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ABSTRACT
International Atomic Energy Agency (IAEA) carried out the Co-ordinated Research

Program (CRP) on "Validation of Accident and Safety Analysis Methodology" in the period
between 1995 and 1998. Three areas of interest identified by the participants referred to the
pressurised water reactors of Western and Eastern type (PWR and WWER type). The specific
areas of attention were: system behaviour of the primary and secondary loops (PS area), the
containment response (CO area) and the severe accidents (SA area). During the CRP it
became clear that the technology advancements, the available tools (i.e. codes) and the
experimental databases in the above areas are quite different. At the conclusion of the CRP,
all objectives of the program have been reached.

This paper presents the summary of the regional co-operation in this framework. The
CRP activities focused on the codes and expertise available at the participating organisations.
This overview therefore summarises their experience related to the state-of-the-art in the field
of computational accident analysis. In addition, the paper proposes the recommendations for
future activities related to the code usage, the user effects and code development. In pursuing
of these goals special attention is given to the importance of the international co-operation.
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1. INTRODUCTION
Extensive research and development efforts, including experimental activities, have

been completed to justify safe design and operation of modern nuclear reactors used for
electricity production. It is the main goal of the safety analyses to demonstrate that the risk
associated with postulated accidents and various transient scenarios, is small enough to be
acceptable. The severity level may be very different in terms of consequences, depending on
e.g. the ECCS (Emergency Core Cooling Systems) design and its actuation modes.

The safety and the acceptability limits for the design and the operation of reactors are
normally established by responsible regulatory or licensing authorities. When doing this they
also consider the current status of knowledge and the technological knowledge.

Different types of codes, in relation to the spectrum of situations dealt with, have been
in use to demonstrate the compliance between established safety goals and actual reactor
performances in case of anticipated transient scenarios.

Historically, primary and secondary systems, as well as containment, related transient
events and performance have been categorised into two broader classes i.e. DBA (Design
Basis Accidents) and beyond DBA or SA (Severe Accidents).

The IAEA CRP on "Validation of Accident and. Safety Analysis Methodology",
considered the following areas:
1. PS (Primary System) behaviour Before Loss of Core Integrity (BLCI)
2. CO (COntainment) response to thermal-hydraulic transients in the containment BLCI and

After Loss of Coolant Integrity (ALCI)
3. SA (Severe Accidents) behaviour of both, the primary system and the containment

following BLCI/ALCI.
Regional co-operation between institutions from Croatia, Italy and Slovenia, namely,

Jozef Stefan Institute, University of Pisa and University of Zagreb, supported by the IAEA
resulted in respectable amount of work and information exchange in the area of Primary
System behaviour (PS) associated problems.

2. THERMAL-HYDRAULIC SYSTEM CODES
A thermal-hydraulic model based on fundamental conservation equations is

essentially very suitable for predicting the behaviour of primary system. Six (or five) partial
derivative equations describe in one dimensional geometry (2D or 3D in some specific cases)
the transport of mass, momentum and the energy of steam and liquid phases. Additional
balance equations can be used to simulate the interaction with one or more non-condensable
gases. Closure or constitutive equations together with state properties are part of the system
codes; integrated with additional conservation equations for neutronics and heat conduction
inside solid materials.

In the thermal-hydraulic area predominantly used system codes for primary system
analysis are: ATHLET, CATHARE, RELAP5, and TRAC. The CATHARE2, [1] is French
system code for nuclear reactor thermal-hydraulics developed by the CEA (Atomic Energy
Commission), EDF (Electricite de France), and FRAMATOME. It is based on a one-
dimensional, two-fluid, six-equation model with a unique set of constitutive relationships. The
German system code ATFDLET (Analyses of THermal-hydraulics in LEaks and Transients),
[2] was developed by GRS. In the currently released code version, the basic fluid-dynamic
option is a five-equation model, with separate conservation equations for liquid and vapour
mass and energy, and a mixture momentum equation, accounting for thermal and mechanical
non-equilibrium, and including a mixture level tracking capability.

The Transient Reactor Analysis Code (TRAC), [3] is an advanced, best-estimate US
computer code intended to calculate the transient reactor behaviour of pressurised water
reactors (PWR). TRAC incorporates four-component (liquid water, liquid solute, water
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vapour, and non-condensable gas), two-fluid (liquid and gas) modelling of thermal-hydraulic
processes involved in such transients. There is ability for mixed 1-D and 3-D calculations or
fully 1-D calculations. The RELAP5 computer code, [4], is the second light water transient
analysis code developed for the U.S. Nuclear Regulatory Commission (NRC). In addition to
calculating the behaviour of a reactor coolant system during a transient, can be used for
simulation of a wide variety of hydraulic and thermal transients in both nuclear and non-
nuclear systems involving mixtures of steam, water, non-condensable, and solute. Since all
the organisations involved in the CRJP had most experience in the RELAP5 program, it has
been chosen as reference tool for the programme.

System codes are used by designer/vendors of nuclear plants, by utilities, by licensing
authorities, by research organisms including universities, by nuclear fuel companies and by
other organisations supporting in various manners one of the above. The purposes in the use
of the code may be quite different, ranging from safety or design calculations to just the
understanding of the transient behaviour of a simple system. In the thermal-hydraulic area, the
use of the concerned codes (e.g. ATHLET, CATHARE, RELAP5, TRAC) may reveal of high
value for new reactors design, optimisation of EOP (Emergency Operating Procedures), safety
evaluation of reactors, uprating the reactors power, training of the plant operators,
demonstration of the compliance between nuclear regulatory goals and quality of existing
plants.

In all the above mentioned codes, local instantaneous equations are integrated over a
control volume to result in a set of finite difference equations, which can be numerically
solved by proper algorithms. When making the integration some kind of averaging procedure
is applied, which implies that the resulting equations will lose the capability to resolve
phenomena at a micro-scale level, phenomena such as turbulent fluctuations will either be
ignored or their effect may be averaged into correlations. The need to assess the codes and to
develop suitable procedures for their applications also derives from the above. In particular,
the following reasons can be outlined:

- closure equations are empirical and are valid for generally restricted ranges of
parameters developed under strict assumptions (e.g. steady state or fully
developed flows) that may not correspond to the scenarios of interest;

- the averaging process may introduce unrealistic approximations;
- the process of developing of nodalizations, that is to transform a generic three-

dimensional space into a series of one-dimensional nodes 'understandable' for the
code numerical scheme, may result unrealistic;

- interactions among the several closure equations inside the code, may also
produce unphysical results even in a limited number of situations.

3. BEST-ESTIMATE MATHEMATICAL MODELS
The best-estimate mathematical model of nuclear power plant consists of the system

code itself, and set of input data grouped in the input file (or files) that substantially describe
the plant (or facility) within the boundaries and assumptions of the code models. Preparation
of such a model is not only the source of the largest number of the errors, but also
uncertainties in the use of best-estimate codes. It must be also stated, that complete
knowledge of the computer code models is not sufficient for the error-free preparation of such
a model. Another major issue in the use of mathematical models is the question of the model
capabilities to reproduce plant (or facility) behaviour under steady state and transient
conditions.

Preparation of the mathematical model that can adequately simulate a nuclear power
plant was one of the main subjects of the CRP activity. The result is a comprehensive
summary of joint experience that provides quality assurance to the model.

306



First major step in the preparation of the PWR mathematical model is the development
of the plant nodalization. Each portion of the plant that is of interest for the analyses is
divided into discrete components (nodes). In practice, the model is developed by the process
of dividing the real plant component volumes into a set of control volumes that are essentially
stream-tubes having inlet and outlet flow path connections. For a successful solution in the
case of the analysis, a number of factors must be satisfied: numerical stability, run time, and
spatial convergence. Modelling LWR (Light Water Reactor) systems requires not only
simulating the fluid stream-tubes but also modelling of solid structures (slabs) that store the"
heat or contain the heat sources. The RELAP5 code has the capability to simulate one-
dimensional heat transfer inside structures and from heat slabs to the fluid. Therefore,
discretization of the structures is also necessary.

As summarised during CRP, three basic conditions that should be fulfilled for the
correct use of the system codes in the development of a plant model are:

• the code used should be frozen and qualified through wide, preferably international
assessment and experimental program;

• developer of the nodalization should be qualified to the use of the chosen code;
• nodalization of the plant should be properly qualified.

In the frame of the plant model or plant input-deck set-up, engineering judgement is
normally used to a wide extent. The importance of establishing a procedure for the
nodalization set-up and management has been stressed among the participants of the CRP
activity. Predefined procedure, shown on Figure 1, developed at the University of Pisa in the
frame of activity described in [8], aims at the reduction of possibilities for the errors and
misuse of the codes. The "qualification process" coming from such procedure that results in
the reliable or "qualified nodalization" has been successfully used in the number of cases, [5],
[6], [7]. Procedure includes both "steady-state" and "on-transient" qualification. In particular,
a set of criteria proposed in [8] and [6] and specified in Table 1 has been used during CRP
activity for steady-state qualification.

Table 1 Criteria for nodalization qualification at the steady state level.

I
2
3
4
5
6
7
8
9

10

11

QUANTITY
Primary circuit volume
Secondary circuit volume
Non-active structures area
Active structures area
Non-active structures volume
Active structures volume
Volume vs. height curve
Component relative elevation
Axial and radial power distribution 0O

Flow area of components like valves,
pumps, orifices
Generic flow areas

Criteria0

1%
2 %

10%
0.1 %
14%

0.2 %
10%

0.01m
1%
1%

10%

12
13
14
15
16
17
18
19
20
21

22
23
24
25

QUANTITY*
Primary circuit power balance
Secondary circuit power balance
Absolute pressure
Fluid temperature
Rod surface temperature
Pump velocity
Heat losses
Local pressure drops
Mass inventory in primary circuit
Mass inventory in secondary circuit

Flowrates (primary and secondary)
Bypass mass flowrates
Pressurizer level (collapsed)
Secondary side or downcomer level

Criteria0

2 %
2 %

0 . 1 %
0.5 %**

10 K
1%
10%

10 %A

2%™
5 %A A

2 %
10%

0.05 m
0.1 mAA

(°) The % error is defined as the ratio (reference value - calculated value)/(reference value).
The 'dimensional error' is the numerator of the above expression.

(°°) Additional consideration needed.
(*) Following a "transient - steady state1 calculation, the solution must be stable with an inherent drift < 1%/IOO s, and satisfy acceptable

error criteria for each of the quantities below.
(**) And consistent with power error,
(A) Of the difference between maximum and minimum pressure in the loop.
C^) And consistent will) other errors
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Structural and
operational data

Systems and control

Figure 1 Nodalization qualification process.
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The on-transient qualification phase is the final qualification. It demonstrates that the
nodalization capability can correctly predict (with acceptable discrepancies) the relevant
phenomena and transient scenarios of the facility being simulated, [9]. It is systematic
evaluation by comparison of the code calculated data with the measured data in the case of
different transient scenarios. It is performed for the following reasons:
• Some error types entered during the nodalization set-up can be detected only after

performing transient calculations; _
• The reproduction of the experimental transient conditions requires several "particular

choices" by the user. The "particular choices" are all the interventions made on the input-
deck, as a consequence of the analysis comparison between plant records and the
calculated data.

The results of on-transient qualification analysis contain not only the information on
the compliance of the mathematical model with the measured data, but also observed
deficiencies and restrictions in the use of the model.

Qualitative methodology used for on-transient qualification was related to those
suggested by CSNI [10] and US INEEL [11], and included:

1) subdivision of scenario into "phenomenological windows";
2) for each phenomenological window methodology requires specification of key

phenomena that are distinctive for this class of transients, identification of the
Relevant Thermal-hydraulic Aspects (RTA) which are peculiar of each transient
and selection of parameters characterising the RTA;

3) qualitative analysis of obtained results by comparing experimental and calculated
trends (only by visual observation).

This kind of assessment however, gives only the first indications about the quality of
predictions and is a necessary prerequisite for a subsequent quantitative phase.

Important part of the on-transient qualification is methodology for quantifying code
accuracy, called fast Fourier transform based method (FFTBM), [12]. It was used among
participants through various bilateral regional co-operation projects and was used in the CRP
activity in various cases, [13], [14].

4. CODE USERS
The code users have a significant impact on the quality and results of the analysis.

This impact is broadly addressed as "user effect", [15]. The user is required to make decisions
on the approach and complexity of the system nodalization, selection of the code models and
specification for characteristics of systems, initial and boundary conditions. The impact of
different users on the results of the analysis are limitations of the codes themselves and
complexity of the system being analysed, different level of experience of the user and
training, lack of adequate user guidelines and inadequate quality assurance in general, [16]. In
particular, CRP participants understood the user effect as a difference among results of
analysis by various code users, using the same code and having the same information related
to a test case under consideration. User effects constitute one part of the overall analysis
uncertainty.

Apart from improving the code capabilities and code manuals, the CRP participants
recognised a number of ways to address reduction of "user effect" on the analysis. These
include systematic training, elaboration of tools for validation of inputs, information exchange
among the code users, participation of users in the code validation, benchmark exercises, etc.

According to the discussions during CRP, user qualification is an important factor
influencing the user effect. Adequate training is a natural way to the required qualification.
Such a training should preserve and extend the knowledge in system thermal-hydraulics,
should support a better understanding of the basic assumptions, features and limitations of the
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code, should improve understanding in the area of the code applications. The IAEA Safety
Guides and results of various IAEA meetings including present one could provide a basis for
preparation of such a training.

University of Pisa presented the detailed Draft Technical Proposal for User Training
during CRP. The proposal introduced different user capabilities based on acquired experience.
Specificity of the proposal was consideration of the final examination of the user. According
to the proposal, basic training should consist of lectures, specifications for holme work, home
work itself and on-site examinations.

As a follow-up of the CRP, University of Pisa, University of Zagreb and Jozef Stefan
Institute, jointly presented a "Proposal to IAEA for the Permanent Training Course for
System Code Users" to the IAEA, [17], that received an endorsement from a number of the
IAEA member states [18].
At present, preparations for the IAEA Regional Training Course on Advanced Use of
Computer Codes for Accident Analysis are underway, [19]. The course will concentrate on
three system codes - ATHLET, CATHARE and RELAP5. It will take place in Zagreb, and
involve international lecturers with participants to the course from Eastern European
countries.

5. CONCLUSION
The CRP on "Validation of Accident and Safety Analysis Methodology", organised by

the IAEA was attended, by more than 20 scientists representing about a dozen of European
organisations. Four general meetings were held during which about fifty presentations have
been discussed into detail, covering specific topics related to safety analysis of current
interest. Sessions were devoted to develop common understandings of the issues and to
compose a relevant report.

The CRP participants agreed that the effort of the international community should
widely spread the accumulated experience gained by the analyses made so far. In connection
with this, a critical issue, the requirements for the code-user qualification was identified. The
present status of system codes, assessment and related uncertainty evaluation, has been found
as adequate as far as the large majority of design and safety problems of current water cooled
reactors are concerned. CRP activity clearly recognised the future needs for code assessment
and qualification of the users.

Regional co-operation proved to be the driving force to harmonise and disseminate
knowledge gained in the area.
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