure 7).
The primary mass inventory agreed well with experimental data until LSC, then larger
decrease of primary mass inventory can be observed (Figure 8), due to overprediction of the
break flow. The break flow overprediction continues after 1000 seconds, which contradicts
the integrated break flow results. The reason could be experimental uncertainty of the primary
mass inventory.
The behaviour of the core liquid level during the transient is shown in Figure 9. Minimum
liquid level in the core, just before loop seal clearance, was 0.2 m deeper and 17 seconds
delayed in the simulation than in the experiment (135s after break initiation). However
relatively reasonable agreement can be observed. On the other hand a large deviation from
experimental data occured after LSC. Simulation showed earlier and 1 m deeper second core
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uncovery, due to delayed LSC. Furtheremore, several minor core level depressions occurred
until the end of the transient. Simulated core level, after accumulator injection until the start
of the last level depression, was aproximately 30 cm below the experimental value. Such
discrepancy indicates the incorrect distribution of the mass inventory in the primary system.
The remained mass during this period was found in the cold legs 2. and 3. using NPA
visualisation.
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Figure 4: Integrated break mass flow
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Parametric study

Critical break flow [5] and downcomer to upper head bypass flow [6] were expected to have
great influence on the core liquid level behaviour. Therefore a parametric study was made to
evaluate the impact of the break dicharge coefficients and the upper head bypass path to the
transient scenario.
Critical break flow adjustment affected mainly the first part of the transient until the second
core liquid level depression as shown in Figure 10. Increased two-phase dicharge coefficient
from 0.8 (DC-base) to 1.2 (DC-increased) caused faster and deeper first core liquid level
depression", thus considerably improved prediction comparing to the measured data. However
the second core level depression was not improved.

4

3,5

3

DC-base (0.8,0.8,0.95)

- - - - DC-increased (0.85,1.2,0.95)

— measured

1000
Time (s)

1500 2000

Figure 10: Comparison of the core liquid level; influence of the break discharge coefficients

The impact of the upper head bypass junction (represents the orifice area at the bypass path)
on the behaviour of the core liquid level is shown in Figure 11. The influences of junction
cross section area and junction loss coefficient were studied. The values for the junction area
and the junction loss coefficient for the base, increased and the decreased case are listed in
table 2. None of the junction modifications showed major differences. Especially the first part
of the transient remained unchanged, whereas some minor discrepancy can be observed after
the second core level depression. This contradicts conclusions from references [7],[8]. The
main cause could be zero initial steady state bypass flow.

200 400 600

Time (s)

Figure 11: Comparison of the core liquid level (break disch. coeff.: 0,85, 1,2, 0,95);
influence of the upper head bypass junction
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Table 2: Upper head junction modifications

base
increased
decreased

junction area cm'
19,1
35

2,454

junction loss coefficient
1,5
0

1,5

Conclusions

RELAP5/MOD3.2 predicts reasonably the evolution of major physical phenomena. However
significant disagreement with experimental data was found predicting the core collapsed liquid
level. The transient was analysed with graphical program Nuclear Plant Analyzer (NPA), which
was found to be very useful for detection of the incorrect mass distribution in the primary
coolant system. Some amount of the mass inventory detected in the cold legs of the loops was
one of the causes for underprediction of core liquid level after the accumulator injection. The
incorrect core liquid behaviour until accumulator injection was affected by delayed loop seal
clearance, which was still not resolved.
Some difficulties occurred during initialization of upper head bypass flow. RELAP5/MOD3.2
code was not able to establish any initial bypass flow, even after performing several sensitivity
calculations. The reasons for such unphysical condition were not well understood. Therefore
RELAP5 development team will be contacted to resolve the suspected deficiency of the code.
The modification of upper head bypass flow path showed no differences in the transient
prediction, due to zero initial steady state bypass flow.
Modelling of the critical break flow affected mainly the first 500 seconds of the transient
scenario. Increasing of the two-phase dicharge coefficient caused faster and deeper first core
level depression closer to the measured data. The discharge coefficients for the break junction
were adjusted to the values of 0.85, 1.2, 0.95 for subcooled water, two-phase flow and
superheated vapor, respectively.
To resolve incorrect initialization of bypass flow, a new version of the RELAP5 code will be
used. Our further study will deal with investigation of the flow paths in the reactor vessel
(especially upper head flow path), suspecting to be the main reason defining the accuracy of the
second phase of the transient.
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Abstract

The International Atomic Energy Agency Standard Problem Exercise no. 3 (IAEA-
SPE-3), simulating the event initiated by a rupture in the horizontal steam generator hot
collector, was performed on the PMK-NVH integral test facility in Budapest in 199O._.Jhe^
PMK-NVH facility, a model of WER-440 nuclear power plant, has been analyzed using
the latest released version MOD3.2 of the RELAP5 thermal-hydraulic computer code.
Main goals of the analysis were to study the adequate modelling of the horizontal steam
generator in the PMK-NVH facility and gain experiences for modelling WER-440 plants
with the RELAP5 code. The emphasis was given to the modelling of the secondary side,
since this has been recognized as a deficiency in RELAP5 code. Besides, several attempts
have been made to tune the rupture flow, because it is understandable that the correct
prediction of the leak mass flow and void fraction is of the greatest importance for
modelling any of the loss-of-coolant accidents.

Introduction

In late 1980's International Atomic Energy Agency (IAEA) sponsored the
construction of PMK-NVH integral test facility, a model of Hungarian Paks NPP,
VVER-440 type, and started an international research program on safety of VVER-440
plants. Among other experiments performed on this facility, some were SGTR type,
with the rupture located in the SG hot collector. An experiment initiated by a rupture
corresponding to 19.4 % of the SG hot collector cross-sectional area was chosen as the
IAEA Third International Standard Problem Exercise (SPE-3) [1]. The presented work
deals with RELAP5 simulation of the above mentioned hot collector rupture
experiment. While SPE-1 [2] and SPE-2 [3] experiments, performed on the PMK-NVH
facility were Small Break Loss-of-Coolant Accident (SB LOCA) type, the SPE-3 gave
an opportunity to assess RELAP5 [4] capabilities to predict a SGTR-type accident
behaviour in VVER-440 plants.
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Experiment description and facility model

Figure 1: Axonometrical view on the PMK-NVH facility

PMK-NVH is a 1:2070 volumetrically scaled down, full height (except for the
lower plenum and pressurizer), full pressure and full scaled power integral test facility
(Figure 1). On the secondary side the steam/water ratio is kept as in the original VVER-
440 plant. The reference plant, Hungarian Paks NPP is a 6-loop PWR (VVER-440), but
the model is only 1-loop. Since PMK-NVH is a relatively small-scale facility, the
conclusions brought for the SPE-3 experiment can be considered only qualitatively
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valid for real VVER-440. PMK-NVH being a 1-loop model it can not be used to study
asymmetrical transients.

The IAEA-SPE-3 experiment, simulating a hypothetical hot collector rupture in
a VVER-440 plant, started from full-scaled power and full primary pressure. The most
important initial conditions, compared to the experimental values, as were achieved
before the experiment, are shown in Table 1. The "nominal" values in this table are
VVER-440 nominal operating conditions or calculated from the VVER-440 nominal
operating conditions, according to the scaling ratio, where applicable. These values
were only considered to be an information and guide in the pre-test period.

parameter

primary pressure

loop flow

cold leg temperature

hot leg temperature

upper head temperature

core power

pressurizer level

HPSI temperature

HPSI flow - constant
(starts on SI signal)

accumulator no. 1 pressure

accumulator no.2 pressure

accumulator no. 1 level

accumulator no.2 level

steam generator pressure

steam generator level

feedwater flow

feedwater temperature

unit

bar

kg/s

K

K

K

kW

m

K

kg/s

bar

bar

m

m

bar

m

kg/s

K

nominal value

123

4.5

541

no data

no data

664

1.454

no data

no data

59

59

1.65

2.06

46

1.97

0.36

496

exp. value

125.2

5.24

534.8

559.3

539

700.5

1.18

293

0.028

58.4

58.7

1.44

1.83

45.9

2.11

0.38

.-.. , 4 9 L 8

R5/MOD3.2

125.2

5.24

534.8

560.8

539

700

...*» 1.18

293

0.028

58.4

58.7

1.44

1.83

45.6

2.11

0.375

491.8

Table 1: Initial conditions for the IAEA-SPE-3 test

The problems with modelling the SG secondary side appeared already during the
model initialization and stabilization [5, 6, 7]. The initial secondary pressure could not
be matched at the given cold leg temperature. Increasing the heat transfer area between
the primary and secondary side with simultaneous reduction of the SG tubes and both
collector thicknesses in order to preserve the correct material mass accommodated this.
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The initial primary AT was calculated considerably larger than the experimental value,
which could be explained by the measurement error.

Furthermore, the initial secondary pressure could not be matched at the given cold
leg temperature. This problem could be solved for steady state calculation with three
approaches. Either thermal conductivity of SG tubing material or the heat transfer area
between primary and secondary could be increased. The third possibility how to alter
the primary-to-secondary heat transfer could be changing heat structure hydraulic
diameters. The second approach was selected in the present analysis.

Results

Setpoints and the sequence of events, compared to the experimental values are
shown in Table 2. The "nominal" setpoints in the table are again taken or calculated
from the actual VVER-440 setpoints, or defined before the experiment.

parameter

rupture opening

steam generator isolation

reactor trip + HPSI initiation

pump coastdown initiation

SG pressure reducing valve opens

SG pressure reducing valve closes

SG safety valve opens

SG safety valve closes

accumulator no. 1 injection starts

accumulator no.2 injection starts

accumulator no. 1 closes

accumulator no.2 closes

test/calculation ends ••

setpoints

nominal

-

-

115 bar

95 bar

. 53 bar

49 bar

57 bar

no

59 bar

59 bar

0.25 m

1.35 m

-

experimental

0-0.1 s

0-4 s

100.5 bar

90 bar

52.6 bar

48.9 bar

56.3 bar

no

58.6 bar

58.6 bar

0.27 m

1.12m

2000 s

sequence of events (s)

exp.

0-0.1

0-4

44

51

18

117

54

no

78

78

1258

1258

1819

MOD3.2

0-0.1

0-4

35

47.8

22.6

111

41.7

no

84

84

1291

1259

2000

Table 2: Setpoints and sequence of events in IAEA-SPE-3 test

The rupture between the primary and secondary side was opened almost
instantaneously in the beginning of the transient. Rupture flow, depicted in Figure 2,
was measured at a Venturi nozzle, located in the rupture pipe, connecting the top of the
hot collector and the SG steam dome. The rupture was represented by a 3.8 mm orifice
in the rupture line. The break size was chosen so, that the timing of the events and the
phenomena should correspond to the transient initiated by a rupture in the real NPP hot
SG collector, with the opening of 11.9 % of the cold leg cross-section.
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Figure 2: Rupture flow
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Usually many of the calculational results can be explained observing primary
and secondary pressure evolution. During the initial period of the critical single-phase
rupture flow, before the reactor trip, primary pressure decrease was fast, as can be seen
on Figure 3, and almost instantaneously decreased to 65 bar after the reactor trip, which
occurred when the primary pressure dropped below 100.5 bar. The decay power after
the reactor trip was given by the organizers in table format, decreasing to 6% of.nominal
power (42 kW) in 30 seconds and reaching 16 kW value 1000 s after the reactor trip
signal. This was then kept till the end of the experiment.

EXP

MOD3.2

MOD3.2-nc

1
0 500

Figure 3: Primary pressure

1000

Time (s)

1500 2000
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A sharp pressure rise was observed on the secondary side after the secondary side
isolation at the beginning of the transient even in the experiment. Secondary relief valve
was opened in about 20 seconds, but its capacity was not enough to prevent further
secondary pressure rise. Some 30 seconds later secondary safety valve opened and reduced
the secondary pressure enough that the relief valve could close. The secondary safety valve
was assumed not to close any more, when once was opened. A sharp decrease in the
rupture flow between 50th and 60th sec of the transient indicates that it turned to two-phase,
since the primary coolant has reached saturation condition.

---MOD3.2

MOD3.2-nc

500

Figure 4: Secondary pressure

1000

Time (s)

1500 2000

During the initial period of 50 seconds the energy transferred from the primary to
secondary side in RELAP5/MOD3.2 calculations was estimated to be around 30% less
than estimated from the experimental data. This originated in the way of rupture line
modelling, wrong pressure and void distribution along the line. The flashing did not occur
at the right position in the primary system, so the steam bubble started growing in the
reactor vessel upper head, which caused wrong primary inventory distribution and
influenced the sequence of all the events in the calculation and several important primary
and secondary parameters.

In spite that other parameters from both RELAP5 calculations agree with
experimental values, reactor vessel level, shown in Figure 5, was not predicted very
accurately in any of the calculations. The second calculation, marked MOD3.2-nc, was
able to predict higher level in the reactor vessel since the rupture flow was kept lower.
Another speculation was made, that during that period cold hydro-accumulator water
escaped through the hot leg loop seal and stayed more in the loop seal and in the steam
generator tubes. Unfortunately experimental data about behaviour in loop seals are not
sufficient for more detailed analysis. Only collapsed levels were measured and the
transducer measuring cold leg loop seal level on the SG side failed before the
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experiment. All the rest transducers showed 100 % levels in both loop seals during the
first 1200 s of the transient. No quantities were measured in the SG tubes on the primary
side. The level measurement transducer in the reactor vessel upper plenum was also
failed, so only total vessel level and vessel upper head level measurement was available.

•EXP

-MOD3.2
!----MOD3.2-nc!

6 A-

0 500 1000

Time (s)

1500 2000

Figure 5: Reactor vessel level

The total flow through-the secondary relief and safety valves is shown in Figure 6. It
can be seen that especially after the relief valve closing after 100 s, the safety valve flow
had to be kept higher than in the experiment in order to govern primary and secondary
parameters close to the experimental results.

0.2 -r-

0 -

500 1000

Time (s)

1500 2000

Figure 6: Secondary valves flow
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Conclusions

Following the extensive analyses performed during the post-test phase of this
experiment, one can suggest that the RELAP5/MOD3.2 is capable of predicting the
processes during a SG hot collector rupture in the PMK-NVH facility satisfactorily.

The RELAP5 code was shown to be reasonably acceptable for modelling the
primary side of PMK-NVH or V VER-440, but would need to be improved for
modelling horizontal steam generators with no steam separators. In general the
development of the secondary parameters was matched satisfactorily. Problems were
encountered more in the initialization process, since flow patterns, void fractions and
mass of the secondary side were unknown.

Some more problems were seen already in the process of initial steady state
calculation. Adjustments in the model were necessary to tune the heat transfer between
primary and secondary side. However, MOD3.2 includes improved heat transfer
correlations for horizontal steam generators comparing to previous code versions, but
no significant differences were observed by switching on this model.

The problems with modelling VVER-440 or PMK-NVH steam generator arose
more clearly in the IAEA SPE-3 experiment, where steam generator was active during
the whole transient, than in SPE-1 and SPE-2 experiments, which modelled SB LOCA
events with isolated steam generator.
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1. Abstract

The ISP-27 transient scenario was implemented in the RELAP5 scaled-up model of small break loss of
coolant accident for the real NPP (Nuclear Power Plant) transient. Scenario was based on test 9.1b performed at

-the BETHSY experimental facility and involves a 3iameter 5.1 cm (2 inches) cold leg break without available
HPSI (High Pressure Safety Injection) and hypothetical delayed operator intervention for secondary system
depressuration. The objectives were !.» evaluate the ideal scaling up of the BETHSY facility for a real nuclear
plant and to compare and analyse the physical phenomena known from experimental background with the
phenomena predicted by RELAP5 simulation of the real NPP transient. Special attention was concentrated on
heat structures scaling.

2. Introduction

Evaluation of the prediction capability of large thermalhydraulic codes such as RELAP5
and of the safety margins of light water reactors are among the objectives of some
international research programs [5] as well as the US (Institute Jozef Stefan) research
program. The execution of experiments in integral test facilities simulating the behavior of a
NPP plays an important role in this connection both considering the system code assessment
and the possibility to identify and characterize phenomena relevant during off-normal
conditions.

During the past- years, a number of separate and integral effects test facilities have been
constructed. In general, the majority of experiments related to nuclear safety have been
performed in reduced scale test facilities, including full height and full pressure such is the
BETHSY facility. Numerical results have been usually compared with experimental data
obtained from such experimental facility and results interpreted in different way to a real NPP
[3], [4], [9].

The OECD International Standard Problem (ISP) program was settled to increase the
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confidence in the validity and accuracy of computer codes used for the safety assessment of
nuclear installations. Li most of these ISPs, attention has been paid to the thermal-hydraulic
behavior of light water reactors during loss-of-coolant accidents and transients; the OECD
ISP-27 test 9.1b is one of the representing (0.5% cold leg break, without HPSI and with
delayed Ultimate Procedure performed on BETHSY).

The objectives of this study were to evaluate the RELAP5 model of ideal scaling up of
the BETHSY facility proposed accident management procedure for a real NPP (ISP-27) and to
compare and analyze the physical phenomena predicted by RELAP5 simulation with the
phenomena known from the experimental background of a scaled down facility of real a NPP
transient. In this study we tried to estimate uncertainties occuring due to scaling up the input
of the mathematical model of the experimental facility. It was supposed that processes
involved in the transient of the experiment and of the real NPP may be described by a one-
dimensional mathematical model without loseing essential information.

In the test 9.1b, the 2" cold leg break is combined with the high pressure injection system
(HPIS) failure. In that case, the state oriented approach requires operators to start an ultimate
procedure, which consists of fully opening of the steam generator (SG) atmospheric dumps as
soon as they are informed of the unavailability of the HPIS. This allows the reactor coolant
system to depressurize down to the accumulator and low pressure safety injection threshold.
Consequently, the conditions required for stable residual heat removal system operation can
be obtained. The presently studied scenario assumes a delayed application of this procedure,
which is started only when the core outlet temperature rises significantly higher than the
saturation temperature.

Previous studies performed on this-field [7], [8] showed that transient behavior of a real
NPP cannot be easily defined by simply scaling-up the BETHSY experimental facility to the
real NPP. However, in transients where ID physical phenomena are dominant the results of
ideal scaled-up model should be very similar to the real plant. To improve those results we
made some modifications of heat structures and pressure drop adjustment of the loop. Passive
heat structures were scaled-up according to the RELAP5 scaled-up model (1:96.899) and heat
structure masses were increased by factor 9.84. The thickness of the heat structures remained
the same except on the pressure boundary where it was additionally increased by factor 9.84.
Because it appears that passive heat structures are important for good numerical prediction a
parametric study with different heat structure mass and heat transfer surface area was also
performed. All calculations were carried out by RELAP5/MOD3.2 code.

These analyses show that, if relevant scaling criteria of break, power and heat structures
are fulfilled and primary and secondary pressure are adjusted, the RELAP5 model of scaled-
up BETHSY* facility can provide the simulation that satisfactorily describes typical thermal-
hydraulic phenomena in real NPP.

3. RELAP5 modeling of the BETHSY facility

The BETHSY integral test facility is a scaled down model of a three-loop 2775 MWt
thermal power Framatome pressurized water reactor power plant. The overall scaling factor
applied to every volume, mass, and power level is 1:96.899, while elevations are preserved in
order to preserve the gravitational heads and to simulate the natural circulation phenomena
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[1]. Temperature and pressure in primary and secondary system remained the same. In
previous studies [6] a detailed RELAP5/MOD3.1 input model of the BETHSY experiment
was developed and very good agreement with experimental data for test 9.1b was obtained.
These results served as a reference calculation for pressure drop adjustment. All calculations
in previous and present studies were performed on SUN Sparcstation 20.

3.1 Scaling up BETHSY facility

Base BETHSY input was used and scaled up for the present study. To find the ideal
scaled up input model similar to the real plant, every volume, mass and power level was
increased 96.899 times from the BETHSY experiment. Two calculations were performed
using different scaling criteria for the horizontal parts of the hot legs of primary cooling loops
(Froud number and proportional volume scaling). In the first calculation 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, while in the
second calculation the proportional volume scaling criteria was applied. For the hot legs, the
BETHSY to PWR (Pressurized Water Reactor) piping length ratios are 1/L=(1/96.899)1/5, the
PWR piping length is L=l-(96.8991/5) and the elevation of the horizontal part is also preserved.
The BETHSY to PWR hot leg inner diameter ratio is d/D=(l/96.899)2/5, the diameter of PWR
is D= d-96.8992/5. For the primary coolant pump volumetric flow rate is increased 96.899

times and the cold leg fluid velocity is calculated according to new diameter, D.

3.2 Initial conditions

The thermal power of the BETHSY facility is limited to the decay heat power level - up
to the 10% scaled nominal reactor power. Therefore, in the 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 NPP core power following the reactor trip at full power
operation, reaches the scaled decay heat power level corresponding to the full initial power
operation. Furthermore, the ISP-27 power trip curve below the 10% scaled nominal power
limit, corresponds to the decay heat transient for scaled initial full power plant operation.
Initial temperature and pressure in the primary and secondary system should remain the same.
In this analysis two calculations were performed, which differ in applying Froud number for
the primary coolant piping. In the calculation where Froud number was not applied a total
pressure drop shows good agreement with reference calculation. However a total pressure
drop obtained in a scaled up loop, where the Froud number was applied, is higher then in the
reference calculation. This results in a lower mass flow rate in the primary system than
expected according to scaling ratios. Because of the changed geometry due to applying Froud
number, the mass of the reactor coolant system is slightly decreased. The full set of initial
conditions is presented in table I.
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Table I: Initial conditions of the RELAP5 model of the BETHSY facility for
the 2" SB LOCA transient

cold leg temperature (core inlet)

hot leg temperature (core outlet)

primary loop mass flow rate

pressurizer pressure

cold leg fluid velocity

cold leg Reynolds number

reactor coolant pump press, diff.

core thermal power

secondary side pressure

feedwater temperature

reactor coolant system mass

SG secondary coolant mass

core Reynolds number

Base
model

286.6 °C

290.5 °C

51.3 kg/s

155.1 bar

6.38 m/s

58.9-105

5.47 bar

2.864 MW

67.8 bar

218.0 °C

1.948 t

0.789 t

4.199-105

Scaled-up
(Froud num.)

286.7 °C

290.3 °C

5189.2 kg/s

155.1 bar

16.242 m/s

9.352-107

7.79 bar

2770.44 MW

68.9 bar

217.8 °C

181.76 t

77.1 t

4.15-105

Scaled-up
(vol. scaling)

286.7 °C

290.9 °C

5086.8 kg/s

155.1 bar

6.37 m/s

5.798-107

4.88 bar

2770.44 M W

68.8 bar

217.8 °C

193.834 t

77.1 t

4.16-105

the analysis of

Experiment

286.7 °C

292.18 °C*

50.0 kg/s

155.1 bar

6.22 m/s

57.7-105

5.74 bar

2.864 MW

69.1 bar

218.0 °C

1.96 t

0.820 t

4.051-105

* average value for three hot legs

3.3 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 simulte the scaled up coolant loss, the break area in the
BETHSY facility was scaled up in accordance to the ratio between RCS (Reactor Coolant
System) mass inventories of the Framatome NPP and BETHSY facility (1:96.899). The
diameter of the scaled up break area is D=9.84-d. Introducing this break area ratio, comparable
coolant losses were obtained (fig. 4 and 5).

3.4 Scaled up model for the RELAP5 code

The analysis of SB LOCA in the real NPP considering the ISP-27 scenario was performed
by MOD3.2 computer code [2]. Two calculations were performed applying two different
scaling criteria for a primary cooling piping (Froud number for hot legs, hot legs volume
scaling). To find the ideal scaling of the BETHSY model, every volume, mass and power
level were increased by factor 96.899 whereas elevation and heights remained the same. A
relatively detailed three loop model was developed containing 398 volumes, 408 junction and
396 heat structures with 1554 mesh points.
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• Pressure vessel: The cylindrical core of the NPP model is composed of 42800 rods which
is 100 times more than in the BETHSY facility.

Hydraulic diameters of the core with rods remain the same. The spacer grids have the
same elevation as in BETHSY.

The core bypass volume is scaled-up, where the hydraulic diameter is calculated
according to annulus geometry. In the BETHSY data base the bypass hydraulic diameter
values are prescribed.

• Primary coolant piping: In the calculation with Froud number criteria, all diameters in
primary coolant piping are scaled D=d-96.8992/5 (d=0.118m, D=0.735m) in order to
simulate as well as possible the phenomena relevant to the countercurrent flow, transition
regimes and stratified flow. In theory when combining the Froude criterion with volume
scaling, the horizontal part of the piping length is found to be L=l-96.8991/5 and the length
of vertical parts and elevation is kept. A diameter D is preserved in all vertical components
of primary coolant piping. Froude number could not be preserved in such circumstances.

• Pressurizer and surge line: The pressurizer volume is scaled-up, while elevation and
length are kept. A new hydraulic diameter for the surge line is calculated from the ratio of
D(surge line)/D(hot leg) which has to be preserved. The scaled-up cross area of surge line
is found from a diameter ratio not from volume scaling. The lengths and elevations remain
the same as in BETHSY.

• Steam generator: U-tubes lengths and diameters are the same as in BETHSY. The number
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 are scaled-up
without changing pump head. The similar is valid for low pressure safety injection pump,
feedwater pumps and steam dump capacity.

• Accumulators: Accumulator volumes are scaled-up, while elevations, lengths and water
levels are preserved.

• Heat structures: Heated rods and U-tube heat structures were changed increasing their
numbers for a 100 times. Passive heat structures were scaled-up according to the RELAP5
scaled-up model (1:96.899) and heat structure masses were increased by factor 9.84. The
thickness of the heat structures remained the same except on the pressure boundary where
it was additionally increased by factor 9.84.

4. Results

This study analyses scaling criteria and evaluates the scale-up capability of the code
RELAP5/MOD3.2. Figures 1 through 8 depict a comparison between experimental data of
BETHSY facility and two calculations of RELAP5/MOD3.2 code differing in different
scaling criteria (proportional volume scaling and Froud number criteria).

Reasonably good agreement was obtained for most of the variables observed. Primary
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pressure and secondary side pressure on figures 1 and 8 are in very good agreement with
BETHSY model results. Faster pressure decrease is observed in the calculation where the
Froud number criteria for hot legs is used. Figure 7 depicts the core collapsed level that is in
very good agreement for the first 40 minutes of the transient time. The core remains
uncovered for about 25 minutes which was not the case in the experiment. The mixture level
reaches the top of the core roughly 5 minutes after the accumulator injection starts. Loop seal
clearance happened around 65 minutes of the transient time. An inapropriate heat
accumulation model could be again important for the core level oscillation and loop seal
clearance prevention. The clad temperature on figure 2 directly reflects the core level
behavior. The calculated timing of the clad temperature is well predicted over all calculated
domain except in the area of reflooding where prediction delays. The maximum value reaches
up to 1200 K, which is questionable.

A void fraction depicted on figure 3 is important for the correct break flow prediction.
The agreement with experiments is satisfactory, especially for the first 60 minutes of the
transient.

Figures 4 and 5 depict a break mass flow rate and integrated break discharged mass,
respectively. Disagreement after 70 minutes of the transient apppears due to an incorrect
subcooled critical flow model in RELAP5/MOD3.2, when the primary system is flooded with
cold water from the low pressure safety injection.

Figure 6 depicts the downcomer mass flow rate. This variable represents initial conditions
of the flow fate in the downcomer. Calculated values are in good agremeent with experimental
data.
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5. Conclusions

• Ideal enlargement of the three-loop BETHSY facility model to the real NPP size (1:96.899)
and comparison with the associated ISP-27 transient scenario shows, in general, reasonably
good agreement with experimental data especially for the first 40 minutes of the transient.

• RELAP5/MOD3.2 models of the seal-up BETHSY facilities seem to preserve similarities
reasonable satisfactorily. Discrepancies appearing due to different scaling criteria
(proportional scaling and Froud number) are notable. The agreement between experimental
data and calculated results is better when Froud number is not applied for hot legs. The
reasons probably lie in unfulfilled conditions for Froud number and other scaling criteria.

•' - The analysis shows that the predictions of the models with scaled heat structures are better
and less oscillated then the predictions of the models without scaled heat structures
performed in previous studies.
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ABSTRACT - The US NRC developed a generic methodology called Code Scaling, Applicability, and
.Uncertainty (CSAU) to evaluate uncertainties of best estimate codes. If peak cladding temperature (PCT) is
selected as primary safety criterion, the analysis has to prove that, within the uncertainty range of relevant input
parameters, the 95th percentile value is lower than the maximum allowed value. The purpose of a PCT response
surface generation in the paper was to determine if response surface approach is suitable for specific SB LOCA
application of CSAU. The results showed that with varying number of calculated points there was a difference in
95th percentile value of the order of 10 K. If additional input parameters were considered, the number of
calculations necessary to obtain a reliable value of the 95th percentile PCT would increase and the response
surface approach within the CSAU methodology may therefore not be appropriate in certain cases.

INTRODUCTION

In September 1988, the US Nuclear Regulatory Commission (US NRC) revised the
emergency core cooling system licensing rules to allow the use of best estimate computer
codes, provided the uncertainty of the calculations is quantified and used in the licensing and
regulation process. The key feature of this licensing option relates to quantification of the
uncertainty in best estimate safety analysis and inclusion of this uncertainty when comparing
calculated results with safety criteria specified in 10 CFR 50. The US NRC developed a
generic methodology called Code Scaling, Applicability, and Uncertainty (CSAU) to evaluate
uncertainties of best estimate codes [1]. If peak cladding temperature (PCT) is selected as
primary safety criterion, the analysis has to prove that, within the uncertainty range of relevant
input parameters, the 95th percentile value is lower than the maximum allowed value. A PCT
response surface as a function of input parameters is usually developed and used as a
replacement of the computer code for subsequent statistical analysis.

In Europe, other methods were developed at Gesselschaft fur Anlagen und Reaktorsicherheit
(Germany), University of Pisa (Italy), Atomic Energy Authority Winfrith (UK) and
Commissariat a I'Energie Atomique (France). These methods are the follow-up of wide
international research programs completed in the last 30 years [2]. Although much work has
been done to date, applications of uncertainty methods to nuclear power plant calculations
(NPP) are still quite rare. A response surface approach has been followed in the applications
of CSAU performed up to date [1, 3,4].

Proceedings of 4th Regional Meeting Nuclear Energy in Central Europe, 1997 605



The purpose of the present work was development of a PCT response surface as a function of
two significant parameters to determine if response surface approach is suitable for specific
small-break loss-of-coolant accident (SB LOCA) application of CSAU. The selected scenario
was SB LOCA with a 5.08 cm (2") cold leg break in a two-loop Westinghouse pressurized
water reactor (PWR), with one train of safety injection and auxiliary feedwater system
available similar as in Ref. [5, 6]. The scenario was selected with the criteria that it should be
a small-break loss-of-coolant accident and of severe consequences, i.e. with core heatup. The
core heatup was identified as being of importance since the study in Ref. 1 recommended that
subsequent studies should define a more indicative measure of accident severity, for the
purpose of sensitivity studies. The scenario was simulated with the RELAP5/MOD3.2
computer code.

GENERAL DESCRIPTION OF SCENARIO

The selected NPP is a two-loop PWR plant with U-tubes steam generators. The selected
scenario is a 5.08. cm (2") cold leg SB LOCA. From emergency core cooling system
components two accumulators, one high pressure safety injection (HPSI) and one low pressure
safety injection pump are available. The auxiliary feedwater (AFW) is available too.

During the accident important phenomena occur in the nuclear power plant. The NPP is
divided into components. In each component important phenomena and processes take place.
The transient was divided into five phases: subcooled blowdown, two-phase natural
circulation, reflux condensation, loop seal clearing, core reflooding and long-term cooldown
[7].

It is assumed that the operator acts according to the emergency operating procedures. For that
reason the operator actions are incorporated in the simulation. There are only a few operator
actions required.

The transient is initiated by the opening of a 5.08 cm break in the cold leg. The pressure starts
to drop. The reactor trips on pressurizer low pressure signal. When safety injection signal is
actuated, HPSI pump and AWF pumps are actuated. When the pressure drops below 9.9 MPa,
the reactor coolant pumps are tripped manually. Accumulators are actuated at 4.93 MPa.

METHODOLOGY FOR RESPONSE SURFACE GENERATION

In the selected scenario, the heat transfer coefficient (HTC) and decay heat were varied over
assumed uncertainty ranges. The HTC was multiplied in the RELAP5/MOD3.2 source code
by a HTC multiplier, whereas varying the fission product yield factor (FPYF) in the input file
modified decay heat. Simulations were performed for values of HTC multiplier from 0.75 to
1.25, and values of FPYF from 0.9 to 1.1. Totally, 55 calculations were performed with
RELAP5/MOD3.2 code. A PCT response surface was then generated by a linear interpolation
scheme. For linear interpolation scheme the following equations were used:

PCT(x, v .) = '+1 7 ; _ ^ - ^ [ x - x,] + PC7(x,, y.
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xi+\ xi

Combining Eq. 1 and Eq. 2 we get final expression for linear interpolation of PCT as a
function of HTC and FPYF:

PCT(x, y) = / ; + 1 _ K-^-\y - yj]+ PCT(x, y,), (3)
^y + l y j

where: xi - i'h value of heat transfer coefficient (for i = 1,2... 11),

yj - j ' h value of fission product yield factor (for j — 1,2...5),

xt <x<xM and yj<y<yj+1.

PCT(x, y) — peak cladding temperature as a function of heat transfer

coefficient (x) and fission product yield factor (y)

We are interested in knowing what fraction of the surface exceeds any given value for PCT;
this produces the cumulative distribution function. For a complex surface the usual procedure
is to randomly pick values of the x and y and calculate the PCT. In order to produce a decent
estimate of the probability distribution function from the response surface we must sample the
surface in statistically acceptable way. The Monte Carlo sampler was used with a 100000
histories and assuming uniform distributions of HTC multiplier and FPYF.

RESULTS

The results of calculated break flows, cladding temperatures and core collapsed liquid levels
where FPYF was varied at HTC=1.05 are shown on Figs. 1, 2 and 3, respectively. We noticed
that in the considered accident scenario, the duration of the interval during which the reactor
core is uncovered and the depth of core uncovery mainly determine the PCT. From Fig. 2 is
seen that PCT is not directly dependent on FPYF. The same holds for HTC. From Table 1 we
can see that this relation is more complicated. Core heatup starts when certain minimum level
(in our case around 3.9 m) in the core is reached. At that level in RELAP5/MOD3.2 saturated
film boiling or single-phase vapor or supercritical two-phase convection heat transfer modes
are reached. Normally, loop seal clearing terminates maximum core uncovery, as liquid is
displaced into the reactor vessel, which is followed by refilling of the core and quenching of
the fuel rods. Loop seal clearing is controlled by a combination of interphase friction, wall
friction and gravitational pressure drop", as well as break flow and actuation of auxiliary
systems. The break flow depends on upstream flow- conditions, on which heat transfer
coefficient and decay heat exert a strong influence. The break flow influences the system
depressurization rate, which in turn determines the actuation and functioning of auxiliary
systems. The results in Table 1 show that the highest values of PCT were not observed at
lowest values of HTC and highest values of FPYF due to complex interaction mechanisms
between different phenomena. On Fig. 2 we can see that PCT for FPYF=1.0 is much higher
than for FPYF=1.1. In this special case loop seal clears and stays cleared for 400 s. During
loop seal being cleared the break flow changes from gas to liquid what cause another level
depression in the core (full line on Fig. 3). Normally, after loop seal clearing refilling of loop
seal starts and the level in the core is recovered. The local extremes show us that calculation
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Fig. 1: Break mass flow as a function of FPYF at HTC=1.05.
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Fig. 2: Cladding temperature as a function of FPYF at HTC=1.05.
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Fig. 3: Core collapsed liquid level as a function of FPYF at HTC=1.05.

of PCT is very uncertain and that for HTC and FPYF parameter variations the calculation of
PCT by RELAP5/MOD3.2 is not smooth.
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Table 1: Calculated peak cladding temperature (K) as a function of HTC and FPYF.

xi=0.75
x2=0.8
x3=0.85
x4=0.9
x5=0.95
X 6 = l

x7=1.05
X 8 = l . l

x9=1.15
xio=1.2
xn=1.25

yi=0.9
1044
992

1026
982

1052
990

1004
1011
989
973

1109

y2=0.95
990

1009
1047
1026
1049
1065
1015
1011
1015
993

1010

Y 3 = l
1033
1178
1153
1002
1002
1043
1178
1021
1016
1010
1035

y4=1.05
1062
1149
1053
1025
1034
1059
1052
1098
1036
1021
1003

Y 5 = l . l
1092
1229
1081
1055
1074
1046
1087
1021
1028
1041
1075

x - heat transfer coefficient, y - fission product yield factor

For linear interpolation, two grid densities were used, normal (11 rows and 5 columns) and
coarse (6 rows and 3 columns). For Monte Carlo sampling 100000 histories were used. On
Figs. 4 and 5 is shown history study for the response surface. We can see that variability in the
mean value PCT and 95%>CT was less than 0.5 K.
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Fig. 4: History study for mean value of PCT Fig. 5: History study for 95th percentile PCT

The process of response surface generation was carried out with two different grid densities of
input parameters. The results for normal and coarse grid densities are shown on Figs. 6 and 7.
The full line represents the probability density function for normal grid (55 calculations) and
the-dotted line for coarse grid (18 calculations). We can see that coarser two-dimensional grid
caused different value of mean value and 95th percentile PCT of the order of 10 K. Exact
values are shown in Table 2."

Table 2: Estimate of SB LOCA uncertainties

Mean Value of PCT

95th percentile PCT

average value of PCT calculated with RELAP5/MOD3.2

minimal value of PCT calculated with RELAP5/MOD3.2

maximal value of PCT calculated with RELAP5/MOD3.2

normal

1046 K

1137 K

1045 K

973 K

1229 K

coarse

1060 K

1124K

1063 K

989 K

1178K
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Clearly, the finding from Table 2 indicate that mean value and 95th value depend on the
number of calculated points. The difference in results is 13 K. On Fig. 6 we can see the
difference between normal and coarse range for probability distribution function. It is because
of minimal and maximal calculated PCT, used in the response surface generation.
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RESULTS DISCUSSION

The RELAP5/MOD3.2 calculations of PCT showed us that with increasing or decreasing the
HTC or FPYF the PCT did not change correspondingly. The time of core heatup is rather
short comparing to the transient duration. However only during the time interval of core
unco very the core heats up. As the behavior of cladding temperature is not such as expected
we can not completely rely on the calculations, especially to local extremes. On the other
hand, the main purpose of this analysis was response surface generation, which determine
uncertainty. Uncertainty analysis was done even if some results were not logical.

A PCT response surface was generated with a Monte Carlo method by using a linear
interpolation scheme and assuming uniform distributions of HTC multiplier and FPYF. The
process was carried out with two different grid densities of input parameters. It was found out
that a coarser two-dimensional grid might cause different value of the 95th percentile PCT of
the order of 10 K. If additional input parameters were considered, the number of calculations
necessary to obtain a reliable value of the 95th percentile PCT would exceed available
resources. The response surface approach within the CSAU methodology may therefore not be
appropriate in certain cases. However, in our case the result did not change significantly with
less calculations of PCT.

CONCLUSIONS

The calculations showed that local extremes of PCT appeared. The highest values of PCT
were not observed at lowest values of HTC and highest values of FPYF due to complex
interaction mechanisms between different phenomena. Because of this the response surface
was generated with normal and coarse two-dimensional grid. Analysis showed that results
depend on the number of calculated points (grid density). In our case the difference in final
result was 13 K between analysis with 18 and 55 calculation points. For response surface
generation the linear interpolation scheme was used. The multiple regression was not useful
for response surface generation because of local extremes of PCTs.

If additional input parameters were considered, the number of calculations necessary to obtain
a reliable value of the 95th percentile PCT would increase and the response surface approach
within the CSAU methodology may therefore not be appropriate in certain cases. For response
surface generation new method should be developed since linear interpolation is limited on
two dimensions and multiple linear regression is not able to fit local extremes. The method
based on optimal statistical estimator was proposed for response surface generation. When
additional number of input parameters" is considered some compromise between number of
calculated points and reliable value of 95th should be done.
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ABSTRACT - Containment response during a large-break loss-of-cooiant accident scenario in a two-loop
pressurized water reactor was simulated with the computer code CONTAIN. The transient in the primary
system was first simulated with the computer code RELAP5. The calculated coolant release through the break
was then included in the CONTAIN input model. Pressure and temperature responses were analyzed. The
sensitivity of the obtained results to different modeling of heat transfer to containment structures, coolant
condensation on structures and liquid coolant distribution was also investigated.

INTRODUCTION

CONTAIN is a computer code developed by Sandia National Laboratories under US
Nuclear Regulatory Commission sponsorship to provide integrated analysis of containment
phenomena in nuclear power plants. One of the major design objectives of CONTAIN is to
provide reasonable predictions of containment transient response during the course of severe
accidents and selected design basis accidents. The code includes atmospheric models for
steam/air thermodynamics, intercell flows, condensation/evaporation on structures and
aerosols, aerosol behavior and gas combustion.

In a containment design basis event of loss-of-coolant accident (LOCA), mass and energy
are released from the reactor coolant system through the postulated pipe break to the
containment. These releases continue over several phases including blowdown, refill,
reflood, and post-reflood phases. In this work, the code CONTAIN 1.2 (Murata et al., 1989,
and subsequent additions) was used to simulate the containment response during a cold leg
large-break (LB) LOCA in the Krsko (Slovenia) two-loop Westinghouse pressurized water
reactor. The transient was first simulated with the computer code RELAP5/MOD2. The
calculated releases of coolant mass and energy through the break were then included in the
CONTAIN input file. Containment response was simulated for the first 1000 s of the
transient. The influence of containment backpressure on the course of the simulated LB
LOCA was not considered within this work.

The purpose of the present work was twofold. The primary objective was to analyze pressure
and temperature responses. The secondary objective was to assess the sensitivity of the
calculated results to various modeling options, such as heat transfer to containment
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structures, coolant condensation on structures and liquid coolant distribution. Analyses of
simulation results enable one to significantly improve the understanding of containment
phenomena under postulated LB LOCA conditions.

INPUT MODEL

Compartments

The containment of the Krsko NPP was modeled as consisting of the following
compartments (fig. 1 and table 1):

1. Containment main compartment (including dome region)
2. Annulus
3. Environment
4. Reactor cavity
5. North steam generator compartment
6. South steam generator compartment
7. Pressurizer compartment

3-OT

7

SGP_S

6

93.44
SUMP
u

H9.2

5
SOP N

FIGURE 1. Containment compartments and flow paths.
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TABLE 1. Compartment Volumes and Heights

No.

1
2
3
4
5
6
7

Compartment Name

Main Compartment - Dome Region
Annulus
Environment
Reactor Cavity
North Steam Generator Compartment
South Steam Generator Compartment
Pressurizer Compartment

Volume
(m3)

41133
9856

1.E+10
138

1152
1194
330

Height
(m)

63.3
64.0
1000
13.1
23.1
26.2
14.3

Although the geometrical configuration seems rather simplistic, the containment of the
Krsko NPP does not justify a nodalization with more compartments. As the containment
may be modeled with different degrees of accuracy, the proposed geometric characteristics
of the input model are by no means fmal and will perhaps be modified in the future after a
more detailed inspection of the containment documentation. However, as CONTAIN is a
zero-dimensional code which uses relatively simple models for physical processes (for
example, thermal stratification in compartments cannot be modeled), a too detailed
nodalizaton is beside the point. Namely, simple physical models introduce a much greater
uncertainty than the coarse modeling of the containment and its internal structures.

Flow Paths and Engineering Vents

Six flow paths and 16 engineering vents were taken into account in the input model.
Connections between compartments are shown on fig. 1 (each connection may represent
several flow paths or engineering vents).

Heat Structures

The following heat structures were taken into account (Krsko NPP USAR, 1995):

containment vessel cylinder and dome,
shield building cylinder and dome,
polar crane,
miscellaneous equipment,

- piping,
electrical equipment,

- HVAC,
platforms,
embedments,
refueling canal,
interior concrete.

Heat structures were distributed among the main compartment, steam generator
compartments, pressurizer compartment and reactor cavity. The characteristics of heat
transfer structures (material, geometry, thickness) were taken from the Krsko NPP USAR
(1995).

Proceedings of 4 Regional Meeting Nuclear Energy in Central Europe, 1997 615



Engineered Safety Systems

Four fan coolers and 2 spray systems were modeled. Sprays are initiated when the
containment pressure reaches 2.586 bar (Krsko NPP USAR, 1995).

Physical Models

Altogether, four simulations were performed with different inputs. In the base case
simulation, the following options were selected:

flow inertial model,
- default natural convection correlations (heat transfer to structures),

vapor condensation on surfaces of heat structures,
liquid coolant is dispersed in the containment atmosphere.

All other processes were modeled using the CONTAIN default options.

The other three simulations were performed with the following separate modifications of the
input to assess the influence of different modeling:

Heat transfer to structures calculated with natural convection correlations from
Rohsenow et al. (1985). The main difference from the default model is that the cases
of vertical wall and horizontal wall with a destabilizing density gradient are not
treated as being exactly the same.

Coolant does not condense on the surfaces of heat structures.

Liquid coolant drops instantly from flowpaths to the containment pools.

Initial Conditions

The initial pressure in the containment was assumed to be 1 bar. The initial temperature of
the containment atmosphere and heat structures was equal 323.15 K, except for the reactor
pressure vessel, steam generators and pressurizer, whose initial surface temperature was
equal 343.15 K.

Boundary Conditions - Modeling of LB LOCA

A LB LOCA was simulated separately from the CONTAIN simulation with the
RELAP5/MOD2 computer code. Results were then included in the CONTAIN input model.
Recently, some codes which enable coupling of simulated processes in the primary system
and containment have been developed (Smith et al., 1995; Kwon et al., 1997). However, in
the present work, the influence of containment backpressure on break flow from the primary
system was not taken into account.

The selected LB LOCA transient scenario has already been simulated by Mavko et al.
(1993). A double-ended cold leg guillotine break occurs between the reactor vessel and the
reactor coolant pump. The break size is equal to 40% of the full cold leg cross section. Two
high pressure safety injection systems, one low pressure safety injection system and two
accumulators are available. The input model for RELAP5/MOD2 consists of 181 volumes,
193 junctions and 145 heat. Initial and boundary conditions are shown in table 2.
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TABLE 2. Initial and Boundary Conditions for LB LOCA Simulation

Initial reactor power 100%
Maximum linear heat rate for average rod 27.9 kW/m average rod
Maximum linear heat rate for hot rod 42 kW/m
Axial power profile chopped cosines
Location of break cold leg between reactor vessel and pump
Start of safety injection 12 s delay on SI signal
Number of HPSI available 2
Number of LPSI available 1
Accumulator pressure 49.3 bar
SI signal actuation low pressurizer pressure
RCP pumps stopped at break occurrence

RESULTS AND DISCUSSION

The terms pressure and temperature in the following discussion refer to the pressure and
temperature in the containment main compartment (No. 1 on fig. 1).

Figures 2 and 3 show pressure and temperature variations for the base case simulation,
performed with the default input model. A pressure peak of 2.81 bar occurs 15 s after the
occurrence of the break, which is about 5 s before the end of the blowdown phase in the
primary system. The maximum pressure is thus below the containment design pressure,
which is equal to 4.10 bar. After the peak, the pressure decreases monotonously. The main
reason, -for the decreasing of the pressure before the end of blowdown is probably
condensation on the surface of heat structures, which starts immediately after the release of
coolant from the primary system.

On the same figures, pressure and temperature variations obtained with the natural
convection model from Rohsenow et al. (1985) are presented. Differences from the base case
results are negligible. Simulations of different scenarios are therefore necessary to
thoroughly asses the difference between the two natural convection models.

Figures 4 and 5 show pressure and temperature variations if condensation on heat structures
is not modeled. The peak pressure value is 3.00 bar, which is a little higher than in the base
case. Furthermore, it occurs 35 s after the occurrence of the break, i.e. 15 s after the end of
the blowdown phases. After the peak, the pressure decreases much slower than in the base
case. These results support the hypothesis for the main reason of the early occurrence of the
pressure peak in the base case.

Figures 6 and 7 show pressure and temperature responses if liquid cool-ant is not dispersed in
the containment atmosphere but drops into compartment pools. The peak pressure value
differs very little from the simulation results with the default input model and occurs at the
same time. However, after the peak, the containment pressure decreases a little faster,
probably because the liquid coolant does not contribute to the atmosphere enthalpy.

In all cases, the temperature assumes a similar trend as the pressure, which is due to the
equations of state used by CONTAIN. After initiation, spray? operated until the end of the
simulations and contributed to the pressure and temperature decreases.
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FIGURE 2. Pressure in containment main compartment for
base case and modified input (natural convection model
from Rohsenow et ai., 1985).
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FIGURE 3. Temperature in containment main compartment for
base case and modified input {natural convection model from
Rohsenow et ai., 1985).
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FIGURE 4. Pressure in containment main compartment for base
case and modified input (no vapor condensation on heat structures).
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FIGURE 5. Temperature in containment main compartment
for base case and modified input (no vapor condensation on
heat structures).
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FIGURE 6. Pressure in containment main compartment for
base case and modified input (liquid drops instantly into pools).
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FIGURE 7. Temperature in containment main compartment for
base case and modified input (liquid drops instantly into pools).
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CONCLUSIONS

• The response of the Krsko NPP containment to a LB LOCA was simulated with the
CONTAIN computer code using different input models.

• The predicted containment pressure generally reaches a peak value near the end of the
blowdown phase and then decreases monotonously. The peak value in the base case
(coolant condenses on heat structures and liquid coolant is dispersed in the atmosphere)
is 2.81 bar and occurs 5 s before the end of blowdown.

• If vapor condensation on heat structures is not modeled, a pressure peak equal to 3.00 bar
occurs 20 s later than in the base case.

• If liquid coolant is not dispersed in the containment atmosphere but drops into
compartment pools, the pressure peak value is almost equal to the value obtained in the
base case and occurs at the same time. However, the containment pressure decreases a
little faster.
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ABSTRACT

Single phase natural circulation is the main means to remove energy from the core during
accident situations, such as pump failures. When compensated primary leaks were analyzed
for the Loviisa NPP (Finland), a tendency of primary flow oscillations was found III. Similar
fluctuations occurred when an event of tube rupture in one steam generator was analyzed with
RELAP5/mod2, for the H.B. Robinson Unit 2 case, in connection with the integrated
Pressurized Thermal Shock (PTS) study 111. The phenomenon was explained to occur as a
consequence of the numerics of the code, or due to its 1-D scheme.

Experiments conducted at the REWET-III and PACTEL facilities demonstrated that
oscillations can exist also in a real geometry.

The experiments were analyzed with the thermal-hydraulics codes CATHARE and RELAP, in
order to simulate the behavior of the experiments conducted at PACTEL.

1 INTRODUCTION

Strong coolant flow oscillations of single-phase natural circulation were found when
overcooling transients of the reactor pressure vessel of Loviisa Unit 1 (Finland) were analyzed
with the system codes RELAP5/mod2 and SMABRE. Similar oscillations were present also
in RELAP5 calculations of the H. B. Robinson Unit 2 sequence of rupture in a steam
generator tube, in connection with the integrated Pressurized Thermal Shock (PTS) study. In
the analysis report this phenomenon was explained as a result of the one-dimensional scheme
used by the code itself, or the numerics of the code. The experiments conducted with
REWET-III and PACTEL facilities, demonstrated that the oscillations can exist also in a real
geometry.
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The low flow rate periods of an oscillating natural circulation may cause significant
temperature transients in the cold leg and in the downcomer, when the high pressure system is
on. That is why these phenomena have to be studied closely, in order to determine their
importance to the reactor vessel thermal stresses.

2 PACTEL TEST FACILITY

PACTEL (PArallel Channel TEst Loop) is one of the most comprehensive thermal-hydraulic
test facilities in the world for WER-440 reactor simulation. It is the result of a cooperation
between VTT Energy and Lappeenranta University of Technology (LTKK). It has been
designed to simulate the major components and systems of the reactor during postulated small
and medium break size LOCAs, Figure 1.

The PACTEL facility is a volumetric
scaled model (1:305) of a VVER-440
reactor. These reactors have unique
features, like triangular fuel rod
geometry, six horizontal steam
generators, loop seals in both the hot and
the cold legs, and BWR-like fuel
assemblies with shrouds.

Pressurizer

The main design principle of PACTEL is
the accurate simulation of the fuel rod
bundle geometry, preserving the
elevations and the power-to-coolant ratio.
The simulation of the fuel rod bundle
consists of 144, full-length, electrically
heated rods arranged in three parallel
channels, and having a nine-step chopped
cosine axial power distribution. The
heated length, as well as all the other
dimensions of the rods, is the same as in
the reference reactor. The design
pressures are 8.0 MPa on the primary
side, and 4.6 MPa on the secondary side.

Figure 1. PACTEL-facility
leakage experiments.

in compensated

The core is powered with a 1 MW electric power supply, which corresponds to 22 % of the
nominal scaled power.

Three separate loops (having double capacity) simulate the six primary loops of the reference
reactor. Every loop has an active steam generator.

The steam generators contain 38 heat exchange U-tubes. The diameter of the tubes and the
space between them are the same as in the reference generators. The heat transfer area of the
tube bundles and the volume of each steam generator are scaled down. In this way, one SG in
PACTEL corresponds to two SGs in the reactor. Later these original steam generators were
replaced with higher construction to better correspond the height of real SGs.
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3 EXPERIMENTS

On the basis of earlier experimental results obtained at REWET-m facility (scaling ratio of
1:2333), the test series with PACTEL facility (1:305) were conducted. The purpose of these
experiments was to show that, in case of high pressure injection before the main circulation
pump (in the cold leg loop seal), there is a possibility of oscillations, if once initiated. The
results of REWET-IH experiments showed that this phenomenon could be caused by the one-
dimensional nature of this small size facility. Larger scale of the PACTEL could damp the
oscillations previously found.

Tests conducted by using both 1-loop and 3-loop configurations in PACTEL revealed that,
with certain combination of parameters, like core power, leak diameter, and primary pressure,
oscillations can exist also in this kind of geometry.

The leak was located at the bottom of the hot leg 1 loop seal and the high pressure injection
(HPI) was located at the bottom of the cold leg 1 loop seal. After the conditions for the
experiment were reached, the leak was opened and the HPI was turned on. The oscillations
were initiated by letting the core region temperatures to increase. This was done by stopping
the flow to the steam generator in loop 1 by closing the isolation valve in this loop. The
transient started by opening this valve at about 200 -250 s, depending on the experiment.

3.1 Single-loop experiments

These experiments, (five)...were conducted to find out suitable parameters for the tests. The
first one was carried out with a valve controlling the leak mass flow, but the valve was
working in its lower limit and the control was too coarse for' this purpose. In the second
experiment an orifice in the pipeline before the control valve was used (hot leg - loop one).
The diameter of 1 mm gave a leak mass flow, which was too small for the flowmeter. The
rest of the single-loop experiments was carried out with a 2.5 mm diameter orifice.

It was found that undamped flow oscillations exist when the parameters were close to the
following values:

- core power
- leak diameter
- primary pressure
- secondary pressure

80
2.5
7.3
4.2

kW
mm
MPa
MPa

One of these experiments, CMP04, was chosen as a reference for a calculation with the
RELAP5/mod3.2 and CATHARE2vl.3L codes. ' . • •-

In this experiment, flows and temperatures show a typical oscillating behavior, with a period
of nearly 100 seconds. Downcomer flow varied between 1.1 kg/s and 0.2 kg/s, and the cold
leg temperature (near the High Pressure Injection system) varies within a range of about
140 °C, Figure 2.
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Figure 2. Hot leg and cold leg temperatures in CMP04.

3.2 Three-loop experiments

Experiments with three loops were conducted using the same parameter values as in single
loop tests. Core power was higher because of the presence of three heat sinks (steam
generators), and two leak diameters (2.0 mm and 2.5 mm) were used. The leak and injection
points were in the same positions as in one-loop experiments (loop one).

With the larger leak diameter, the.highest core power level used gave signs of undamped
oscillations, but no higher power level was used.

With leak diameter of 2.0 mm all the power levels used (100 kW, 150 kW, 200 kW, 250 kW)
produced oscillations, and with the two highest levels these oscillations were clearly
undamped.

Two experiments of this series were chosen as subjects of calculations: CMP08 and CMP09.
In the CMP08 experiment, damped oscillations were found, using these main parameters:

core power
leak diameter

200 kW
2.5 mm

It was noticed that, after three cycles of oscillation, all the parameters are nearly constant with
values of about 1.2 kg/s (downcomer flow) and 200 °C (downcoraer temperature).

In the CMP09 experiment the presence of undamped oscillations was found; CMP09 was
carried out with the following main parameters:

- core power
- leak diameter

200 kW
2.0 mm

The period of the oscillations is about 150 seconds. The downcomer mass flow rate has a
maximum of 2.4 kg/s and a minimum of 0.6 kg/s (approximately), while the downcomer
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temperature varies within a range of 60 °C (with an average value of 220 °C). Cold leg 1
temperature (near the injection point) is strongly oscillating, having a range of about 180 °C.

4 COMPUTER CALCULATIONS

Analyses of the experiments CMP04 (1 loop, undamped oscillations), CMP08 (3 loops,
damped) and CMP09 (3 loops, undamped) were performed using the system codes
RELAP5/mod3.2 and CATHARE2vl.3L.

In calculations, one of the main difficulties arises at cold water injection into the cold leg, that
could lead to overcooling transients in the reactor. For the accurate simulation of the cold leg
and downcomer temperatures, one has to predict the thermal mixing and stratification of the
cold high pressure system water injected in large diameter pipes. This is not possible with
system codes like RELAP and CATHARE, which are one-dimensional by nature. However, it
is possible to simulate the overall behavior of the system, and to describe the course of the
main parameters.

Another difficulty is the lack of a real steady-state situation before the experiments CMP08
and CMP09. These experiments were carried out without waiting for this situation. Since the
codes calculate the transient starting from a steady-state behavior, it is difficult to reach a
correct state before starting the "transient run". However, a coarse simulation of the preceding
transient history gave a sufficient starting point for the transient simulation.

4.1 CMP04 (1 loop)

In this experiment, codes are capable of predicting the behavior of the main parameters, not
only in a qualitative way. Downcomer mass flow rate is well predicted, and the course of the
calculated cold leg temperature is in a good agreement with the experimental data.

In RELAP analysis the period of the undamped oscillations is close to the period found in
CMP04, but the amplitude is underpredicted. In CATHARE analysis the period of the
oscillations is overpredicted. However, the cold leg temperature and the amplitude of the flow
oscillation agree well with the experiment, Figure 3.

DOWNCOMER FLOW, CMP04

Experiment
- - - - - RELAP5/mod3,2
• CATHARE2vl .3L

100 330 300 * » SM

TIME [s]
600 SCO

COLD LEG TEMPERATURE, CMP04
300

255

• 2 0 0 •

150

KM

50

0

Experiment
RELAP5/mod3.2
CATHARE2V1,3L

2C0 300 «0 500
TIME [s]

600 700

Figure 3. Downcomer flow and cold leg temperature in experiment CMP04.
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4.2 CMP09 (3 loops)

In RELAP analysis downcomer mass flow rate and downcomer temperature are well
predicted; the period of oscillations corresponds the experimental results. CATHARE analysis
confirms the results obtained in the CMP04 calculation, the period of the oscillation is again
too long, Figure 4. The downcomer mass flow rate is overestimated. There were problems to
obtain correct pressure distribution and the transient behavior at the same time.

DOWNCOMER FLOW, CMP09

- RELAP5/mod3.2
CATHARE2vl ,3L

400 6C0

TIME [s]
800 1000

COLD LEG TEMPERATURE, CMP09
300 •,

250

Experiment
RELAP5/mod3.2
CATHARE2vl.3L

400 600

TIME[s]
800 1CC0

Figure 4. Downcomer flow and cold leg temperature in experiment CMP09.

4.3 CMP08 (3 loops)
'i

The experiment showed the presence of damped oscillations. CATHARE analysis reproduces
the general behavior of the main parameters, despite an overestimated downcomer mass flow
rate (as in the CMP09). Especially the number and the period of the oscillations are in good
agreement with the experimental data. RELAP is not capable to simulate completely the
overall behavior, the oscillations are not damped, and the period is shorter. However, the
downcomer mass flow rate and cold leg temperature agree well with the average values of the
experiment, Figure 5.

DOWNCOMER FLOW, CMP08

Experiment
RELAP5/mod3,2
CATHARE2V1,3L

COLD LEG TEMPERATURE, CMP08

Experiment i
RELAP5/mod3.2 j
CATHARE2vl.3L I

200 300 «0 500 600

TIME [s]
TO

Figure 5. Downcomer flow and cold leg temperature in experiment CMP08.
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5 CONCLUSIONS

Experiments were performed with PACTEL facility by VTT Energy and LTKK (Lappeenranta
University of Technology, Finland). The purpose was to demonstrate that there is the
possibility of oscillations during compensated leakage transients, when the High Pressure
Injection System is on.

Later, an analysis was performed with the system codes RELAP5/mod3.2 and
CATHARE2vl.3L. The objective was to calculate the behavior of the facility, and to provide
a valid support for the process of code validation.

The analyses showed that codes are capable to simulate the course of the main parameters,
and to predict the overall behavior of the system.

However, studies in larger scale are needed in order to understand the dynamics of an
overcooling transient. The three-dimensional phenomena typical of the reactor will then be
more apparent.
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ABSTRACT

A simulation of the loss of Residual Heat Removal (RHR) system during midloop operation was
performed using the ATHLET Mod 1.1 C system code. The analysis is a posttest calculation of the 6.9 c test
performed on the BETHSY facility on April 14, 1992. Test 6.9 c has been analyzed within an
OECD/NEA/CSNI project as an open exercise named International Standard Problem (ISP)38. BETHSY is an
integral test facility which simulates a three loop 900 Mwe (2775 MWt) Framatome PWR. The test consisted in
a loss of RHR system at a cold shutdown and midloop condition (i.e. the liquid level was at the axis of the cold
legs) and at atmospheric pressure. Along with loss of RHR system, the pressurizer and Steam Generator (SG) 1
outlet plenum manways were open. In the paper the results of the ATHLET calculations were assessed against
•the measured data> The initial conditions were determined during the first 200 s of the simulation. The
transient was simulated for 8800 s.

INTRODUCTION

BETHSY is a full pressure (15.5 MPa) facility whose purpose is the analysis of PWR
transients. It has the overall volume scaling ratio from the reference plant 1:100 and the
elevations scaling factor for each component 1:1. The BETHSY nominal core power is 10% of
the scaled value, i.e. 3 MW.
Aims of the test 6.9 c were to study the physical phenomena encountered under conditions of
very low power together with coolant loss through the primary system openings. At the start
of the test, the primary circuit was at a midloop condition and at atmospheric pressure. The
cold legs being at lower elevation were filled with water. In this test there was only steam
above the liquid level. There was no non-condensable gas in the primary system. The SG
secondary sides were filled with air and isolated. The primary circuit temperatures were near
saturation except in the cold legs where the temperature was about 10 K subcooled due to the
pump cooling. For other components heat losses to the environment were compensated by
trace heating.
At the start of the test, the core power was increased in order to simulate the loss of RHR
system and the manway orifice valves were opened. During the first phase of the transient level
swell appeared in the pressure vessel and the liquid was entrained in the hot legs and in the
surge line. Liquid entrainment in the surge line and pressurizer affected the level of
pressurization in the primary circuit. The primary system pressure increase resulted in a rise of
the water level in the down flow part of the intermediate leg 1 where the two phase flow
appeared with steam coming down from the U-tubes and liquid spilling over the intermediate
leg 1. Flow through the pressurizer manway remained pure vapor during all the phases of the
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transient. One hour after the start of the experiment core uncovery occurred. A Low Pressure
Injection System (LPIS) in cold leg 3 aimed to stop the core heat-up, was activated when the
core cladding temperature reached 523.15 K. The simulation was stopped when the mixture
level in the pressure vessel reached the hot leg nozzle. The analysis of the ISP38 transient was
performed with the GRS system code ATHLET Mod 1.1 C.
Results of other ATHLET Mod 1.1 C posttest calculations performed at the University of
Zagreb have already been published in [4].

ATHLET MODEL OF THE BETHSY FACILITY

The ATHLET nodalization of BETHSY experimental facility is shown in Figure 1. Two
out of three loops are shown (loops 1 and 3). The ATHLET model has 229 volumes and 174
junctions. The core is modeled by pipe 104 (with 15 control volumes). Both manways
(pressurizer and SG 1 manway) are modeled by discharge valve model. As it is not possible to
impose the midloop conditions in horizontal volumes by input, the calculation was started with
empty hot legs. In order to achieve midloop conditions hot legs were filled with water (Single
Junction Pipes (SJP): 211,311 and 611 on Figure 1) as well as the upper plenum (SJP 118). No
heat transfer from the SG U-tubes to the SG secondary sides was assumed. (In the experiment
SG secondary sides were filled with air and isolated.) Heat losses to the environment and trace
heating that compensate for these heat losses were not considered in the analysis.

Steady State Calculation
As already mentioned, in order to achieve steady state midloop conditions, water injection

in the empty hot legs as well as in the upper plenum was simulated until the requested initial
hot leg void fraction, i.e. Primary Coolant System (PCS) mass was obtained. The initial PCS
mass (before injection) was 1032 kg, hot leg void fraction was 1.0. The steady state PCS mass
in the experiment was 1085 kg (+,- 15 kg). During first 11 s of the calculation 45 kg of water
was injected in the PCS. The calculated hot leg void fraction reached the new stable value as
required by experiment (0.59). After about 50 s of steady state simulation calculated
parameters did not change significantly. The system was at atmospheric pressure («1 bar) and
at saturation temperature (~ 373 K). Cold leg temperature was kept subcooled (« 10 K
subcooling). Primary pumps were not running. Steady state was simulated for 200 s.

Transient simulation
Loss of RHR system was simulated by turning on the core power (reaching 138 kW in 15

s linearly, i.e. 0.5 % of nominal power). Along with the start of core power increase the
manway orifice valves were opened (in 1 s). The transient has been divided into three phases:
1) Phase 1 during which the reactor vessel mixture level was close to the axis of the hot legs.

Flow through the manways was a two phase flow through the SG manway and a steam
single flow through the pressurizer manway.

2) Phase 2 during which the two phase reactor vessel level was decreasing thus leading to
core uncovery and core cladding temperature rise. Phase 2 lasted till the maximum core
cladding temperature reached 523.15 K when the LPIS injection started.

3) In the final third phase the injected LPIS water (temperature = 311.15 K) was filling the
primary coolant system to the midloop conditions.

The transient was simulated for 8800 s.
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Figure 1: ATHLET Nodalization of BETHSY Experimental Facility

TRANSIENT RESULTS

In Figures 2 to 6 the comparison between experiment and ATHLET results are presented.
The labels ending with (- E) are used for the experiment and the labels ending with (- C) are
used for calculation results, respectively. In Table 1 the main events in the transient are pointed
out and the time sequence for each of three transient phases is given. In Table 2 mass balance
considering the mass loss through the manways and the LPIS injection for each transient phase
is summarized.

At the start of the transient the PCS was at saturation condition. Following the core power
increase and the opening of the manways, a rapid boiling in the core occurred entraining thus
the liquid in the hot legs and into the surge line. The effect of the hold up of water layer by the
steam flow at the bottom of the pressurizer depends on Counter Current Flow Limitation
(CCFL). Presence of the entrained liquid in the surge line and the lower part of the pressurizer
affected the level of pressurization in the primary circuit. As long as the entrained water in the
bottom of the pressurizer prevented the produced steam in the upper parts of the PCS to vent
through the pressurizer manway, pressure was increasing. The liquid was also entrained into
the guide tube (pipe 109 in Figure 1) with a consequence that a pressure difference between
upper plenum and downcomer was established. On the other side, due to the pressure rise
(Figure 2) in the upper plenum, the liquid level in the pressure vessel dropped and the liquid
was pushed towards the SG 1 manway (Figure 3). Flow through the pressurizer manway
(Figure 4) was a single steam flow during all the phases of the transient. Flow through the SG
1 manway is a two-phase flow with water coming from the intermediate leg 1 and steam from

630 Proceedings of '4lh Regional Meeting Nuclear Energy in Central Europe, 1997



the SG 1 U-tubes. In the calculation the PCS pressure reached higher values than in the
experiment (Figure 3 and Table 1) due to the fact that in the calculation more liquid was
entrained into the pressurizer bottom and the liquid layer existed for a longer time period than
in the experiment. The amount of liquid discharged through the SG 1 manway depends on the
cold leg pressure (i.e. downcomer pressure) only and it is significantly larger in the calculation
than in the experiment (322.8 kg of liquid was discharged through the SG 1 manway compared
to 211.4 kg in the experiment). Although in the calculation much more liquid was entrained
into guide tube and thus the larger pressure difference between upper plenum and downcomer
was established, the downcomer pressure was still high enough to empty the loop seal in the
loop with SG 1 manway. Integrated mass flow through the pressurizer manway (Figure 4) rose
slower in the calculation than in the experiment despite of greater pressure in the calculation. A
longer term of retention of water in the upper parts of the RCS (surge line, pressurizer) in the
calculation has caused a full pressurizer manway steam flow delay. The total amount of
discharged steam through both manways is well predicted in the calculation (Figures 3 and 4,
Table 2). The first phase ended when the mixture level in the core fell below the hot leg nozzle
level (Figure 6). The mass inventory continued to decrease. Flow through the SG 1 manway
was a single phase steam. The PCS pressure reached a new constant value with small
oscillations in the calculation where still a slight amount of liquid at the pressurizer bottom
existed. At time = 5663.95 s (in the experiment at time = 5660 s) core cladding temperature
reached 523.15 K and the LPIS injection on Cold leg 3 was initiated. During the first two
phases of the transient (till the LPIS activation) about 100 kg more PCS mass was lost through
the manways in the calculation than in the experiment (Table 2). The liquid distribution along
the PCS (empty Cold leg 1 where loop seal clearance occurred by finishing the liquid discharge
through the SG 1 manway) differs from the measurement where after termination of the liquid
discharge the liquid level in all three intermediate legs recovered. Horizontal parts of the cold
legs were empty both in the experiment and in the calculation.

The integrated LPIS flow is shown in Figure 4. The injection of cold water (311.15 K)
caused condensation at the point of injection and consequently the pressure drop. The level in
the core began to rise rapidly (Figure 6) reaching the hot leg axis level in 983 s (1145 s in the
experiment). Core cladding temperatures (Figure 5) continued to rise for about 500 s after
LPIS injection had started. In the experiment maximum core cladding temperature was 578.15
K (TCM28 - 3.606 m from the bottom of the heated length) while in the calculation higher
core cladding temperatures were achieved. Unlike in the experiment, the maximum calculated
cladding temperature (Figure 5 and Table 1) 617.04 K was obtained for a lower rod position
(TCM20 - 2.668 m from the bottom of the heated length). Higher void fractions and an
overestimated core swollen level characterize the calculated void profile along the core, which
is due to overpredicted interphase friction used in the calculation. Consequently, the net steam
generation elevation in the core is lower^and the maximum cladding temperature is achieved at
lower core elevation than in the experiment. As a consequence of an overestimated core
swollen level, the upper plenum will empty later in the calculation than in the experiment
(Table 1).

CONCLUSION

The posttest calculation of the loss of the RHR system (Standard problem ISP38) was
performed with ATHLET Mod 1.1 C system code. All main trends observed in the experiment
were well predicted by the code and a good qualitative agreement between the measured and
the calculated data was achieved. The physical phenomena that were not well modeled in the
calculation compared to the experiment were an overall greater water entrainment into upper
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parts of the RCS and longer time to decompose the water layer at the pressurizer bottom
(CCFL correlation). Due to this effect, the calculated RCS pressure was larger than in the
experiment with the consequence that larger amount of liquid was discharged through the SG
1 manway and the cold leg 1 was emptied after finishing the liquid discharge. Due to an
overestimated interphase friction, the core swollen level and the void fractions along the core
were overpredicted, the net steam generation took place at the lower elevation and
consequently the maximum core cladding temperature was achieved at a lower elevation than
in the experiment.

EVENTS - ACTIONS
Core power turned on - Manw. open
Manways full open
Core power = 138 kW
Pressure peak
Two phase flow - the SG manw.
Cold leg empty
Cot leg empty
Upper plenum empty
Increase in core cladding temp.
Minimum core mixture level
LPIS injection ( T cladd = 523.15 K)
Maximum core cladding temp.
"Core reflooded
Mixture level reached hot leg nozzle
Phase 1: mixture level in the press,
vessel close to the hot leg axis
Phase 2: mixture level in the press,
vessel below the hot leg axis
Phase 3: start of the LPIS till the
PCS filled up to midloop level
Test is stopped

EXPERIMENT
Os
1 s
15 s
1.25 bar at t = 946 s
(0-300) ,(500-1000) s
1149 s
2672 s
3433 s
4620 s
2 m at t = 5640 s
5660 s
578.15 K at t = 6142 s
6805 s
9017 s
(0-2670)s

(2670-5660)s

(5660-9044)s

9044 s

CALCULATION
0s
1 s
15 s
1.452 bar at t = 912 s
(37-1347) s
796 s
2759 s
4342 s
4654 s
1.57 mat t = 6302 s
5663.95 s
617.04 K at t = 6198 s
6647 s
8285 s
(0-2835) s

(2835-5664) s

(5664-8800)s

8800 s

Table 1 Time sequence of the main events and transient phases identification

MASS
BALANCE

Primary
Coolant
System

Pressurizer
manway

SG
manway

mass variation.
injected mass
manway
total
liquid
steam
total
steam
liquid

phase I
exp.

"-345
0
345
69
0
69
296
86
210

calc.
-482.9
0
482.9
55.1
0
55.1
427.8
105
322.8

phase 2
exp.

-198

198
47
0
47
141
141
0

calc.
-167.3
0
167.3
73.8
0
73.8
93.5
93.5
0

phase 3
exp.

246
426
180
22
0
22
158
158
0

calc.
254
405.5
151.5
59.4
0
59.4
92.1
92.1
0

Table 2 Mass balance (kg)
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Figure 2: Upper plenum pressure, Cold leg 3 pressure
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Figure 3: Time integrated SG manway mass flowrates: MSGMT (total), MSGML
(liquid), MSGMG (steam)
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Figure 4: Time integrated mass flowrates: MPRZMT (pressurizer manway), MSH
(safety injection)
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Figure 5: Core cladding temperatures: TCM28 (3.606 m), TCM20 (2.668 m), TCM14
(2.028 m) ; reference: bottom of the heated length
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Figure 6: Core swollen level; reference: bottom of the heated length (calculated values,
measured values not available)

REFERENCES

[1] BETHSY - DATA BASE, STR/LES/95-237, CEA Grenoble, June 1995; BETHSY -
MEASUREMENT SYSTEM, STR/LES/95-238, CEA Grenoble, July 1995

[2] G. Lavialle (CEA), G. Kimber (AEA/T), C. Leveque (TRACTABEL): BETHSY:
INTERNATIONAL STANDARD PROBLEM 38: 1st WORKSHOP Report, LOSS OF
RESIDUAL HEAT REMOVAL SYSTEM DURING MIDLOOP OPERATION;
Pressurizer and S.G.I outlet plenum manways open, STR/LES/95-244, October 1995.

[3] G. Lerchl, H. Austregesilo ,"ATHLET Mod 1.1 Cycle C, User's Manual", (GRS)mbH,
October 1995.

[4] V. Bencik, A. Hold, 1996. , "Analysis of Transients and Accidents with the System Code
ATHLET for the Krsko Nuclear Power Plant", Proceedings of the 1996 Croatian
Nuclear Society Conference, Opatija, October 7-9, 1996., (202-209), ISBN 953-96132-
4-8

Proceedings of 4 Regional Meeting Nuclear Energy in Central Europe, 1997 635



SI0100083

Can Steam Generator Flow Limiters
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Dr. G. Schuecktanz

Siemens AG/Nuc!ear Power Generation (KWU)

Freyeslebenstrasse 1

D-91058Erlangen

Abstract

About one year after replacement of the steam generators of one specific nuclear power plant

unacceptable steam pipe vibrations were noticed. As the replacement steam generators were

equipped with one hole flow limiters the question was raised whether the flow limiters could have
* • «•

caused the steam pipe vibrations. Extensive analytical investigations as well as tests at the plant

indicated that the flow limiters most likely did not produce pressure fluctuations resulting in the steam

pipe vibrations.

Introduction

About one year after replacement of the steam generators of one specific nuclear power plant of

American design unacceptable vibrations of the steam piping system were noticed. The question was

raised whether these steam line vibrations could have been caused by the flow limiters the

replacement steam generators were equipped with.

Design

Steam outlet nozzles of steam generators are usually equipped with flow limiters. Purpose of these

flow limiters is to limit the steam flow to an acceptable level during an anticipated break of a steam line.

As the pressure loss of such flow limiters must be minimized during normal operation their design is

similar to that of venturi nozzles.

There are basically two types of flow limiters in use:

• Seven hole flow limiters

• One hole flow limiters.
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Seven hole flow limiters are usually installed in steam generators of American design as well as in their

replacements (Fig. 1). They are shorter in length than one hole Venturis but are more expensive.

One hole flow limiters are used in steam generators of German nuclear power plants (Fig. 2). They can

be used for measuring the steam flow rates at all modes of operation. The diffuser angles vary form

6.5° to 15° (Fig. 3).

The replacement steam generators of one specific nuclear power plant of American design were

equipped with one hole ..Venturis" as the utility wanted to utilize the flow limiters for measuring steam

flow rates (Fig. 4).

Operating Performance

After about one year of operation at 100 % power an increasing intensity of steam line vibrations was

noticed inside the containment as well as at the whole steam piping system of the turbine building

(Fig. 5). Within a few months the intensity of the vibrations increased to such a high level that the utility

had to reduce the power to 90 % in order not to exceed allowable stress limits in the piping system. In

paralleHo the steam line vibrations increasing steam pressure fluctuations were observed (Fig. 6,

Fig 7).

Various tests were performed at the plant in order to get more detailed information on the piping

system's behavior.

At reactor power levels of approximately 70 % to 80 % a rapid increase of pipe displacements and

pressure fluctuations was seen (Fig. 8). It was also noticed that the pressure fluctuations were in

resonance with the natural frequencies of the piping system (Fig. 9).

As it was not sure that the root cause of the vibrations could be found easily and appropriate corrective

measures could be implemented within a short time a damping system was chosen to be installed

inside the containment as well as in the turbine building. During the following outage visco elastic

dampers reduced the steam pipe vibrations to a negligible level and allowed the plant to be operated

again at 100% load.

Root Cause Analysis

The investigations on the root cause of the pipe vibrations concentrated on changes to the plant

coincidental with the steam generator replacement and the time period thereafter.

The increased heat transfer surface of the replacement steam generators resulted in an increased live

steam pressure of about 1 bar. A test with the original steam pressure did not show any effect.
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When the steam generators were replaced the boron addition to the secondary side water was

terminated. The high AVT mode of operation thereafter complied with the specifications. No significant

deviation was experienced. .

In order to utilize the increased heat transfer capability of the replacement steam generators for a

power uprating the drainage capacity of the moisture separator reheaters had to be increased. An

operation with the moisture separator reheaters decoupled from the secondary system showed no

effect either.

The inspection of some of the steam valves as well as of the steam generator supports and the steam

pipe hangers did not reveal any deviation.

The compact driers of the replacement steam generators and the one hole Venturis were inspected

too. No deviation from the as-built condition could be found. A slight increase of the surface roughness

of the flow limiters by magnetite build-up might be the cause of an increase of pressure drop

experienced with all kinds of flow limiters.

Two phenomena were analyzed in detail in order to find out if they could be the cause of the pressure

fluctuations resulting in the steam pipe vibration:

• Flow separation in the diffusers of the Venturis.

• Instantaneous condensation in the venturi due to thermo dynamic instability.

3D-flow calculations were performed to study the flow pattern in the upper part of the steam dome,

inside the venturi as well as inside the elbow and straight section of the steam pipe downstream of the

venturi (Fig. 10). Static as well as dynamic calculations with symmetric as well as with asymmetric flow

upstream of the venturi were performed. Neither flow separation in the diffuser nor instabilities

elsewhere could be found.

The phenomenon of instantaneous condensation is well known to happen in supersonic flow.

Calculations showed that subcooling of the steam in the venturi does not exceed 2 K (Fig. 11). This

magnitude of subcooling is by far not sufficient to cause instantaneous homogeneous condensation.

Neither the concentration of solid particles in the steam nor of droplets from steam wetness is sufficient

to trigger instantaneous heterogeneous condensation. Ammonia in the steam does not condensate at

conditions present in the venturi and can therefore also not affect the flow conditions.
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As the operational instrumentation is not suitable for measuring fast pressure fluctuations one steam

line was equipped with a number of strain gauges to accurately measure pressure pulsations (Fig. 12,

Fig. 13). It was intended to locate the origin of the pressure fluctuations by correlating the signals from

individual pressure pulses obtained at various locations.

As a surprise the intensity of pressure pulsations after the recent outage and thus after the installation

of the dampers was found to have decreased to a level comparable to that just after steam generator

replacement (Fig. 14). Also no significant increase of pressure fluctuations with increasing reactor

power could be seen (Fig. 15). The pressure signals obtained from the strain gauges did not show any

significant distinct pressure pulses. A correlation of the pressure signals did therefore not provide any

information with regard to the origin of the pressure fluctuations.

Conclusions

From all the tests, analyses and investigations the following conclusions could be drawn:

Based on the fact:

• that flow separation in the venturi is unlike to occur,

• that instantaneous condensation is not possible at conditisns existing in a flow limiter of a steam

generator and

• that the pressure pulsation disappeared after the recent outage

the one-hole flow limiters seem not to be the cause of the extensive steam line vibrations experienced

during a limited period of time.
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ABSTRACT

The present document deals with the RELAP5/MOD2 analysis of the NPP Krsko
scaled small break LOCA counterpart test 6.2TC performed in the BETHSY facility.
BETHSY is a PWR simulator (integral test facility) located in Grenoble, France. The reference
nuclear power plant is a three loops, 900 MWe (2775 MWth), Framatome PWR. The volume
scaling factor is 1:100 (more precisely 1.032*10"2). NPP Krsko is a Westinghouse two loops,
632 MWe, plant located in Krsko, Slovenia.

The counterpart test is essentially a small break LOCA originated by a rupture in the
cold leg between the pump and the reactor vessel. The break is "side oriented" in the pipe and
has an area equivalent, roughly, to 6% of the area of the main pipe. The sequence of
interventions of the various systems is typical of the kind of transient in a plant.

The small break LOCA was calculated using the nodalization of the NPP Krsko
developed at the Faculty of Electrical Engineering and Computing for the scaled and nominal
boundary and initial conditions. The scaling factor was the ratio of the NPP Krsko volume to
the BETHSY volume (Kv-57.514). The results of the scaled calculation were compared with
the experimental data and with the results of a previous calculation performed by using the
nodalization of the BETHSY facility. Sensitivity studies were carried out for the scaled and
nominal calculations. The obtained results are used for the NPP Krsko nodalization
qualification, especially for the analysis of the small break LOCA transients.

1. Introduction
The evaluation of the accuracy of large thermalhydraulic codes and of the safety

margins of light water reactors directly affects the effectiveness of engineered safety features
and eventually leads to cost reductions through better design. Solving these problems could
also contribute to determine a uniform basis on which to assess the consequences of reactor
system failures in nuclear power plants.

Carrying out experiments in integral test facilities, which simulate the behavior of a
nuclear plant, plays an important role in this connection, considering both the system code
assessment and the possibility to identify and characterize phenomena, which are relevant
during off-normal conditions. This document analyses two applications of RELAP5/MOD2 to
the calculation of a transient caused by a rupture in a cold leg (loop with the pressurizer) of the
Krsko plant. The transient is characterized by the same sequence of events as the counterpart
test 6.2TC performed in the BETHSY facility; the value of the break area was obtained by
multiplying the BETHSY break area by the Kv value and it was used in both cases (nominal
and scaled). There are two main purposes for this activity:
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• to predict the NPP behavior in an accident similar to the one considered (nominal
calculation)

• to evaluate the importance of some scale-distortions in boundary and initial conditions,
which are foreseeable for the plant in comparison with the transient performed in the
facility (scaled calculation)

2. Description of the Facilities and the NPP Krsko nodalization

2.1. NPP Krsko
NPP Krsko is a two-loop Westinghouse PWR plant located in Krsko, Slovenia. The

nominal power of the plant is 632 MWe (1882 MWJ; nominal pressurizer pressure 15.51
MPa; core outlet fluid temperature 597.1 K; core inlet flow rate 8594 kg/s; primary side
volume 166.3 m3. The main feedwater is split into two injection points, at the bottom of the
U-tubes (70%) and at the top of the downcomer (30%).

2.2. The BETHSY Facility
BETHSY is an integral test facility located in Grenoble, France. The reference nuclear

power plant is a three loop Framatome PWR. The three primary loops of the reference PWR
are simulated by three identical scaled down loops in order to address asymmetrical
conditions. The overall volume scaling factor from the reference plant is 1:96.9. The
BETHSY core power is only 10% of the scaled value (2.86 MW), which is sufficient to
reproduce decay heat transients. The maximum operating pressure of the primary coolant
system is 17.2 MPa; the maximum secondary side pressure is 8 MPa.

2.3. Nodalization of NPP Krsko
. In the development of the nodalization the fpllowing assumptions and guidelines,

derived from [1] and experience in the modeling of the complex thermalhydraulic systems.
have been taken into consideration.

The lengths of the adjoining control volumes should not differ more than twice and are
recommended to be between 0.5 and 1 m.

The number of mesh points in the heat structures is 3 to 5 for the passive structures;
the number of mesh points in the active core heat structures is 16 and in the SG U-tube
structures is 8. The total number of mesh points is 1247.

The junctions have been modeled taking following options into consideration:
- the critical flow model is applied only in the nodes where it is assumed that the critical

flow conditions can be reached
- the smooth area change model is applied in all junctions except Motor Valves
- the nonhomogeneous model is applied to all functions
- the horizontal stratification model is applied

The final general assumptions must be fulfilled:
- mass error < 5 % of the nominal reference value
- core heat transfer area error < 0.1 % of the nominal reference value
- SG U-tube heat transfer area error < 0.1% of the nominal reference value
- all flow paths modeled

According to the mentioned assumptions the NEK nodalization has been developed.
The scheme of the NEK nodalization for the RELAP5/MOD2 code is presented in Figure 7.

A detailed description of nodalization development is given in [2].
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3. Description of the Test 6.2TC
The so-called "counterpart tests" are special kinds of experiments: these are similar

experiments performed in differently scaled facilities. Counterpart tests have been performed
in four PWR simulators: LOBI, SPES, BETHSY and LSTF. A detailed description of the tests
can be found in [3].

The selected test is essentially a small break LOCA originated by a rupture in the cold
leg between the pump and the vessel. The break is "side oriented" in the pipe and has an area
equivalent, roughly, to 6% of the area of-the. main pipe: the reference break diameter in the
LSTF prototype plant is 50 mm. The sequence of interventions of the various systems is
typical of the.kind of transient in a plant; after the break occurrence scram and pumps trip are
provided together with a signal for isolating steam generators (feedwater and steam line
closure). Accumulators intervention is foreseen when primary pressure falls below 4.2 MPa.
High pressure injection system is not actuated. After accumulator emptying the flow rate from
the break causes mass depletion in the primary system, leading unavoidably to core dry out.
Low pressure injection system actuation is not foreseen in this experiment and after the final
dryout the experiment is terminated.

From a phenomenological point of view the experiment can be subdivided into three
main periods:

a) subcooled blowdown and first core dry out-rewet
b) saturated blowdown and primary to secondary side pressure decoupling
c) mass depletion in the primary loop

4. Overview of the Results

4.1. Scaled Calculation

a) Initial and Boundary Conditions (Steady State Calculation)
All relevant initial and boundary conditions of the test 6.2TC were reproduced in the

input deck. The parameters to be scaled up were multiplied by the Kv scaling factor (57.514).
The break area was obtained by multiplying the BETHSY break area with Kv. The core in the
Krsko nodalization is composed of the same materials as the core in the BETHSY facility
(heater rods).

In the Krsko plant feedwater is injected at two different levels in the steam generator,
but for the "BETHSY scaled" calculation all the feedwater was injected in the lower
downcomer.

The volume of the accumulator in the plant nodalization was obtained by multiplying
the volume of the BETHSY accumulator with the scaling factor Kv and by two, because the
BETHSY facility has three loops (the accumulator in the broken loop was not active), and the
Krsko plant has two loops.

The results of the steady state calculation for the scaled and nominal initial and
boundary conditions are compared with the experimental results in Table 1.

b) Transient
The sequence of main events is reported in Table 2, where the results of the

calculation related to Krsko in scaled and nominal conditions are also reported.
The primary side pressure is quite similar to the BETHSY pressure (Figure 1),

especially in the last phase of the transient. Differences could be seen in the period between
50 s and 400 s (calculated pressure higher than experimental) and between 400 s and 1000 s
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(calculated pressure lower than experimental). The difference in the first period could be
explained with the fact that the calculated secondary pressure in that period is higher than the
experimental, which causes a lower heat removal from the primary coolant. The difference in
the second period has two main reasons:
• heat losses were not modeled in the Krsko nodalization
• there is a positive feedback between the primary side pressure decrease and the

accumulator emptying, because of the steam condensation in the injecting point.
The core level trend shows some differences between the calculated and experimental

value, especially in the last phase of the transient (Figure 2). The first core dryout in the
calculated case occurs with a delay of approximately 100 s. A qualitative analysis shows that
no new physical phenomena are introduced in the calculated case. The greatest difference
between the calculated and experimental value (at the end of the transient) is caused by the
different mass distribution in the BETHS Y facility and the scaled calculation.

The calculated core rod temperature at the intermediate level of the core (Figure 3)
shows a good agreement with the experimental value. The delay in the temperature peak is
directly caused by the delay in the core dryout.

The primary side mass (Figure 4) shows a good agreement with the experimental
value.

c) Sensitivity Study
A sensitivity study was carried out for the scaled calculation to evaluate the effect of

the uncertainty in the initial and boundary conditions on the results of the calculation.
The parameter which has the greatest influence on the similarity between the

calculated and experimental results is the integral of the break flow rate. Good agreement
between the calculated and experimental values for this parameter was obtained before the
sensitivity study was performed, and the parameter was not varied in the sensitivity study.

Six sensitivity calculations with different initial and boundary conditions were carried
out. The sensitivity study showed that variation of the considered parameters has a small
effect on the results.

4.2. Comparison of the test 6.2TC with the "BETHSY" calculation and the
"Scaled" calculation

A comparison of the test 6.2TC results, of a previous calculation of the test in which
the nodalization of the BETHSY facility was used ("BETHSY" calculation) and of the
"scaled" calculation was made.

An analysis of Figure 5 (core level) and Figure 6 (primary side mass) shows that the
different mass distribution in the test and the scaled calculation is caused by the differences
between NPP Krsko and the BETHSY facility (the mass distribution in the test and the
"BETHSY" calculation is quite similar - peaks in the "BETHSY" calc core level are due to
some deficiencies in the accumulator model used by RELAP5/MOD2).

4.3. Nominal Calculation

The calculation of the transient was made with the following assumptions:
• auxiliary feedwater disabled
• main coolant pumps are tripped on the signal of reactor trip
• control systems (CVCS, Pressurizer Control, SG Level Control, etc.) disabled
• MSIV closes on the signal of reactor trip
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• HPIS disabled
The results of the calculation are shown in Figures 1 to 4.

A sensitivity study was made for the nominal calculation in order to evaluate the
effects of the calculation assumptions on the results. The parameter which has the greatest
influence on the results is the signal on which the primary pumps are tripped. If the pumps are
tripped on the loss of subcooling signal with a 60 s delay (as could be expected to happen in
the real plant), the peak cladding temperature is lower.

5. Conclusion
The SBLOCA counterpart test 6.2TC performed in the BETHSY facility was scaled to

NPP Krsko. Two RELAP5/MOD2 calculations were performed (for the scaled and nominal
initial and boundary conditions) using the nodalization of NPP Krsko developed at the Faculty
of Electrical Engineering and Computing.

The scaled calculation and the experiment show a good agreement with some
discrepancies caused mainly by the differences between the BETHSY facility and NPP Krsko.

The nominal calculation does not introduce new physical phenomena with respect to
the scaled calculation. Quantitative differences between the two calculations are caused by the
different initial and boundary conditions.

Variation of the selected parameters in the sensitivity study for the scaled calculation
has a minor influence on the results of the calculation.

The obtained results can be used for the qualification of the NPP Krsko nodalizaton
for the small break LOCA analysis.
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1. PRESSURE
Pressurizer
Accumulator
2. FLUID

TEMPERATURE
Core inlet
Core outlet
Feedwater
Accumulator water
3. MASS FLOW
Core inlet
Loop total
Feedwater total
4. POWER
Core power

UNIT
MPa

K

kg/s

MW

TEST 6.2TC

15.38 + 0.15
4.20

557.+ 1.
588.+ 1.
523.+ 4.

292.1

1006.43
998.77
96.62

164.663 ±1.725

"SCALED"

15.3816
4.20

556.06
587.52
523.0
292.0

954.69
977.80

96.5

164.663

"NOMINAL"

15.5125
5.27

560.16
599.1
494.3
433.0

8435
8829
1020

1876

Table 1 Comparison of the Steady State Results - Experiment, Scaled and Nominal
Calculation

EVENT
break opening
scram power curve enabled
start and duration of RCP coastdown
main steam line valve closure
feedwater valve closure
upper plenum in saturation
pressurizer emptied
integrated break flow rate (t=time of
pressurizer emptied)
break two phase flow
first dryout
peak cladding temperature
primar>' mass/initial mass
loop seal clearing
occurrence of minimum mass
minimum mass/initial mass
minimum mass/ITF volume
primary-secondary pressure .tfe^rsal
accumulators injection start
primary mass/initial mass
accumulator injection stop

primary mass/initial mass
final dryout
primary mass/initial mass
rate of surface temperature increase
end of test

UNIT
s
s
s
s
s
s
s

kg

s
s
K
%

s (MPa)
s(kg)

%
kg/m^

s

s (MPa)
%

s (MPa)

%
s
%

K/s
s

TEST6.2TC
0
8
8
8-
8

22
18

316

141
134
656
37

140(7.4)
350 (424)

21.4
147.2
176

345 (4.2)
22

2)976(1.25)
3)948(1.27)

32.6
1730
23

0.61
2179

SCALED
0

7.5
7.5
7.5
7.5
10
20

283

80
174
688
34

188(7.7)
366 (343)

17.2
119.1
186

362 (4.2)
17.3

528(1.4)

37

1425
20.1
0.6

2500

NOMINAL
0

7.88
7.88
9.93
12.9
6.

22.

287

64
242
757

31.1
220 (7.3)
386(423)

23.3
146.7
218

316(5.27)
23.3

529(1.4)

43.9
1165
24.9
0.6

2000

Table 2 Comparison of the Main Events Measured During BETHSY 6.2TC Test with the
Krsko "Kv scaled" and "Nominal" Calculation
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1. ABSTRACT
BETHSY Test 6.9c OECD ISP-38 RELAP5/MOD3.2 input model was developed and simulation performed

for loss of RHR system during mid-loop operation at 0.5% (138 kW) of nominal value of the core power. Initial
liquid level in RCS was at horizontal axis of the hot legs. Pressurizer and steam generator manways were opened
1 s after the transient was initiated. Secondary side is full of air and isolated. The experiment numerical
simulation is presented using RELAP5 NPA (Nuclear Plant Analyzer) graphical postprocessor. It makes possible
to observe physical phenomena of two-phase flow during the transient and to compare it with the measured one.
The aim of the Test 6.9c OECD ISP-38 141 was to get more experience in RELAP5 modeling of a loss of
Residual Heat Removal System during mid-loop operation and to asses computer code used for such application.

2. INTRODUCTION TO BETHSY FACILITY
BETHSY facility is located at Centre D'Etudes Nucleaires de Grenoble (France) III. It is a

1/100 scaled down model of 2775 MWt Framatome PWR power plant with full plant
elevations and pressures preserved. BETHSY is designed to simulate most of accidents, which
may occur in PWR, and to study the accident management procedures. It is relatively large
facility and well equipped with sophisticated measurement system.

3. RELAP5 INPUT MODEL
The RELAP5 input model that produced the best results for BETHSY Test 9.1b OECD

ISP-27 I'M was base for geometry of Test 6.9c input preparation. There were some geometrical
differences 121 between both tests and some elements from previous Test 9.1b were excluded,
for example LOCA break location. Some new elements were added to the system. Re-running
the Test 9.1b, using the modified model for Test 6.9c offered an extensive check on the
consistency of the geometrical changes.

Steady state run of 300 s confirmed correct pressure distribution and after that run taking
in consideration Test 9.1b transient scenario was well predicted. The results of the most
important variables showed very good agreement with the measured values in spite of
additional geometrical changes.

The input model validated with test 9.1b was later applied for Test 6.9c calculation
implementing the corresponding initial and boundary conditions. There are major differences
in physical phenomena during LOCA transient and mid-loop operation. Test 9.1b was
performed at the primary pressure around 155 bar and 10 % of nominal power (2857kW).
Primary mass inventory was 1960 kg and secondary side has normal level of water. Main feed
fluid temperature was 218°C. The applied validation of input model for Test 6.9c with
transient scenario of Test 9.1b is very limited when different transient two-phase phenomena
take place.
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aaaeci to tne lest t>.yc:
• orifice in upper plenum to downcomer link
• Steam Generator and Pressurizer manways
• Gravity feed Safety injection

Initial conditions are shown in Table 1 and in Figures 1 and 2.
Table 1. Initial conditions for Test 6.9c (ISP-38)

Power
Wall and fluid temp.

Secondary side
PRZ and SG manways

Gravity feed (SI)
End of test

0.5% of nom. value (138kW)
100°C

full of air
opened after Is of transient

switched on when core cladding temperature reach 250°C
pressure vessel mixture level reached hot leg nozzle

Table 2. Initial masses, voids, temperatures and pressures for Test 6.9c: experimental
values and RELAP5 model

upper plenum pressure
core power

primary mass inventory
vessel mass inventory

hot leg void fraction
cold leg void fraction

loop mass inventory [kg]
intermediate leg level [m]

upper plenum
upper head
pressurizer

lower plenum
core heated length

downcomer

hot leg
intermediate leg

cold leg
SG U-tubes

•, '• V: > > fFEST- -, -
1.04 bar
0.0 W

1085.0 kg
700.0 kg

loop 1-
0.59
0.

127
-0.031

loop 2
0.55

• o .

129
0.004

Fluid temp. [°C]

102
104
101
101
102
99

loop 1,
wall | fluid
105
104
94
104

102
99
93
-

loop 3
0.52

0.
129

0.004

Wall temp. [°C]

109
103
104
104

-
. 101

loop 2
wall
105
.109
95
102

fluid
101
103
93
-

loop 3
wall
104
105
97
99

fluid
99
102
93
-

KELAR& model ,
1.0244 bar

0.0 W
1090 kg
674 kg

loop, 1
0.66

0.
137

-0.015

loop 2
0.52

0.
136

0.005

loop 3
0.50
0.

142
0.005

Fluid and .wall temp. -
. FCJ*

100
101
100
102
102
101

loop, 1 •
fluid
100
100
93
100

loop 2
fluid}.
100
101
93
100

loop 3
iluid

99
100
90
99

A satisfactory steady state of the RELAP5 input model was established before starting the
transient calculation, which can be seen from table 2 presenting initial masses, temperatures
and pressures in the system for the Test 6.9c and RELAP5 model, respectively. The model
shows symmetrical coolant distribution in each loop and uniform coolant and heat structure
temperature.
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numeric scnemes were used tor our preliminary calculations /5/. Semi
implicit advancement scheme was applied first (tt=3). Second calculation was similar, only
the implicit advancement heat conduction/transfer with hydrodynamics was added. Main
physical phenomena such as core uncovery and overheating happened 2000 seconds earlier in
the first calculation and only 500 seconds earlier in the second calculation in comparison with
the experiment, using the same input model except different numerical scheme.

There were also some improvements in results, observed with renodalised upper plenum
(Volume number 147) and guide tube (Volume number 145), which were split into smaller
ones.

Mass error was reduced with the changed numeric from more than 50 % of initial mass to
around 16 %. With ten times smaller time step it was reduced to 4 % of initial primary mass,
but main physical phenomena were still delayed for around 2000 seconds. Great influence on
mass error, two-phase physical phenomena and timing of important events was shown by
changing numerical scheme and time step size.

All the described calculations were performed by RELAP5/Mod3.2 computer code on
DEC Alpha 3000/600 computer.

4. RELAP5/MOD3.2 CALCULATIONS AND NPA OBSERVATION ON
SUN SPARC COMPUTER
Calculations for NPA graphical postprocessor were performed on SUN Sparc Ultra 2

computer and with the same version of RELAP5/Mod3.2 computer code and the same
BETHS Y input model as on DEC Alpha computer.

BBTK'ST CONFJCURATION:1SP 3fl : INITIAL- CONDITIONS

M liquid

Figure 1. Initial Conditions from Test ISP OECD-38 based on experimental data

liquid

two phase flow

steam

Figure 2. Initial Conditions at the Calculation 1 and 2
Two calculations performed for NPA analyses are described in Table 3.
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Table 3. Differences between two calculations Calc 1 and Calc 2

Legend
Calcl the input model for SUN Sparc and DEC Alpha computers
Calc 2 forward and reverse flow energy loss coefficient were decreased from 35.0 to

29.0 in core by-pass
SG manway flow energy loss coefficient were changed from 27.0 to 30.0
reverse flow energy loss coefficient in junction between hot leg 1 and surge
line was reduced from 0.76 to 0.5 and excluding abrupt area change

A coolant distribution for certain time interval during the transient is presented on the
Figures from 1 to 13, where experiment and calculation are compared.

Figures 1 and 2 show steady state condition for experiment and both calculations, which
are satisfactory in comparing to the experiment steady state.

Calculation 1 shows liquid level in by-pass higher than in the core region. Based on this
discrepancy forward and reverse flow energy loss coefficients were decreased in by-pass from
35.0 to 29.0 for calculation 2. They are presented on Figures 6, 7, 9 and 10.

Energy loss coefficients through the orifice of steam generator manway were increased
from 27.0 to 30.0.

Core by-pass and SG manway changes improve the calculation results of total mass flow
through the steam generator manway (Figure 3) calculation 2.

To improve coolant level in the pressurizer flow resistance between hot leg 1 and surge
line was studied. Behavior in pressurizer and surge line is very important for the mid-loop
operation. When manway is open on the top of the pressurizer three peaks of the pressurizer
differential pressure are observed in the first 2000 seconds during experiment. Differential
pressure represents at the same time also liquid level and the mass inventory. That is quite
satisfactory predicted in the calculations 1 but at last maximum value the draining from the
pressurizer and surge line was not correct. The remained water caused too big differential
pressure between the pressurizer and the surge line after 2000 seconds of transient (Figure 4).

Discrepancy in pressure level were the main reason for reducing pressure loss coefficient
injunction between hot leg 1 volume 603-05 and surge line volume 215-01. Abrupt area was
assumed and additional loss coefficients were prescribed: forward loss coefficient stayed 0.21
and reverse was reduced from 0.76 to 0.5 in calculation 2.

Time integrated SG msnway total mass flowrate MSGMT Pressurizer differential pressure DPP1

Figure 3. Time integrated SG manway
total mass flowrate MSGMT

Figure 4. Pressurizer differential pressure
DPP1
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s J, o ana / present system conditions at time I WO s. it was iound out that
calculation 2 improvements in the core by-pass result in better distribution of coolant in
primary system.

B&TKSY -. ISP ftd '. TIM£ « 1000 »

• liquid

O rteun

DPPI-0.15 b«r

/ DP12VC0.3O l u / I J
/ D?12VT>0.<M by. . M
P-I.7S bar TBH^^B

I liquid

Figure 5. Conditions in primary system at 1000s from Test

Figure 6. Conditions in primary system at 1000s in Calculation 1

Figure 7. Conditions in primary system at 1000s in Calculation 2
The state of the RCS at time 4000 seconds of the transient is presented in Figures 8, 9 and

10. They show sufficient amount of water in the loop seal indicating that no loop seal
clearance occurred. In the calculation 2 there was more water kept in the reactor vessel and in
pressurizer.
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• liquid
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Figure 8. Conditions in primary system at 4000s from Test

| steam
-'generator
7 1

ETNSY

Figure 9. Conditions in primary system at 4000s in Calculation 1

\ liquid

two phase flow

steam

Figure 10. Conditions in primary system at 4000s in Calculation 2
The calculation 2 improvements helped for better--coolant distribution in the primary

system. There was less difference between the calculated mass flow through the steam
generator manway and the experimental data. The missing coolant in primary loops
comparing to Calculation 1, was reduced, but the smaller mass flow from the steam generator
manway caused rising the pressurizer level (Figure 4).

Figures 11 and 12 show system conditions at different times of transient calculation when
the lowest level of coolant in the reactor vessel was reached. This happened at 5390 seconds
in calculation 1 and at 6140 seconds of transient time at calculation 2. Minimum primary
coolant mass in experiment was measured at 5740 seconds.
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liquid

two phase flow §

steam

Figure 11. Lowest level of liquid in Reactor vessel at Calculation 1 - 5390 seconds

Figure 12. Lowest level of liquid in Reactor vessel at Calculation! - 6140 seconds
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Figure 13. Mass error MERROR
Mass error in the last two calculations was not significant any more. As is presented in

Table 3, VAX Calc and Calcl present .exactly the same input. First was calculated on DEC
Alpha 3000/600 computer and the final value of mass error was around 168 kg. The second
was performed on the SUN Sparc Ultra 2 Workstation and mass error was only around 20 kg.
The same version of the RELAP5/MOD3.2 computer code is installed on both computers
(Figure 13). Time step of 0.01s was applied for both SUN and VAX base calculations.

A reason for such discrepancy in mass error has not been analyzed and fixed yet. It seems
to come from numeric and different standard of floating point variables representation. Other
results have not been significantly changed from one to another computer.
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5. CONCLUSIONS
Mid-Loop operation at low pressure was recognized as very difficult to model, especially

if the two manways on different location are open at the same time. Various transient physical
phenomena of two-phase flow occurred. The main purposes of modeling this sort of process
are to validate the computer codes at low power, low flow and low pressure conditions.

The main problems were with the numeric at our preliminary calculation on DEC Alpha
computer. Only with the improved semi-implicit numeric scheme with implicit advancement
of the heat conduction, the results become someway more satisfactory. The timing of
important physical phenomena was almost the same as in the test. Mass error was improved
but it remained relatively large.

The results also demonstrate great influence of the prescribed time step, which must be
much lower than the courant time step. For example, with decreasing time step from 0.01s to
0.001s the mass error was reduced from 16 % to 4 % of initial mass inventory. But the
important physical phenomena have delayed for almost 2000 s.

VAX base calculation and Calcl on SUN are presenting exactly the same input model.
Many improvements are involved in calculation named Calc 2.

Development of the input model was continued using the NPA (Nuclear Plant Analyzer)
graphical post processor. NPA offers the possibility for visual observing of the transient
progression especially coolant distribution around the loops. Core by-pass was not modeled
properly and matching it to the experimental values caused some differences. For example,
relatively large influence of by-pass on the flow through the steam generator manway was
observed.

Calculation 2 was recalculateci with changed loss coefficient through the steam generator
manway and junction between hot leg 1 and surge line. Surge line and pressurizer behavior
has large influence on the test simulation. All those changes have caused redistribution of
water around the loops. Differences between experimental data and calculated values of the
loop masses are smaller, but the amount of water in the pressurizer and surge line is greater
than in the experiment after 2000 of seconds of transient.

Mass error has been reduced from 168 kg to 20 kg (Figure 13) only with the change from
DEC Alpha 3000/600 to SUN Sparc Ultra 2 Workstation with the same RELAP5/Mod3.2
computer code version and the same BETHSY Test 6.9c input model. Other results have not
been significantly changed from one to another computer.
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